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Summary 

This thesis is a request of the Belgian Welding Institute to investigate the feasibility to weld metal to a 

ceramic material such as alumina (Al2O3).  

This thesis starts with a literature study about the basics of friction welding and typical problems 

encountered in welding of steel to ceramic. Because of the difficulties involved in producing a sound 

weld for this material combination, not a lot of literature is available on this topic. Almost all research 

articles that have been found in open literature state that welding steel to a ceramic is nearly 

impossible without using an interlayer consisting of a softer compatible metal. The most frequently 

reported type of weld is steel to alumina with an aluminium interlayer. For this reason the literature 

study focuses on friction welding of aluminium to steel and aluminium to ceramic. A detailed 

explanation will be given for the most challenging difficulties like the creation of a brittle intermetallic 

compound layer in a steel-aluminium weld interface and the formation of fatal thermally induced 

stresses in an aluminium-ceramic weld interface. Both of these problems must be dealt with in order to 

produce a strong bond.  

To obtain some degree of experience with welding these material combinations, welding experiments 

on steel-aluminium and aluminium-alumina bonds have been conducted at the research center 

CEWAC in Wallonia. The results showed that it is fairly easy to weld steel to aluminium, but 

extremely difficult to weld aluminium to alumina without fracturing the ceramic specimen. 

In order to investigate these types of welds in the future, a friction welding machine had been 

redesigned during a previous thesis and has been assembled during the course of this thesis. 

Keywords: 

Rotation friction welding, dissimilar materials, ceramic-metal bonding, alumina-aluminium bonding, 

welding experiments 
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Samenvatting 

Deze thesis kwam tot stand uit een vraag van het Belgisch Lasinstituut om de lasbaarheid te 

onderzoeken van staal aan een keramisch materiaal zoals alumina (Al2O3).  

Deze thesis start met een literatuuronderzoek van het wrijvingslasproces en de typische problemen die 

zich voordoen tijdens het lassen van staal aan keramiek. Bij het vormen van een goede lasverbinding 

voor deze materiaalcombinatie ontstaan er verscheidene moeilijkheden, waardoor het noodzakelijk is 

verder onderzoek te verrichten. In de literatuur wordt er slechts weinig informatie over dit onderwerp 

aangeboden. Bijna alle beschikbare onderzoeksartikelen vertellen dat dit zo goed als onmogelijk is 

zonder gebruik van een tussenlaag uit een zachter compatibel metaal. De meest voorkomende 

materiaalcombinatie is deze van staal aan alumina via een aluminium tussenlaag. Om deze reden is het 

literatuuronderzoek gericht op het lassen van staal aan aluminium enerzijds, en het lassen van 

aluminium aan keramiek anderzijds. Een gedetailleerde uitleg zal gegeven worden voor de meest 

uitdagende problemen zoals de vorming van een intermetallische laag in staal-aluminium lassen en de 

vorming van thermische spanningen in aluminium-keramiek lassen. Deze beide problemen dienen te 

worden opgelost om een sterke lasverbinding te bekomen. 

Om enige ervaring te bekomen met het lassen van deze materiaalcombinatie zijn er lasproeven 

uitgevoerd op de twee materiaalcombinaties in het onderzoekscentrum CEWAC te Wallonië. Uit deze 

resultaten bleek dat het redelijk eenvoudig is om staal aan aluminium te lassen, maar dat het extreem 

moeilijk is om aluminium aan alumina te lassen zonder het keramische proefstuk te doen barsten. 

In de toekomst kunnen dit soort lassen onderzocht worden op een wrijvingslasmachine die gedurende 

een voorgaande thesis herontworpen is. Deze machine is geassembleerd gedurende de opbouw van 

deze thesis. 

Trefwoorden: 

Rotationeel wrijvingslassen, ongelijksoortige materialen, keramiek-staal verbinding, alumina-

aluminium verbinding, lasproeven 
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1 Introduction 

1.1 Goal of this thesis 

This thesis is a contribution to research work with the final ambition of friction welding steel to a 

ceramic material such as alumina. The subject was defined by the research centre of the Belgian 

Welding Institute (BIL) which works in close cooperation with laboratory Soete of Ghent University. 

The BIL, which was founded in 1972, is an independent institute (v.z.w.) that specialises itself in 

enhancing various welding processes, giving recommendations and training to its members. The 

current research topics of the BIL focus on advanced welding techniques such as magnetic pulse 

welding, friction stir welding, friction welding, FRIEX welding, hybrid laser welding and others. 

The friction welding process was selected for joining steel to a ceramic material after a literature study 

showed that this is a possible feasible technology. The BIL has years of experience in friction welding 

and is at the moment completing a redesign of an existing friction welding machine. The goal of this 

thesis is to help in the assembly of this machine and to gain some experience in welding this particular 

material combination because not a lot of experimental research can be found on this topic. The 

principles of welding steel to a ceramic material can also be applied to other dissimilar material 

combinations. 

1.2 Structure 

An overview of this text will now be given. The first few chapters contain a literature survey to 

investigate what is already known on this subject. 

In the first chapter a general review of friction welding will be given to explain the basic principles of 

this welding process. The description given is mainly based on the friction welding of metals.  

The second chapter explains the different difficulties involved in friction welding steel to a ceramic 

material. The solutions to the various difficulties forces us to divide our attention to two main material 

combinations, namely steel-aluminium and aluminium-ceramic. 

In the two chapters that follow, these two different material combinations are discussed. The chapter 

about steel-aluminium welding explains the various metallurgical phenomena that take place during 

welding, while the chapter on aluminium-ceramic welding focuses more on analytical residual stress 

calculations. An understanding of the temperature and stress distributions within the two materials is 

vital to fully understand what processes take place within the materials. 

In line of the literature survey, experiments involving the two material combinations have been 

conducted at the research centre CEWAC in the Walloon region of Belgium. The results of these tests 

are discussed in the two chapters that follow. 

The final chapter consists of an overview with the most important conclusions of this thesis and some 

suggestions for the future. 
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2 Working principle of friction welding  

This chapter is mainly based on a text containing an assessment of literature by Maalekian, M. (1) . 

Friction welding is a solid-state joining process that can produce high-quality welds between two 

components with either similar or dissimilar chemical compositions. The friction welding components 

are forced to rub against each other, thereby generating heat at the interface. This softens the material 

on either side of the rubbing interface. The softened materials starts to flow together to initiate a weld 

(see Fig. 1). Once enough heat has been generated, the rubbing action is terminated and the contact 

pressure is maintained or increased for a period of time, to promote the solid-phase bond. Therefore, 

the friction welding process requires a machine which is designed to convert mechanical energy into 

heat at the joint interface using relative movement between workpieces.  

The definition of friction welding in the American Welding Society (AWS) C6.1-89 standard is as 

follows:  

‘Friction welding is a solid-state joining process that produces coalescence of materials under 

compressive force contact of workpieces rotating or moving relative to one another to produce heat 

and plastically displace material from the faying surfaces. Under normal conditions, the faying 

surfaces do not melt. Filler metal, flux, and shielding gas are not required with this process’.  

 

Fig. 1: Schematic illustration of two different interfacial conditions during friction welding (1) 

(a) Dry friction; (b) Plastic flow  

2.1 Process variants 

The 3 most common variants of friction welding are: rotary, linear and orbital friction welding (see 

Fig. 2). Rotary friction welding is the oldest and most used method were one component is rotated 

around its axis while the other remains stationary. The two components are brought together under a 

certain friction pressure.  
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Fig. 2: Three variants of friction welding. The heat generation at the interface is shown with 

black arrows (1) 

In linear friction welding, the parts move under pressure relative to each other in a reciprocating 

fashion trough a small linear displacement (amplitude) in the plane of the joint to be made.  

Another method is orbital friction welding. Here, the two parts to be joined make an orbital motion 

around their longitudinal axis in the same sense with the same constant angular speed. The two 

longitudinal axes are parallel except for a small offset (amplitude). When the motion of the 

components ceases, the parts need to be aligned correctly to form the weld.  

Rotary friction welding has the inherent limitation that it cannot be used for non-circular cross-section 

components. Another main disadvantage is that the rate of heat generation is not uniform over the 

interface because of the linear variation of rotational speed with radial distance (see Fig. 2). This 

creates a non-uniform thickness of the heat affected zone (HAZ) across the interface. These 

shortcomings can be avoided by using linear or orbital friction welding.  

Depending on the manner by which rotational energy is converted into frictional heat, rotary friction 

welding can be divided into two major process variations: direct drive (continuous drive) and inertia 

drive (stored energy). Direct drive friction welding requires a constant energy source for any desired 

duration. Inertia drive friction welding uses the kinetic energy stored in a rotating flywheel.  

2.2 Process advantages 

Friction welding has a number of advantages over conventional welding processes. The major 

advantage of friction welding relies on the direct conversion of mechanical energy into thermal energy 

at the joint interface. The very high temperature gradient in the joint area accounts for a very small 

HAZ. Due to the narrow HAZ, the welding distortion is minimal. The process is very energy-efficient 

resulting in short joining times. Additionally, during the burn-off and forging stages, the hot 

plasticised material is expelled out from the weld interface, which implies that surface oxides and 

contaminations are removed and a high-integrity weld is accomplished. Because it is a solid-state 

process, defects associated with melting and solidification phenomena, such as porosities, slag 

inclusions, etc., are not present. 

A wide variety of materials that cannot be joined using conventional welding techniques can be 

bonded using friction welding (see Fig. 3). 
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Fig. 3: Possible weldable material combinations using friction welding (2) 

When appropriate welding parameters are chosen, friction welding can join two dissimilar materials in 

a full-strength weld, without sacrificing weld integrity or strength. The friction welding process 

creates a weld interface that consists of an entirely new material composed of the two original 

materials. An airtight weld is made across 100% of the joint interface, eliminating the risk of porosity, 

voids, leaks or cracks. It can be fully automated and no welder certification is required. 

In contrast to fusion welding, filler materials, flux or shielding gases are not required for friction 

welding. Joint preparation in friction welding is minimal; a saw cut surface is most commonly used. 

Due to the short cycles times, the automation possibilities and the reduced labour cost, is one of the 

most significant benefits of the process.  

The process is environmentally friendly, producing little smoke, fumes or slag. Unlike fusion welding, 

friction welding is not hazardous to the operators’ health and is safer because there is no metal spatter, 

arcs, sparks, radiation, or electric hazard involving high voltage.  
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2.3 Process applications 

The applications of friction welding can be found in a wide range of industries from agriculture, 

automotive and aerospace to petroleum and electrical industries. It can produce components ranging 

from simple butt joints of drive shafts and oil drilling pipes to complicated or critical aircraft engine 

components. Some examples of friction welding applications are gears, engine valves, axles in the 

automotive industry, hydraulic piston rods and track rollers in the agricultural industry, joining of 

turbine blades to discs in the aerospace industry and electric motor shafts in the power plant industry. 

Fig. 4: Applications of friction welding (2; 3) 

2.4 Stages of the process 

Generally, friction welding involves three basic stages. During the first stage, sometimes called the 

heat-up stage, the two components, which have a relative motion with respect to each other, are 

brought into contact and an axial compressive force is applied. Heat generated by friction increases the 

temperature of the components at the rubbing interface, which decreases the materials’ flow stress. 

Eventually, the material is unable to withstand the applied axial compressive force and plastically 

flows outwards to form the flash, carrying oxides and contaminations. Flash formation takes place 

during this stage, which is denoted as the burn-off stage. Finally, during the forging stage, the welding 

process is completed by stopping the relative motion and applying a high compressive force. 
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Fig. 5: Phases of friction welding. (3) (a) One specimen rotates and the other is stationary; (b) 

Two specimens are brought together as the axial force is applied and rubbing of faying surfaces 

heats specimens locally and upsetting starts; (c) Process is complete when the rotation of one 

specimen stops and upsetting ceases. 

2.5 Process parameters 

In the continuous drive process, one of the components is held stationary while the other is rotated at a 

constant speed. The friction force is applied to make the two components rub against each other. When 

a predetermined weld time or amount of axial shortening is reached, the rotating component is 

decelerated rapidly. The axial force is maintained or increased until the weld has cooled off. 

 

Fig. 6: Variation of the welding parameters with time in direct drive friction welding (1) 
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The main variables in direct drive friction welding are the rotational speed, the axial forces and the 

welding time. These variables determine the amount of energy introduced in the weld zone and the 

rate of heat generation at the interface. It is to be noted that the heat generation rate is not constant 

across the weld interface and that it also varies during the different stages of the welding cycle. During 

welding, the axial shortening (also called upset or burn-off) and the resisting torque vary. The 

variation of the friction welding parameter characteristics as a function of time is shown in Fig. 6. 

According to the shape of the friction torque curve, the process can be divided into three phases. In the 

initial phase, the torque increases rapidly to a peak value after the start of the process. It then decreases 

gradually to the equilibrium value. The rapid rise and gradual fall of the torque is associated with the 

creation and breaking of interfering asperities and subsequent softening of the material at the faying 

surfaces due to frictional heating. The friction torque remains somewhat constant during the second 

phase, indicating that the process reaches a balance between the delivered energy and the material 

shortening. Forging takes place in the third phase. Axial force in this phase is usually increased to 

create a forging effect. The friction torque again increases during this phase, reaching another 

maximum before sharply decreasing to zero. This peak varies with the deceleration time and the 

applied axial force. Under some circumstances, this final peak can be omitted by delaying the onset of 

the forging force. 

2.6 Joining mechanism and HAZ structure 

Considering measured interface temperatures and extrapolated temperatures, combined with 

metallographic studies, it has been concluded that diffusion is a primary mechanism in friction 

welding (1). This is aided by the cleaning action by the relative movement and applied normal 

pressure, in addition to the probable driving force provided by the forge pressure. 

The existence of a diffusion layer in friction welding has been demonstrated by some researchers, 

especially for dissimilar metal joints. Although mutual solubility between the parts to be welded is not 

a factor when joining similar materials, it has been stated (1) that the ease of making a sound weld is 

increased as the mutual solubility of dissimilar materials is increased. As a consequence, such bonds 

have been attributed to high temperature solid-state diffusion. 

In dissimilar metal joints, diffusion can either improve or deteriorate the weld properties. For instance 

when welding a high carbon steel to a medium plain carbon steel, decarburisation at the weld interface 

may increase the ductility of the joint. On the other hand, formation of intermetallic phases when for 

example joining steel and aluminium, copper and titanium, etc., may cause the joint to become brittle. 

It has also been proposed that mechanical mixing of a thin layer of material on each side of the 

interface creates the joints. 

Metallographic images of weld and HAZ areas for different materials have been studied extensively. 

During friction welding, the metal within the HAZ experiences a temperature change and a gradient of 

strain and strain rate and undergoes a number of microstructural changes.  

Generally, the HAZ can be divided into different zones (see Fig. 7): 
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Fig. 7: Schematic illustration of the different regions in the HAZ of friction welded specimens; 

i) contact zone; (ii) fully plasticised zone; (iii) partly deformed zone; (iv) undeformed zone (1) 

(i) Contact zone (severe plastic deformation zone). This is the zone were rubbing occurs and 

fragments of metal transfer from one rubbing surface to the other. The strain rate is controlled by the 

rotational velocity. The material in this zone is subjected to severe plastic deformation. This zone has a 

very fine grain structure due to severe straining and full recrystallisation. 

(ii) Fully plasticised zone (dynamic recrystallisation zone). The material is subjected to a 

considerable amount of plastic deformation but it does not participate in the rubbing and material 

transfer process. Within this region, the dislocation density is increased extremely and, due to the 

sufficiently high temperature, the material undergoes dynamic recrystallisation. The grains in this zone 

are fine and equiaxed. 

(iii) Partly deformed zone. The strain rate, temperature and amount of plastic deformation are lower 

than those appeared in zone (ii). The microstructure becomes coarser because of the associated 

reduction in strain and strain rate. 

(iv) Undeformed zone. In this region, depending on the maximum temperature, the material doesn’t 

undergo phase transformation, but plastic deformation does not occur. Grain growth may take place in 

this zone. 

2.7 Interface temperature 

In friction welding, the question of whether melting occurs or not is controversial. Although Wang and 

Nagappan (4) stated that melted material either does not occur or is squeezed out before melting starts, 

they took the possibility of melting at the interface into account in their analytical and numerical 

transient temperature analysis of inertia welding of steel to AISI 1020. They concluded that there is a 

distinctive difference in temperature response between inertia and continuous drive friction welding. 

The temperature gradient in inertia welding is much steeper than in continuous drive friction welding. 

They also stated that the range of peak temperatures at the interface in inertia welding is comparable to 

that of continuous drive friction welding for the same material.  
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Moreover, the experimental results of Duffin and Bahrani (5) tend to disclaim the idea of melting at 

the interface of two similar materials. For dissimilar material joints, in some cases, e.g. aluminium 

alloys to Al–SiC metal matrix composites, melting has been reported.  

With some exceptions reported for dissimilar materials mentioned above, from an experimental point 

of view, it is strongly suggested that melting does not occur at the interface. The few who reported 

melting at the interface have based their assumption on metallographic analyses, temperature 

measurements and calculations. If there is any liquid available near the solidus temperatures, it would 

be easily expelled out before welding would occur. Moreover, it should be emphasised that accurate 

metallographic examination of friction welds for solidification structures may not be reliable for 

identification of liquids if liquated regions later solidify and undergo recrystallisation.  

Further, precise temperature measurement or calculation is also questionable, which will be discussed 

later. By analysing the experimental frictional torque curve, melting would be revealed by a 

discontinuity in the curve (a disruption or sudden drop).  This indicates that the temperature at the 

rubbing interface is below the melting temperature of the material. 

2.8 Heat generation 

At the rubbing interface, due to the velocity gradient across the weld interface (maximum at the 

circumference and minimum at the centre in rotary friction welding) and due to other parameters, such 

as the friction pressure, heat generation is not uniform. This creates an uneven temperature distribution 

at the interface with an increase from the centre towards the outside surface of welded parts. Because 

the outer surfaces of the parts are in contact the surrounding air, the temperature of those places will 

not reach the maximum value. The maximum temperature at about two thirds of the radius of the 

welded specimens. According to the uneven temperature distribution, the HAZ becomes thicker from 

the centre to the periphery. It has been reported (6) that the interface temperature at the centre of a 

solid bar does not reach the maximum interface temperature, or even that of the measured average.  

This temperature difference increases as the diameter of the workpiece increases and the gradient will 

vary with the conductivity and diffusivity of the materials being joined. Sahin et al. (7) indicated that 

the temperature attains its maximum value far from the centre but not at the free surface (i.e. the 

periphery of the contact surface), noting that the heat transfer coefficient at the interface of the two 

workpieces determines the location of this maximum.  

To summarise, it should be noted that the temperature variation at the interface in the radial direction 

plays a key role in the development of the HAZ, which, in turn, influences the quality of the weld. 

Moreover, an accurate measurement of temperature near the weld interface is very difficult. Careful 

attachment and positioning of thermocouples within drilled holes away from the specimen surface is 

required. Due to the upset, the thermocouples are moving with respect to the rubbing surface during 

welding, and usually the determination of the position of the thermocouples with time is difficult. 

Finite element calculations can be a valuable tool to investigate this in more detail. This will be 

discussed in more detail in the chapter about welding ceramic to aluminium. 
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3 Friction welding of steel to ceramic materials 

3.1 Welding of dissimilar materials 

The main objective of this thesis is to investigate the possibility of friction welding dissimilar 

materials. Friction welding allows joining of specific material combinations which are considered 

unweldable using conventional welding techniques.  

The goal of this literature survey is to get a basic understanding of the principles which are important 

for welding steel and a ceramic material. The weldability of this specific combination is unknown, but 

has nevertheless a lot of potential applications in today’s industry. 

For joining metals to ceramics, a limited number of joining techniques can be used (8): 

Brazing is a liquid-phase process that uses a fusing material to connect two different materials. 

Diffusion bonding requires a high vacuum or heating equipment; therefore, it is more expensive and 

has restricted application. 

Mechanical interlocking or mechanical fasteners are methods that lack ductility; therefore, stress 

concentration is easily produced in the connection points (such as bolt joints or rivets), which may 

lead to fractures. 

Friction welding can also be used because the energy is produced due to friction, resulting in a low 

heat input and narrow HAZ. Hard or brittle intermetallic interlayers are not easily produced, which can 

decrease the weld quality. 

3.2 Applications and advantages  

The reason to weld steel to ceramics are obvious. Nowadays, there is a constant drive to make 

products lighter, stronger and more durable. This material combination combines the strength and 

adaptability of steel with the advantages of technical ceramics, such as: high hardness, wear resistance, 

chemical inertness, corrosion resistance, low thermal expansion coefficient and temperature resistance
 

(8).  

These properties could be especially useful for applications in the automotive industry (engine valves, 

front disc brake rotors,.. ) and the aerospace industry (turbocharger impellers).  

The electronics industry is one of the most mature markets for engineering ceramics, with alumina 

being the main ceramic of interest, because of its use as a substrate material in power modules. 

Alumina is a material with a high dielectric strength which provides good electrical insulation (9). 

Dielectric strength of an insulator is defined by the maximum electric stress the dielectric material can 

withstand without breakdown. i.e., without experiencing failure of its insulating properties. 

http://en.wikipedia.org/wiki/Failure
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But also other industries such as the nuclear, biomedical (dental) and mechanical industry (cutting 

tools) are looking for new applications of ceramics. 

3.3 Types of technical ceramics  

Engineering ceramics tend to be based on relatively simple chemical combinations of B, C, N, O, Al, 

Si, Ti and Zr. Well known examples include alumina (Al2O3), silicon nitride (Si3N4), silicon carbide 

(SiC) and zirconia (ZrO2). In the last decades, a new series of ‘technical ceramics’ has been developed, 

with desired properties. Among the newer class of engineering ceramics are for example, the high-

strength oxides, carbides and nitrides, and ceramic-based composites (9; 10).  

An overview of all types of ceramic is given in Fig. 8.  

 

Fig. 8: Overview of ceramics. (10) 

3.4 Problems with welding steel to ceramics  

It is not easy to make a strong bond between a ceramic material and steel. Sometimes the joint will 

break at or near the interface. This mostly occurs during the cool-down phase, when cracks starts to 

form and propagate, or during post-welding mechanical treatments (9; 11; 12). 

The reason of this fracture behaviour can be attributed to the different mechanical properties and 

structures of the two materials. There are three major problems when welding this material 

combination: 

 There is an important difference in the type of atomic bond between ceramics and steels.  
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 There is often a very big difference in thermal expansion between the two materials. Ceramics 

typically have a much lower expansion coefficient and when the two parts cool down after 

welding, this induces thermal stresses in the weld interface, mostly causing cracks. 

 The brittle and porous nature of ceramics makes it very hard to absorb production defects. 

In order to fully understand these problems, each of them will be discussed. 

3.5 Background knowledge about ceramics 

3.5.1 Different types of atomic bonding 

Ceramics are typical solids in which the atoms or ions are arranged in regular arrays. The type of 

bonding and the atomic arrangement affect a wide range of mechanical properties including elastic 

constants, hardness, and plastic properties such as slip by dislocation motion. This is a vast subject but 

a few relevant basic principles are worth reviewing at this stage. 

Between atoms, there are three basic types of bonds: 

Covalent bond: e.g. CH4: the carbon atom has a shortage of four electrons and every hydrogen atom 

has one too many. Every H- atom will lend (not give) it’s electron to the C-atom. 

Ionic bond: e.g. NaCl: both Na and Cl want to reach an inert-gas-configuration. So Na, which has one 

electron too many, gives his electron to Cl, which has a shortage of one electron. Because of the 

electron donation, a positive Na-electron and a negative electron are created. These two attract and 

form a bond. 

A metallic connection: This is a structured arrangement of positively charged atoms where the 

electrons are free to move. 

Bonding in ceramics is mainly of ionic or covalent nature, and usually a hybrid of these. The tendency 

towards ionic bonding between atoms increases with increasing difference in the electronagativity of 

the atoms. Electronegativity is a qualitative property which is a measure of the power of an atom in a 

molecule to attract electrons to itself. Materials comprising with zero electronegativity difference can 

thus be associated with pure covalent bonding (10). 

As a consequence of the strong ionic and covalent bonds in ceramic materials, the modulus of 

elasticity of these materials is mostly higher than in metals. Because these materials are also build out 

of mostly light atoms and the atomic structure is not the most compact one, they have a low density. 

This is very beneficial for their specific modulus E/ρ which make them very popular amongst 

composite materials. In Table 1, showing some mechanical properties of some materials, we can see 

that alumina (Al2O3) has a specific modulus of almost 4 times higher than that of steel (13). 
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Material E-modulus [GPa] Specific mass ρ [g/cm³] Specific modulus E/ρ 

Steel 210 7,8 27 

Aluminium 70 2,7 26 

Alumina (Al2O3) 390 3,9 100 

Quartz 69 2,6 27 

Cement 45 2,4 19 

Table 1: Modulus of elasticity, density and specific modulus of some metals and ceramic 

materials (13). 

Ceramic particles are sometimes used as alloying components to increase various properties of metals, 

making it more durable and lighter. Such materials are called metal matrix composites (MMC) or 

oxide dispersion strengthened (ODS) alloys. Common material combinations are: Al/SiC, Al2O3 

reinforced Al alloy, Fe3Al based ODS alloy,… 

3.5.2 Different thermal properties  

As the energy of the chemical bond increases, the thermal expansion generally decreases. This of 

course has an effect on the hardness of a material: harder materials generally have a lower thermal 

expansion. Covalent ceramics such as Si3N4, SiC and Sialon (alloys of Si3N4 and Al2O3) have excellent 

creep-properties up to 1300°C, a low thermal expansion and a good thermal conductance; all qualities 

needed to withstand thermal shocks.  

Al2O3 is because of its higher expansion coefficient and low thermal conductance sensitive to thermal 

shocks and thus less favourable for very high temperature applications. A material with good thermal 

shock resistance is characterised by a high strength, a low modulus of elasticity and a small coefficient 

of expansion. 

In a ceramic material, heat absorption is a slow process due to its low thermal conductivity. A barrier 

to heat flow is formed. In the contact area, a large temperature gradient is created that generates 

significant thermal stresses. During cooling of the welded elements down to ambient temperature, 

residual stresses are generated as a result of the disparity between the coefficients of expansion of the 

ceramic and the metal and also, because of the range and character of the process of deformation. This 

thermo-stressing effect may lead to destruction of the joint and fracture of the ceramic (13). 

3.5.3 Strength of ceramics 

A ceramic material has some specific characteristics which have an influence on the strength. Three 

very important influencing factors are of the grain size, the surface roughness and the porosity. These 

all relate to structural defects and discontinuities in the material. The origin of these discontinuities can 

be explained by the fabrication process of the ceramic component. The base material for alumina for 

example is a powder. The smaller the powder grain size, the smaller the structural defects will be. 

Commercial powders can have an average particle size of about 1 µm. Ceramic components are 

usually made trough slip casting in the plaster of paris molds (when plaster of Paris is combined with 

water, it forms a paste which gradually cures, turning into a solid). There after the piece is sintered at 
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1600°C with a soaking time of 5 hours. This will cause the surfaces of the grain boundaries to melt 

together and form a solid component.  

 

Table 2 : Mechanical and thermal properties of alumina. (14) 

A quick look at Table 2 shows that the properties of a ceramic, in this case alumina (Al2O3), are very 

dependent of the purity and density of the material. When comparing the compressive strength with 

the percentage of alumina for example, it is observed that the strength increases significantly within 

the last half percentage of alumina. The hardness of the ceramic will also increase, which could mean 

a more brittle material. The same effect can be seen for the tensile strength. Note also that the tensile 

strength is roughly about ten times less than the compressive strength. It is therefore of great 

importance to keep tensile stresses to an absolute minimum.  

3.6 Solutions 

Despite of all the problems with welding dissimilar materials, bonds between steel and ceramics have 

already been executed successfully trough friction welding. Fig. 9 shows that alumina and mild steel 

rods were successfully joined using friction welding at a rotational speed of 900 rpm with an 1 mm 

Al 1100 interlayer (15). The diameters of the rods were 10 mm. A friction pressure of 20 MPa and a 

forging pressure of 40 MPa were used. Friction times from 2 to 20 s were applied. 
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Fig. 9:  Successful friction weld of alumina–mild steel (15) 

A successful bond almost always consist of a stress-relieving metallic interlayer that absorbs the 

stresses caused by the thermal expansion difference. Noh et al. (15) and Essa and Bahrani (11) 

reported that it was not possible to weld steel and alumina directly to each other and the ceramic rods 

experienced cracking and breaking during the friction welding process. The aluminium interlayer is an 

essential intermediate medium in the formation of a good joint between alumina and mild steel. The 

aluminium interlayer acts as a buffer to absorb a high temperature gradient. Popular stress relieving 

metallic interlayers in diffusion bonding of metals are shown in Fig. 10. 

 

Fig. 10: Diffusion bonding ceramics with ductile metal interlays. (16) 

In diffusion bonding, these layers can be a thin foil of 0,2 to 0,5 mm thick, but because of the typical 

burn-off effects occurring in friction welding, the interlayers’ size has to be a bit bigger. Fig. 11  shows 

the correlation between the interlayer thickness after friction welding and the bending strength, 

determined through a four point bending test, for different friction times (15).  
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Fig. 11: Correlation between interlayer thickness and bending strength for different friction 

times. (15) 

The remaining thickness of the interlayer compared to the initial thickness (1 mm) indicate that the 

aluminium interlayer has been deformed during friction welding. The increase in friction time 

decreases the average thickness of the interlayer. This is due to a higher heat input which creates more 

interlayer deformation and thus produces a thin joining interlayer at the interface region.  
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4 Friction welding of aluminium to steel 

4.1 Introduction 

Solid-state bonding of aluminium alloys to steels has been investigated by many authors for more than 

50 years, probably because these are structural materials most widely used in a variety of industries, 

and possess mechanical and chemical properties quite different from each other. Recently, it attracts 

even more attention to meet the demands for weight reduction and enhancement of the energy 

efficiency of vehicles from an ecological point of view.  

However, joining of aluminium to steel is not easy for the following reasons:  

 much higher melting point of steel compared to aluminium, 

 difference of the thermal expansion coefficients between steel and aluminium, 

 the very tenacious superficial oxide film on aluminium alloys, which interferes with the 

achievement of a metal-to-metal contact at the interface, 

 formation of brittle intermetallic compounds (IMC). 

The most serious problem is the formation of brittle intermetallic compounds (FexAly) resulting from 

the reaction of Al with Fe. In particular, fusion welding involves the formation of large amounts of 

intermetallic compounds in the weld metal because steel and aluminium are mixed in the liquid state 

and thus has been considered to be unsuitable for fusion welding.  

In contrast, formation of the intermetallic compound in solid-state welding can be controlled by 

selecting suitable bonding parameters, since the creation of the IMC is controlled by diffusion of 

reacting elements in the solid state. For this, many investigations have been reported of solid-state 

bonding of aluminium alloy to steel. Friction welding is a process most widely used for joining of 

dissimilar metals because of its high productivity and reliability of the joint performance, in addition 

to the controllability of the formation of the IMC layer.  

As suggested by Tylecote (17), however, the formation of the Al-Fe intermetallic compound at the 

interface causes a serious reduction of the joint strength. Wallach and Elliot (18) suggested by 

reviewing previous publications that a reduction of the joint strength occurred when the thickness of 

the IMC layer exceeded about 1 µm. They also suggested that the Mg addition to the aluminium alloy 

enhances the growth of the IMC layer and reduces the joint strength, while the Si addition retards the 

growth of the IMC layer and improves the joint strength. Since then, many papers have reported about 

the effect of the IMC layer on the solid-state bonded joint of aluminium alloy to steel (15; 19; 20; 21). 

It is generally accepted that the effect of a brittle IMC layer on the mechanical properties of the joint 

becomes more serious, as its width increases. The joint strength decreases almost linear with an 

increase of the thickness of the IMC layer. 

However, several authors have reported cases were friction welds of aluminium to steel fractured at 

the interface showing lower strength than the base metal, even when the IMC layer was less than 1 µm 

thick. In this regard, no clear explanation has been given for the controlling factor of the joint strength. 

In particular, aluminium alloys with a high Mg content have a lower joint efficiency and a narrower 
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parameter window to obtain a high joint efficiency. Magnesium is therefore a very important element 

added to a variety of industrial Al alloys.  

Although the formation of a certain amount of intermetallic phases is necessary to obtain a joint, an 

excess of these phases reduces the joint strength below practical usable values. It has been suggested 

that intermetallic phase formation at the joint interface is an essential requirement for the attainment of 

a satisfactory bond formation during dissimilar friction welding. 

4.2 Growth of the intermetallic compound layer at a friction weld 

interface 

In order to get an idea of how the intermetallic compound layer is formed and grows, the 

microstructures of the friction weld interface of aluminium to low carbon steel has been investigated 

by Yamamoto et al. (19; 20; 21) 

In the experiments, round bars made of the low carbon steel S10C (Table 3), commercially pure 

aluminium A1070, Al-Mg alloys A5052 and A5083 were employed. The chemical compositions of 

the aluminium alloys are shown in Table 4. The used welding parameters are listed in Table 5.  

 

Table 3: Chemical composition of the steel S10C (mass%) (20) 

 

Table 4: Chemical compositions of the aluminium alloys (mass%) (19) 

 

Table 5: welding parameters (19) 

The strength of the joint interfaces was determined by tensile testing of a specimen with a 

circumferential notch at the interface. The results of the tensile tests for each material combination are 

shown in Fig. 12 together with the friction time, to illustrate the effect of the friction time on the 

growth of the IMC-layer. 
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Fig. 12 Tensile strength vs. friction time (A) for the A5052/S10C joint; (B) for the A5083/S10C 

joint; (C) for the A1070/S10C joint (19) 

For all the friction welded joints of steel S10C to the aluminium alloys A5052, A5083 and AI070, the 

tensile strength of the joint had a common tendency to increase to a maximum value at first, and then 

decreases with an increase in friction time. The maximum was just below or as high as the tensile 

strength of the base material.  

Observations of the fracture surfaces and interfacial microstructures suggest that an Al-oxide film of 

~10 um thickness remained at the joint interface at low friction times when the tensile strength 

increased. The crack of the tensile test specimen was developed along this oxide film.  

As the friction time was increased, the Al-oxide film disappeared, and in the area where no Al-oxide 

or IMC was detected, the crack of the tensile test specimen was propagated through the Al-alloy, 

leaving Al-alloy tear ridges on the fracture surface.  

When the friction time was longer than the one to obtain the maximum strength, the Al-oxide film at 

the interface was not observed, and the crack of the tensile test specimen propagated in the IMC layer 

which occupied almost the whole area of the interface. The relations between the tensile strength and 

the thickness of the IMC layer are shown in Fig. 13.  
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Fig. 13: Relations between the tensile strength and thickness of the IMCs layer for the 

A5052/S10C, A5083/S10C, and A1070/S10C joints (21) 

The tensile strength of joints which fractured in the IMC layer decreased with an increase in the 

thickness of the IMC layer for the A5052/S10C, A5083/S10C, and A1070/S10C joints. Provided that 

the IMC layers were of the same thickness, the A5052/S10C joint showed tensile strength nearly equal 

to that of the A5083/S10C joint, although  the difference of the tensile strength of the different 

aluminium alloys was quite large. 

The tensile strength of these IMC layers can be considered to be controlled by the average properties 

of the involved intermetallic compounds. Since the IMC layers of the A5052/S10C and A5083/S10C 

joints consisted mainly of Fe2Al5 and Fe4Al13, these joints fractured at almost the same stresses when 

the IMC layers had the same thickness. In other words, the tensile strength of these joints was 

controlled by the mechanical properties of the IMC layer. The compounds other than Fe2Al5 can be 

considered to obstruct the crack propagation compared with Fe2Al5. Probably, this effect of the 

compounds other than Fe2Al5 will contribute to the higher tensile strength of the A5052/S10C and 

A5083/S10C joints than that of the A1070/S10C. 

When the friction time was maximum, a MgAl204 layer (Mg oxide layer) was formed in addition to the 

intermetallic compounds, the 5083/S10C joint showed a much lower tensile strength than that 

estimated from the IMC layer thickness using the relation shown in Fig. 13. This result suggests that 

the MgAl204 layer impaired the joint strength more seriously than the IMC layer. 

4.3 The microstructures controlling the joint strength 

The microstructures controlling the joint strength can be considered to be the Al oxide film when the 

friction time was small (less than the friction time to obtain the maximum strength), and the IMC layer 

when the friction time exceeded that to obtain the maximum strength. The MgAl204 layer is thought to 

have an even worse influence on the bond strength than the intermetallic compounds layer.  
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4.3.1 Al-Oxide layer 

It seems likely that the Al-oxide layer observed between the low carbon steel and the layer of 

intermetallic compounds is a major cause for the lower joint strength at a low friction time. Probably 

this Al-oxide layer originated from the superficial oxide film of the Al-Mg alloy reaction of 

aluminium with the superficial oxide of the steel specimen during friction welding. This Al-oxide 

layer can be considered to be removed by the plastic flow of the materials during the friction stage, 

since it could not be detected at friction times of 2 s or more. As the friction time was increased, the 

Al-oxide disappeared, and the thickness of the intermetallic compound layer was increased.  

Oxide contamination in the interface reduces the weld quality. This may be explained in terms of 

interface impurities, which do not permit a close contact necessary to give full bonding(22). 

Table 6 illustrates how thick the initial oxide-film of some metals can be, and how fast it regenerates.  

 

Table 6: Film thickness (23) 

4.3.2 The IMC layer 

The intermetallic compounds of the Al-Fe system observed in the A5083/S10C joint were granular 

and randomly distributed in the layer at the interface similar to those observed in the A5052/SIOC 

joint (see Fig. 15). This suggests that the intermetallic compounds observed in the A5083/S10C joint 

were formed under the strong influence of a mechanism different from the diffusion of Al and Fe. 

 

Fig. 14: Relation between the  thickness of the IMCs layers and friction time for the 

A5052/S10C, A5083/S10C, and A1070/S10C joints. (○A5052/S10C – P1=20MPa; □ A5052/S10C -  

P1=40MPa; ■ A5083/S10C – P1=40MPa; ● A1070/S10C – P1=20MPa) (19) 
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In Fig. 14, the thickness of the IMC layers observed in the A5052/S10C, A5083/S10C and 

A1070/S10C joints was plotted against the friction time. Although scattered quite widely, the 

thickness of the IMC layers grew almost linearly with an increase in friction time for all the joints. It 

has been generally accepted that the thickness of the IMC layer W, when its growth is controlled by 

the diffusion of elements, increases with time, obeying a parabolic law given by
 

W=kt
1/2

 

Because this is not the case here, the kinetics of the growth of the IMC layers shown in Fig. 14 suggest 

that their growth was controlled by a factor other than the diffusion. It is believed that the mechanical 

mixing of the steel with the aluminium alloy contributed significantly to the formation and growth of 

the IMCs for the following reasons:  

The grooves caused by machining with a lathe disappeared on the fractured surfaces of the steel side 

as the friction time was increased, suggesting that the steel surface was worn down during the friction 

process. This suggests that the incorporation of the steel into the aluminium alloy occurred in the 

friction process. It is conceivable that the very rapid and complicated plastic flow induced in the 

aluminium alloy substrate during the friction process causes mechanical mixing of the incorporated 

steel with the aluminium alloy to form the intermetallic compounds of the Al-Fe system. 

In contrast to those observed in the diffusion couple of the Al alloy to the steel and the diffusion-

bonded joint, each of these IMC did not form a layer lying in the order of the Al/Fe content ratio from 

the aluminium alloy to the steel side, but were granular particles distributing almost randomly within 

the IMC layer, as shown in Fig. 15 EDX spot. 

 

Fig. 15: Distribution of the intermetallic compounds within the IMC layer (21) 

The random distribution and granular morphologies of the IMCs (see Fig. 15) also support the 

conclusion that mechanical mixing of Fe with Al takes place in the vicinity of the bond interface. 

The typical IMC layers observed in the joints of the A5052 and A5083 Al alloy, and the A1070 pure 

aluminium are shown in Fig. 16(a), (b), and (c), respectively.  
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Fig. 16: IMC layers observed at friction-bonded interfaces (21): (a)A5052/S10C joint 

(P1=40MPa, t1=4s), (b) A5083/S10C joint (P1=40MPa, t1=3s), and (c) A1070/S10C joint 

(P1=20MPa, t1=2s) 

The IMC layer thickness increased almost in proportion to friction time at a rate depending on the kind 

of Al alloy. An increase in the friction pressure enhanced the growth rate of the IMC layer. 

In the low carbon steel adjacent to the IMC layer, a zone of much finer grains than those of the base 

metal was found. Its width increased with friction time and pressure, and a relation independent of the 

type of the aluminium alloy and bonding parameters held between the thickness of the IMC layer and 

width of the fine grain zone. These results suggest that the superficial region of the steel underwent a 

heavy plastic deformation during the friction process and it has a close relation with the growth of the 

IMC layer. 

4.3.3 MgAl2O4 oxide layer 

In addition to the intermetallic compounds, an oxide layer that was identified as MgAl204 was also 

observed at long friction times. The formation of the MgAl204 layer can be considered to be a cause for 

the decrease in the joint strength when the friction times keep increasing. 

In order to confirm this conclusion, the cross-section of the fractured surface of the joint was observed 

with TEM. The observed microstructure of the fractured surface (A5083 Al-alloy side) of a joint 

bonded at a friction time of 4 s is shown in Fig. 17. 
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Fig. 17: Fractured surface observed in joint bonded at friction time of 4 s (20) 

This micrograph shows that the fracture occurred along the MgAl2O4 layer, since the layer was 

observed along the fractured surface. Similarly, it was observed that the fracture occurred at the Al-

oxide layer between the IMC layer and steel substrate for a friction time of 1 s, and at the IMC layer 

for a friction time of 2 s.  

These microstructures can be considered to be critical factors controlling the bond strength of the joints 

obtained under the given conditions. Since the bond strength was reduced significantly by an increase 

in friction time from 2 to 4 s, the MgAl204 layer can be regarded as more harmful to the bond strength 

than the IMC layer. 
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5 Friction welding of aluminium to ceramic 

In order to reach an optimal strength of the weld interface, it is necessary to keep in mind that the 

difference in thermal expansion of the two welded pieces needs to be carefully monitored. The stresses 

induced during cooling after welding can be sufficient to cause the joint to crack and fail prematurely. 

Knowledge of temperature distribution in the vicinity of the welded bond is important to understand 

the physical processes in the area of the weld. The temperature gradient and plastic thermal 

deformations determine microstructural changes, diffusion phenomena and mechanical properties of 

the finished product. Unfavorable thermal and stress effects are intensified when materials of different 

heat and mechanical properties, like Al2O3 and Al, are bonded. 

5.1 Thermally induced stresses 

To investigate this phenomenon, Zimmerman et al. (6; 24) and R. Weiss (12) have made various finite 

element simulations of the heat generation throughout the weld pieces and the contact pressure 

distributions at the weld interface. The workpieces they used for the experimental validation were rods 

of 10 mm diameter made of corundum ceramics (97.5% Al2O3) and aluminium alloy 6061-T6. 

The optimal friction welding conditions which were applied for bonding aluminium alloy 6061-T6 and 

ceramic Al2O3 are given in Table 7 and were originally established by Wlosinski et al. (24).  

Friction welding conditions (Wlosinski et al., 2004)  

Rotational speed (rpm) 14500 

Friction time (ms) 850 

Swelling time (ms) 3500 

Pressure in the friction time (MPa) 18 

Pressure in the swelling time (MPa) 46 

Delay time (ms) 80 

Table 7: Friction welding conditions (Wlosinski et al., 2004) (24) 

5.1.1 Heating phase 

The temperature distributions at the contact surface for different friction times are presented in Fig. 18. 

Fig. 19 shows the temperature distribution in the two joined elements as a function of friction time. It 

is clear that the temperature is not uniformly distributed over the joint interface. The outer regions of 

this interface (i.e. the most distant from the axis) have a higher temperature at first but as frictioning 

continues, this maximum shifts to the more inner regions. During the later longer friction times, the 

temperature levels out but remain at a slight lower temperature near the outer regions. This might have 

a negative influence on the joints quality in the vicinity of the outer diameter.  

This is confirmed by observing the fracture faces of tensile test specimens, as shown in Fig. 21, where 

the whiter regions represent alumina particles that have been welded to the metal. At the more gray 
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regions, a strong bond could not be established. Also note that a flash is developed in the aluminium 

workpiece (see Fig. 19), which leads to a geometrical discontinuity and stress concentration. 

 

Fig. 18: Temperature variation over the joint interface for selected values of friction time (24) 

 

Fig. 19: Temperature distributions in the welded materials for selected values of friction time 

(24) 

The high temperatures and the applied friction pressure cause local plastic and thermal deformations at 

the joint interface which mainly occur in the aluminium workpiece. The ceramic does not deform 

significantly. As a result, the actual contact area changes continuously. The heat flux depends on the 

load bearing surface and the temperature dependent friction coefficient. For a heating time of 0,455 s, 

the deformation of the aluminium workpiece near the welding zone and the distribution of temperature 

and contact pressures (dashed area) is shown in Fig. 20 (scaled up eight times). 
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Fig. 20: Deformation of Al in the vicinity of the contact zone (x8), bands of equal temperature 

and contact pressure distribution (time of heating 0,455 s) (24) 

 

Fig. 21: Pictures of bonds destroyed during tensile testing (24) 

In friction welding, it is very important to get the surfaces of the two workpieces so close together that 

atomic forces can interact. In Fig. 22, the contact pressure distribution after flash formation is 

presented. This corresponds to the period when the bond is created. The contact pressure distribution 

is inhomogeneous, with the smallest values occurring at the outer areas. This means that the bonded 

surfaces is not uniform. This can also contribute to a weaker joint in the areas most distant from the 

axis of the welded components. 

 

Fig. 22: Pressure distribution on a flat contact surface during the creation of the bond (24) 

For welding materials with different material properties (one very deformable and one less deformable 

material), it is advisable to use alternative shapes of the faying surfaces. This can be concluded from 

the deformation analysis. A flat surface is not beneficial. It can be simulated that if the bonded 

surfaces were conical, the pressure distribution should  be nearly constant during joint formation (Fig. 

22). It can be noticed that this kind of surface provides a better bond strength. 
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Fig. 23: Pressure distribution on the conical contact surface during the creation of the bond (24) 

5.1.2 The cooling phase. 

When the joint is cooled to ambient temperature after friction welding, the thermal stresses change 

their signs (from a compressive stress during expansion to a tensile stress during shrinkage). This can 

be seen in Fig. 24 and Fig. 25 where the stress distribution is shown for characteristic moments during 

the friction welding process:  

-  0,35 s:  Friction heating  

-  0,85 s:  End of friction heating  

-  0,86 s:  Increase in load, flash formation and bond formation  

-  4,45 s:  End of cooling down under load  

-  200  s:  Achieving surrounding temperature  

 

Fig. 24: Variation of the axial stress distribution (σzz) along the axis for selected values of time, 

coordinate z = 0 - contact surface (24) 
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Fig. 25: Variation of axial stress distribution (σzz) near the bond in the radial direction for 

selected values of time (24) 

The unbeneficial tensile stress area enlarges during cooling. As a result, residual stresses are 

generated, which is caused mainly due to the different physical and mechanical properties of both 

joined materials. In Fig. 26, calculated residual equivalent (max. shear stress) and axial stresses in a 

ceramic workpiece in the vicinity of the contact surface are shown, as function of the radial distance 

for friction welding. Close to the central axis, the equivalent stress reaches its maximum value close to 

150 MPa. Axial tensile stresses also develop in that region (the maximum value reaches 120 MPa). 

This is harmful for the joint integrity since ceramic materials cannot withstand high tensile loading 

(and certainly not in the presence of weld impurities or defects). It was indeed observed in the tensile 

test that the fractured areas of the ceramic material (Fig. 21) corresponds with regions of an axial 

tensile stress appearance. The mechanical tensile strength of the joints was about 30 MPa.  

 

Fig. 26: Residual stress profile in a ceramic workpiece near the bond area obtained by FEM (24) 
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5.2 Diffusion phenomena in the intermediate layer 

During welding of ceramics to metal with friction welding, the intermediate layer plays a significant 

role. It seems that besides adhesion, the diffusion of aluminium atoms into the ceramic contact layer 

can cause a connection between a ceramic material with metal.  

Wlosinski et al. (24) determined, by means of electron probe techniques, that the diffusion length is 

about 4 µm. The gradient of the aluminium concentration, temperature gradient and stress field are the 

factors that power the atom migration during the welding process. Clark et al. (25) stated that micro-

cracks of the ceramic material in the intermediate layer facilitate additionally the transport of the 

aluminium elements from the metal layer into the ceramic material. This is because corundum 

ceramics have strong ionic bonds, so it can be derived that Al diffusion in a ceramic substrate during 

friction welding, occurs mainly through the structure defects and grain boundaries, not through the 

crystal lattice. 

In the considered case, it is assumed that diffusion occurs only perpendicularly to the contact surface 

direction (axis z is parallel to the concentration gradient). Thus, the second Fick’s law takes the form: 

  

  
  

   

   
 

where the average diffusion coefficient Al to Al2O3 is D = 1.8 x 10
-13

 m
2
/s. 

From the preliminary investigation it can be derived that diffusion of the aluminium atoms in to the 

ceramic substrate comes along with the intermediate layer creation.  

5.3 Weld geometry 

The strength of a ceramic-metal joint is not only determined by the strength of the interface, but also 

by the residual stresses introduced due to the different thermal expansion of the materials. In welding 

experiments performed by R. Weiss (12), cylindrical specimens of 10 mm in diameter and 50 mm in 

length of 4 different ceramic materials (alumina, zirconia [MgO-PSZ], silicon carbide and silicon 

nitride) were friction welded to the aluminium alloy Al-Si1MgMn. The welding parameters are given 

in table 4.     

Speed of Rotation (rpm) 1500 - 5000 

Friction Pressure   (MPa) 20 - 80 

Forge Pressure      (MPa) 30 -150 

Friction time     (s) 1,5 - 1,5 

Table 8: welding parameters (12) 

For all ceramic materials used, sound joints were obtained. However, after the welded specimens had 

been removed from the machine, the alumina specimens showed inclined cracks, starting at the 

ceramic-metal interface, of up to 7 mm long. 
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In order to examine the influence of the joint geometry (flash) on the resulting joint strength, R. Weiss 

(12) determined the effect of flash geometry on the residual stresses through finite-element 

calculations. The material combination used for his investigation was PSZ (Partially stabilized 

zirconia) to AISi1MgMn. 

 

Fig. 27: Finite-element model and magnifications of the critical point (12) 

The main result of these calculations are the stress distributions in the joints. In these diagrams, the 

distance from the interface or from the critical point (see Fig. 27), normalized with the radius R of the 

specimens, is plotted in logarithmic scale. 

Fig. 29 shows the radial and axial stresses along the same lines for three joints of PSZ to AISi1MgMn 

shown in Fig. 28. The joints differ only in geometry, the first represents a joint after welding (with 

flash), the second a joint after removal of the flash (ideally cylindrical joint). The third represents a 

joint with an additional groove close to the interface, machined after removal of the flash (see Fig. 28). 

The function of this groove is to allow the aluminium to deform and absorb some of the stresses of the 

outside peripheral contact surface. 

 

Fig. 28: Schematic sketch of joint geometry with flash, flash removed and groove added (12) 

From Fig. 29 B, one can see that the ceramic material is exposed to compressive stresses close to the 

interface. This behaviour arises as the ceramic material has a much smaller thermal expansion 

coefficient than the aluminium alloy. Also, the axial stresses at the interface (see Fig. 29 C), close to 

the critical point, are shifted from negative values into the positive range, thus increasing the 

dangerous tensile stresses in the ceramic material and at the interface. 
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Fig. 29: Stresses in the joints for different flash geometry (12) 

It should be noted that the stresses in the ceramic material seem to increase toward infinity as the 

critical point is approached (Fig. 29 B). These high pressures can be removed by simply changing the 

geometry of the weld. The equilibrium of forces requires that tensile stresses result in the metal. 

However, as the metal undergoes plastic deformation, these tensile stresses do not increase toward 

infinity. Also, the flash stiffens the metal part in the vicinity of the critical point, slightly reducing 

deformation and stresses in the metal and increasing those in the ceramic material, compared to a 

hypothetical joint without flash. The theoretical examination clearly indicates that the edge geometry 

of the joint in the vicinity of the interface (flash) has strong influence on joint strength.  

Other ways to increase the weld strength are to clean the weld surfaces prior to welding and to perform 

post welding heat treatments of the workpieces. Yilbas, et al. (8) indicate that if there are oxide films 

and grease present on the surface of the workpiece, the weld strength will be lower. If the surface has 

been chemically rinced and roughness has been decreased, it is beneficial to the welding strength. Ellis 

et al. (8) indicates that the joint strength of 2648Al/14% SiC particulate composites is about 380 

N/mm² with friction welding. In addition, if the workpiece goes through solid-solution, quench and 

aging treatments after friction welding, the joint strength can increase up to 431 N/mm², which is close 

to the previous 2648Al joint strength of approximately 455 N/mm².  
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5.4 Conclusion 

To complete this chapter, some general conclusions can be given when researching the welding of 

aluminium to alumina. 

 The pressure and temperature distributions during the heating and cooling phase of the 

welding process are very inhomogeneous. In order to obtain good bonding conditions, the 

friction times must be chosen long enough to ensure that the heat input is leveled. 

 The end geometry (welding collar) has an important effect on the creation of residual stresses 

that weaken the bond near the edges. 

 The initial geometry can have an important effect on the pressure distribution of a weld 

interface (see Fig. 23).  

 When applying this chapter into practice, one must take into account that these results can 

differ for each type of material combination. More experimental research is required to verify 

these conclusions. 
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6 Friction welding installation 

A more practical aspect of this thesis was to assist in assembling a friction welding machine which 

was (re)designed during a previous thesis by Bart Derynck and Dries Bonte (26). Fig. 31 shows the 

friction welding machine in its finished form. The following description of this machine is a summary 

of their work supplemented with information out of the original manual. A schematic illustration of 

the entire friction welding installation is shown in Fig. 30. The description of the hydraulic power pack 

and the control cubicle is based on the construction book of the original machine.  

 

Fig. 30: Basic layout of the complete installation  

 

Fig. 31: Friction welding machine 
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6.1 Friction welding machine 

 

Fig. 32: Overview of the basic components of the friction welding machine 

6.1.1 Electric motor 

The installed  motor is a 3 phase asynchronous motor with a nominal power of 160 kW at a synchronic 

rotation speed of 750 rpm. It is capable of delivering a torque of 1915 Nm, has an efficiency of 0,94 

and a cos fi of 0,82. In theory it would be possible to obtain every rotational speed between 0 and 1500 

rpm thanks to its frequency control. Of course there are two phenomena  that have to be taken into 

account. Firstly, the motor will suffer from field weakening at the highest rotational speeds and 

secondly at low rotational speeds, the cooling will decrease and the resistance losses and heat will 

increase.  

This motor drives a toothed belt with a transmission factor of 2,64 which means the available 

rotational speeds at the chuck is everything between 0 and 4000 rpm. Inside the motor is a tachometer 

to measure the rotational speed. The current is measured by means of a current transformator. 

6.1.2 Torque sensor 

In order to obtain a better insight in the welding process a torque measurement coupling is build in the 

transmission axle (see Fig. 33). This is because there is only little information available in research 

papers and literature about in-field torque measurements, despite that such measurements could 

greatly assist in the understanding of the principle mechanisms of this welding process. 

All data from the coupling is transported wireless to a receiver on the outside, which sends the data to 

a PC. The torque sensor is able to measure torques from -1600 to 1600 Nm (-5 to +5V). 



Pieter Rombaut 36  Academic Year 2010-2011 

 

Fig. 33: Torque measuring coupling (27) 

6.1.3  Break coupling 

When we look at the shape of the torque-curve in a friction welding process, we can see two major 

torque peaks. The first one is due to the moment of dry friction at the beginning of the weld cycle. The 

second peak is during the braking phase of the motor. Because of the rapid cooling and the increased 

axial force, the torque increases rapidly. When this peak happens it can occur that the motor is being 

slowed down because of the weld instead of the weld being slowed down by the motor. Only little 

information exist about this torque during the braking phase, therefore a break coupling is 

implemented in the axle to protect vital components such as the torque sensor, belt and motor from 

overloading. The breaking coupling exists of two flanges that are connected through shear pins (see 

Fig. 34). 

 

Fig. 34: Break coupling (26) 

6.1.4 Hydraulic cylinder 

The axial force needed to deliver the friction and forging pressures is produced by an hydraulic 

cylinder which is located at the right side of the machine (see Fig. 32).  

Properties of the axial hydraulic cylinder: 

 Stroke: 6 inch = 152,4 mm 

 Maximum cylinder pressure: 2000 psi = 13,8 MPa = 138 bar 

 Surface of the piston: 50265 ins² = 32429 mm² 
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 Theoretical maximal axial force: 448 kN 

6.1.5 Clamping 

Specimens are fixed in a chuck and in a fixed clamp. This clamp is a remainder of the previous 

machine and has the benefit of being self-centering through a series of linkages (see  

Fig. 35). This clamping prevents the fixed weld specimen from rotating due to the friction torque. The 

axial displacement is fixed by means of an adjustable backstop. 

Properties of the clamping system: 

 Stroke: 5 inch = 127 mm 

 Maximum cylinder pressure: 500 psi = 3,4 MPa = 34 bar 

 Surface of the piston: 12668 mm² 

 Theoretical maximal axial force: 43 kN 

 

Fig. 35: Clamping method of the fixed workpiece with self-centring clamps 

Hydraulic operated power clamps line up the component in the clamps automatically with the centre 

line of the friction welding chuck. Jaw packers are adjusted initially to position jaws on this centre 

line. The clamping cylinder has a double rod and is front trunnion mounted. In operation, to open the 

clamps, the piston rod moves through the cylinder body from left to right. This pivots lever A 

clockwise which pushes link B and connecting arm C to the left. As arm C is mounted on the trunnion 

of the cylinder body this also moves to the left. As the right hand jaw is connected to the piston rod 

and the left hand jaw to the connecting arm C, the jaws open on a self-centering action. 
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6.1.6 Control rod 

The total axial shortening or burn-off of the welding specimens is compensated by sliding the 

clamping system over the hardened ground slides. It is the function of the limit switches to keep this 

displacement within certain boundaries (see Fig. 36). The displacement of the axial cylinder can be 

changed by rotating the cams on the control rod. A linear displacement sensor which is attached to the 

rod can measure the burn-off and send that data to a PC. 

 

Fig. 36: Limit switch layout 

In operation the zone switch should be operated  .05" or 1,27 mm before the components butt together 

and send a signal to the control software that the components are in this area. When the friction limit 

switch is operated during the friction stage of the weld procedure, the spindle is stopped and the forge 

load applied. 

To set the switches, chuck and clamp a pair of components, select ‘set friction’ on the selector switch 

of the control cubicle, and press the ‘Head Forward
’ 
button which will bring the components together 

under friction load. With the components butted together, set the zone cam such that it operates the 

zone switch after a 1,27 mm travel, and the friction limit cam such that it not operates the friction limit 

switch before the required burn-off distance has been reached. 
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6.2 Hydraulic power pack 

 

Fig. 37: Layout of the hydraulic power pack 

The function of the hydraulic power pack is to collect all the important hydraulic components into one 

freestanding module. The unit consists of a tank which acts as a storage space for the hydraulic system 

fluid and electric motor driven hydraulic pumps which pressurise the fluid and transmit power via the 

reducing and directional valves. A vane type pump supplies pressures at 55 bar (800 psi) for all 

machine operations, except the forge pressure which is supplied by a gear pump with pressures up to 

138 bar (2000 psi). 

When changing oil, the tank is drained and the interior should be examined through the inspection 

panel and all residue and sediment removed. The tank is filled with oil to a level indicated by the oil 

level and it is important that the level is maintained. Under normal conditions for continuous operation 

the fluid temperature should not exceed 65°C. 

6.3 Control cubicle 

The original friction welding machine was completely controlled trough by the control cubicle. 

Nowadays a PC is used to operate and monitor the welding machine. The software for the current 

version of the machine is under construction and thus shall not be discussed in detail. The following 

parts of the text will discuss the operation of the machine in its original hardware mode. 
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6.3.1 Typical sequence (hand loaded) 

 

Fig. 38: New control panel of the control cubicle  

One weld specimen is placed into the chuck and the other is being placed into the clamps. By pressing 

the 'cycle' push button (see Fig. 38), the machine clamps the components. Moving the head axially 

along the base, by pressure in the forge cylinder, the components are brought into contact with each 

other. The chucked component is rotated and applied with a frictioning load axially by the forge 

cylinder. Burn-off or frictioning takes place, until a distance limit switch is operated which stops the 

spindle and applies the forge load. The clamps opens and the sliding head returns along the base, 

leaving the welded component in the chuck. Opening the clamps by a push button and the welded 

component is removed. 

 



Pieter Rombaut 41  Academic Year 2010-2011 

 

Fig. 39: Old Control panel of the control cubicle 

6.3.2 Setting the weld cycle 

 With selector switch set to 'individual push buttons' (see Fig. 39), chuck and clamp 

components to be welded. 

 Select ‘set friction’ on the selector switch and press the ‘head forward’ button. This will bring 

the components together under friction load. 

 Set the friction pressure on the friction reducing valve and set the pressure switch ‘PS 4’ 

(friction pressure) to 50 p.s.i below the friction pressure. 

 If fitted, set ‘independent first stage friction pressure’ by pressing the push button on the 

power pack and adjusting pressure relief valve. 

 Set the zone switch to have operated by 1,27 mm or 0,05"and set the friction limit switch to 

the required distance burn-off. 

 Select ‘set forge’ on the selector switch and press the ‘head forward’ button. This will bring 

the components together under forge load. 

 Set the forge pressure on the forge relief valve and set the pressure switch ‘PS 5’ to 75 p.s.i. 

below the forge pressure. 

 Select 'individual push buttons' to return the machine to return limit and open the clamp. 

 On the electrical cubicle set the ‘1st stage friction time’, ‘2nd stage friction time monitor’, and 

‘weld cycle time monitor’. 

 When timed burn-off is fitted, a two position switch and a timer are fitted in the electrical 

cubicle front panel. The switch will select either. 

 distance or time burn-off and the timer is to be set to the required frictioning time. 
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7 Welding trials of steel to aluminium 

7.1 Material properties 

To investigate the weldability of steel to aluminium, round bars of 20 mm in diameter were used. 

The chosen materials for the welding trails had the following characteristics: 

Steel: Mild steel S235 JR 

Aluminium: aluminium alloy EN AW-6060 T6 [AlMgSi0,5] 

Si Fe Cu Mn Mg Cr Zn Ti Other Al 

0,3 – 0,6 0,1 – 0,3 0,1 0,1 0,35 – 0,6 0,05 0,15 0,1 0,15 Rest 

Table 9: Chemical composition of Al 6060 (28) 

Density 

[g/cm³] 

Melting range 

[°C] 

Thermal 

conductivity 

[W/mK] 

Themal expansion 

[10
-6

/K] 

Modulus of 

elasticity 

[MPa] 

Shear modulus 

[MPa] 

2,7 585 - 650 200 - 220 23,4 69500 26100 

Table 10: Physical properties of Al 6060  (at approx. 20°C) (28) 

7.2 Test set-up 

All welding trails were executed using the friction welding machine of the research centre ‘CEWAC’ 

(Centre d'études Wallon de l'assemblage et du contrôle des matériaux) (see Fig. 40) 

 

Fig. 40 : Friction welding machine at CEWAC 
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This machine allows the variation of the following parameters: 

Parameter Symbol Unit 

Rotational speed n rpm 

Friction pressure p1 MPa 

Friction time t1 s 

Forging pressure p2 MPa 

Forging time t2 s 

 

Fig. 41 : Process parameters 

The following parameters could not be changed: 

Parameter Symbol Unit 

Braking time tbrake s 

First stage friction pressure p0 MPa 

First stage friction duration t0 s 

7.3 Welding parameters 

The process parameters values to be used for welding aluminium to steel can be found in the literature 

(19; 20; 21; 26) and are shown in Table 11. In order to optimize and investigate the effect of each 

parameter on the weld quality, a series of tests were performed. The parameter settings chosen can be 

found in Table 12. The parameters chosen for welding are given in Table 13. 



Pieter Rombaut 44  Academic Year 2010-2011 

 Yamamoto et al. 

(19; 20; 21) 

Bart Derynck 

Dries Bonte (26) 

Friction pressure (MPa) 40 30 - 90 

Friction time (s) 1-5 5 

Forging pressure (MPa) 230 50 - 150 

Forging time (s) 6 5,5 

Rotational speed (rpm) 1200 3315 

Workpiece diameter (mm) 16 25 

Table 11: Friction welding parameters for welding aluminium to steel 

Parameter Range 

Friction pressure (MPa) 31,8 - 70 

Friction time (s) 2,5 - 10 

Forging pressure (MPa) 95,5 – 222,8 

Forging time (s) 5 

Rotational speed (rpm) 1657 - 3295 

Table 12: Range of welding parameters used 

Nr p1 [MPa] 
t1 

[s] 

p2 

[MPa] 

t2 

[s] 

n 

[rpm] 

v 

[m/s] 

Burn-off 

[mm] 

1 43,3 5,0 222,8 5 2217 4,6 2,7 

2 43,3 7,5 222,8 5 2217 4,6 3,9 

3 43,3 10,0 222,8 5 2217 4,6 5,1 

4 43,3 2,5 222,8 5 2217 4,6 1,6 

5 57,3 5,0 222,8 5 2217 4,6 3,1 

6 70,0 5,0 222,8 5 2217 4,6 3,0 

7 31,8 5,0 222,8 5 2217 4,6 3,1 

8 44,6 5,0 222,8 5 2757 5,8 2,8 

9 44,6 5,0 222,8 5 3295 6,9 3,2 

10 44,6 5,0 222,8 5 1657 3,5 2,9 

11 44,6 5,0 178,3 5 2207 4,6 3,0 

12 44,6 5,0 136,2 5 2207 4,6 3,1 

13 44,6 5,0 95,5 5 2207 4,6 3,1 

14 44,6 7,5 222,8 5 3307 6,9 4,5 

15 44,6 10,0 222,8 5 3307 6,9 5,6 

16 44,6 2,5 222,8 5 3307 6,9 1,5 

Table 13: Overview of the used welding parameters 
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7.4 Effect of welding parameters on the burn-off length 

The total shortening or burn-off length was measured for all the welds in order to investigate the 

influence of the different welding parameters. Although the burn-off length is not a criterion to 

evaluate the weld strength and quality, it is a good estimation for the heat input during welding. The 

more heat generated, the more plastic deformation will occur. Fig. 42 show that the friction pressure 

has no clear effect on the total shortening and thus the size of the welding collar, even when the 

friction pressure is different. 

 

Fig. 42: Influence of the friction pressure on the total shortening  

The total shortening of the specimens is directly proportional to the friction time, as seen in Fig. 43.  

 

Fig. 43: Influence of the friction time on the total shortening 
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As can be observed in Fig. 44, the rotational speed has only a limited effect on the total shortening. To 

investigate the effect of the rotational speed, experiments were executed with a range of rotation 

speeds while keeping all other welding parameters the same (see Table 13, welds 1, 2, 3, 4, 9, 14, 15 

and 16). The results of this can be seen in Fig. 45: the burn-off length only varies slightly in relation to 

the rotational speed. 

 

Fig. 44: Influence of friction time and rotational speed on the total shortening 

 

Fig. 45: Influence of rotational speed on the total shortening 

In Fig. 46 the effect of the forge pressure on the total shortening can be seen. Intuitively one would 

expect that increasing the forge pressure would lead to an increase in shortening of the specimens. The 

experiments executed in the frame of this thesis demonstrate the opposite. The total shortening 

decreases very slightly as a function of the forge pressure. These results are contradictory to data from 

literature and to a previous series of welding experiments (26). The parameters of these previous series 

were not the same, but the general trends should be the equal none the less. 
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Fig. 46: Influence of changing the forge pressure on the total shortening 
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7.5 Metallographic investigations of the welds 

Weld 1 

p1 = 43,3 MPa     p2 = 222,8 MPa 

t1 = 5 sec;            t2 = 5 sec 

n = 2217 rpm 

 

Weld 2 

p1 = 43,3 MPa      p2 = 222,8 MPa 

t1 = 7,5 sec;          t2 = 5 sec 

n = 2217 rpm 

 

Weld 3 

p1 = 43,3 MPa      p2 = 222,8 MPa 

t1 = 10 sec;            t2 = 5 sec 

n = 2217 rpm 

 

Weld 4 

p1 = 43,3 MPa      p2 = 222,8 MPa 

t1 = 2,5 sec;          t2 = 5 sec 

n = 2217 rpm 

 

Weld 5 

p1 = 57,3 MPa     p2 = 222,8 MPa 

t1 = 5 sec;            t2 = 5 sec 

n = 2217 rpm 

 

Weld 6 

p1 = 70 MPa         p2 = 222,8 MPa 

t1 = 5 sec;             t2 = 5 sec 

n = 2217 rpm 

 

Weld 7 

p1 = 31,8 MPa     p2 = 222,8 MPa 

t1 = 5 sec;            t2 = 5 sec 

n = 2217 rpm 

 

Weld 8 

p1 = 44,6 MPa     p2 = 222,8 MPa 

t1 = 5 sec;            t2 = 5 sec 

n = 2757 rpm 

 

Weld 9 

p1 = 44,6 MPa     p2 = 222,8 MPa 

t1 = 5 sec;            t2 = 5 sec 

n = 3295 rpm 
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Weld 10 

p1 = 44,6 MPa    p2 = 222,8 MPa 

t1 = 5 sec;            t2 = 5 sec 

n = 1657 rpm 

 

Weld 11 

p1 = 44,6 MPa    p2 = 178,3 MPa 

t1 = 5 sec;            t2 = 5 sec 

n = 2207 rpm 

 

Weld 12 

p1 = 44,6 MPa     p2 = 136,2 MPa 

t1 = 5 sec;             t2 = 5 sec 

n = 2207 rpm 

 

Weld 13 

p1 = 44,6 MPa    p2 = 95,5 MPa 

t1 = 5 sec;            t2 = 5 sec 

n = 2207 rpm 

 

Weld 14 

p1 = 44,6 MPa     p2 = 222,8 MPa 

t1 = 7,5 sec;          t2 = 5 sec 

n = 3307 rpm 

 

Weld 15 

p1 = 44,6 MPa     p2 = 222,8 MPa 

t1 = 10 sec;           t2 = 5 sec 

n = 3307 rpm 

 

Weld 16 

p1 = 44,6 MPa     p2 = 222,8 MPa 

t1 = 2,5 sec;          t2 = 5 sec 

n = 3307 rpm 

 

 

 

 

 

Table 14 : Cross-sections of the performed welds ( x12,5) 
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When examining the welds in closer detail, different types of defects or phenomena could be 

distinguished from each other. The most frequent found are: 

 Cracks: Planar defects 

 Cavities or porosities: Volumetric defects 

 IML: Intermetallic layer. Depending in the location and welding parameters used, different 

shapes of intermetallic layers could be observed. The most common types of shapes are given 

in Fig. 47. 

 

Fig. 47: Different shapes of intermetallic layers. (A) IM spots in weld 11; (B) IM Clouds in 

weld 9; (C) IM layer in weld 14  

Nr 
p1 

[MPa] 

t1 

[s] 

p2 

[MPa] 

Speed 

[m/s] 
Comments 

1 43,3 5 222,8 4,6 
- Some local cracks (20 µm) 

- No visible intermetallic layer (IML)  

- 15 µm of plastic deformation in steel 

2 43,3 7,5 222,8 4,6 
- A cavity (50 µm)  

- IML (1-2 µm)   

- 30 µm of plastic deformation in steel 

3 43,3 10 222,8 4,6 
- A cavity (130 µm)  

- IML spots (1-2 µm)   

- 30 µm of plastic deformation in steel 

4 43,3 2,5 222,8 4,6 
- No defects  

- IM spots (1-3 µm)   

- 7 µm of plastic deformation in steel 

5 57,3 5 222,8 4,6 
- A cavity of 80 µm and smaller cavities of 15 µm 

- IM spots (2 µm)   

- Plastic deformation in steel highly dependent of roughness 

6 70,0 5 222,8 4,6 
- One crack (10 µm wide) over the entire surface, the crack  

  stayed at 10 µm from the surface and did not go through the IML 

- IM spots (1 µm)   

- No plastic deformation in steel 

7 31,8 5 222,8 4,6 
- No defects 

- IM spots (2 µm)  
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8 44,6 5 222,8 5,8 
- A cavity (75 µm)  

- IML (1-2 µm) 

9 44,6 5 222,8 6,9 
- Some cavities (30-60 µm). There was a IML above the cavity  

- Uniform IML (1-2 µm) and some clouds of IM components  

- 10 µm of plastic deformation in steel 

10 44,6 5 222,8 3,5 
- Some cracks (100 µm) and a cavity (130 µm)  

- IM spots (<1 µm)  

- 10 µm of plastic deformation in steel 

11 44,6 5 178,3 4,6 
- No defects 

- IM spots (1-3 µm)  

12 44,6 5 136,2 4,6 
- No defects 

- IML (<1 µm)  

- 10 µm of plastic deformation in steel 

13 44,6 5 95,5 4,6 
- No defects   

- IML (1 µm)  

14 44,6 7,5 222,8 6,9 
- A cavity (75 µm)  

- Uniform IML (2-3 µm)  

- 15 µm of plastic deformation in steel 

15 44,6 10 222,8 6,9 
- A lot of big cavities(250 -750 µm)  

- Uniform IML (1-3 µm)  

- 10 µm of plastic deformation in steel 

16 44,6 2,5 222,8 6,9 
- A good connection but no bond near edges   

- No defects  

- Uniform IML (<1 µm)  

Table 15: Overview of observations 

7.6 Discussion 

A detailed report of the metallurgical examinations of the welds can be found in the annexes. These 

examinations showed that there are 5 high-quality welds (weld trails 1, 4, 7, 11 and 12) and 4 low-

quality welds (weld trails 6, 9, 10, 15). All other welds showed porosities which are considered as 

minor welding defects. An overview of all the good and bad welds is given in Table 16 and Table 17. 
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Nr 
p1 

[MPa] 

t1 

[s] 

p2 

[MPa] 

Speed 

[m/s] 

1 43,3 5 222,8 4,6 

4 43,3 2,5 222,8 4,6 

7 31,8 5 222,8 4,6 

11 44,6 5 178,3 4,6 

12 44,6 5 136,2 4,6 

Table 16: Overview of the high-quality welds 

Nr 
p1 

[MPa] 

t1 

[s] 

p2 

[MPa] 

Speed 

[m/s] 

6 70,0 5 222,8 4,6 

9 44,6 5 222,8 6,9 

10 44,6 5 222,8 3,5 

15 44,6 10 222,8 6,9 

Table 17: Overview of low-quality welds 

All the good welds were obtained for a rotational speed of 2207 rpm (4,6 m/s), a friction pressure 

equal or lower than 44,6 MPa, a forging pressure equal or lower than 222,8 MPa and a friction time 

equal or lower than 5 sec. It can be concluded that it is more beneficial to use a low the friction time, 

pressures and rotational speed, rather than increasing these parameters. These results are only based on 

the metallurgical examinations. In order to fully and correctly evaluate the selected welding 

parameters, mechanical testing will be required.  

When comparing these results with a previous test series (26) (welding trails with tubular specimens 

with a diameter of 25 mm and a wall thickness of 4 and 5 mm), some differences can be observed 

between the two welding series. When welding two tubular parts, it was recommended to use higher 

rotational speeds and welding pressures in order to avoid cracks. These cracks were the most 

important defects that occurred during the welding tests.  

In the current welding experiments, only weld 6 showed this kind of fracture behavior. The most 

important type of defects consisted of big voids or porosities in the aluminium material. The amount 

of these porosities seemed to increase as the heat input was larger. The recommendations for welding 

tubes (advantageous to use a high rotation speed and contact pressure) are thus not valid for welding 

bars. A reason for this could be that tubular parts need more heat generation in order to compensate 

the increased outside surface of tubes that created an unwanted heat loss effect during welding. 

The most common phenomena and defects observed during the metallographic investigation of the 

welds are described below. 
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7.6.1 Intermetallic layers (IML) 

An intermetallic layer has formed itself in almost all of the welds. However, the shape and width is not 

always the same in the different specimens and also differs in size within the same weld. To illustrate 

this, Fig. 48 shows the distribution of width of the IML along the interface of test specimen 15. This 

weld was chosen because it was executed with a large heat input and thus showed a clear IML.  

Notice how the IML increases in points B and D. This is a result of what is described in part 5.1.1 

(Heating phase) and can be seen in Fig. 18, Fig. 19 and Fig. 20. Because the temperature and welding 

pressure at the beginning of the welding cycle is highest near points B and D, the IML is more 

noticeable in those regions. The width of the layer follows the temperature distribution shown in Fig. 

19. Although this figure relates to the material combination of aluminium to alumina, the effect is 

roughly the same with steel and aluminium. All welds seemed to follow this trend. 

 

 

Fig. 48: Distribution and growth of the intermetallic layer (x500) 

7.6.2 Porosities 

8 out of 16 welds cavities were found in the aluminium material near the interface. Their size varied 

from 15 to 130 µm with a maximum of 750 µm in weld 15. It seemed that the size of the defects 

increased with the heat input. The largest defects appeared when the rotational speed, friction time and 

friction pressure were high, while the smaller defects appeared at shorter friction times and pressures.  
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Notice how the IML continues, even when the cavity is present (see Fig. 50 , right side). The IML is 

attached to the steel part. 

7.6.3 Complete fracture 

Weld 6 is the only weld that failed completely. It showed a big fracture in the aluminium across the 

entire weld interface, as seen in Fig. 53 and Fig. 54. An intermetallic compounds was also present (see 

Fig. 54). The fracture was formed after the formation of the IML.   

 

Fig. 49: Fusion line of weld 15 at the periphery 

(x200) 

Fig. 50: Fusion line of weld 15 at the periphery  

(x500) 

 

Fig. 51: Fusion line of weld 15  at the periphery  

(x200) 

 

Fig. 52: Fusion line of weld 15  at the periphery  

(x500) 
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Fig. 53: Fusion line of weld 6  at the periphery   

(x200) 

 

Fig. 54: Fusion line of weld 6  at the periphery   

(x500) 
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8 Welding trials of aluminium to alumina 

8.1 Material properties 

Round bars of aluminium alloy and alumina were used for the welding trials. The aluminium bar had a 

diameter of 20 mm and the alumina bar a diameter of 30 mm. The difference in diameter is due to 

material availability. 

The chosen materials for welding had the following characteristics: 

Aluminium: aluminium alloy EN AW-6060 T6 [AlMgSi0,5] 

Si Fe Cu Mn Mg Cr Zn Ti Other Al 

0,3 – 0,6 0,1 – 0,3 0,1 0,1 0,35 – 0,6 0,05 0,15 0,1 0,15 Rest 

Table 18: Chemical composition of Al 6060 (28) 

Density 

[g/cm³] 

Melting range 

[°C] 

Thermal 

conductivity 

[W/mK] 

Themal expansion 

[10
-6

/K] 

Modulus of 

elasticity 

[MPa] 

Shear modulus 

[MPa] 

2,7 585 - 650 200 - 220 23,4 69500 26100 

Table 19: Physical properties of Al 6060  (at approx. 20°C) (28) 

Alumina: The type of alumina used for these welding experiments was based on material availability. 

The exact physical properties of the alumina could not be determined. However, thanks to measuring 

the volume and mass, the density of the material could be derived (3816 kg/m³). Table 2 shows us that 

alumina with the same density should have roughly a volume percentage of 99,4%. It is very important 

to know this percentage exactly, since Table 2 also reveals that the physical properties of alumina 

increase enormously with the last few promilles.  

Between the two materials there is a large difference in thermal expansion coefficient. Alumina has an 

average thermal expansion of 7,7 10
-6

/K (between room temperature and 600°C) while the aluminium 

used has a thermal expansion coefficient of 23,4 10
-6

/K. This can be found in Fig. 10 and Table 19. 

8.2 Test series 1 

8.2.1 Selected parameters 

In order to get a first estimate of the welding parameters, the literature was consulted to find the most 

commonly used values (see Table 20). 
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 Wlosinski et al. 

(24) 

Noh et al. 

 (15) 

R. Weiss  

(12) 

Uday M.B et al. 

(29; 30) 

Rotational speed (rpm) 14500 900 1500 - 5000 1250 - 2500 

Friction time (s) 0,85 2 - 20 0,5 - 1,5 30 

Forging time (s) 3,5 - - 40 - 60 

Friction pressure (MPa) 18 20 20 - 80 7 

Forging pressure (MPa) 46 40 30 - 150 10 

Diameter (mm) 10 10 10 15 

Material combination Al alloy/Al2O3 Steel/Al/Al2O3 Al alloy/Al2O3 Al alloy/YSZ-Al2O3 

Table 20: Overview of reported welding parameters for aluminium to alumina 

Based on Table 20, it can be seen that there is a big difference between the welding parameters. The 

parameters of Wlosinski et al. can be disregarded for our welding trails since the friction welding 

machine at CEWAC cannot obtain such high rotation speeds. It is limited at about 3300 rpm. Also the 

parameters of Noh et al. are not representative for our application because of the difference in material 

combination. 

The two remaining sources are very different from each other. We see that R. Weiss chooses to utilize 

short welding times but high pressures, while Uday M.B. et al. prefers very long welding times at a 

very low contact pressure. The reason why these two different approaches result in good welds is 

because it leads to the same total heat input. 

The friction welding conditions used in the current welding experiments are shown in Table 21. 

Name p1 [MPa] t1  [s] p2 [MPa] t2  [s] n  [rpm] 

FS_ALC_17 19,1 2,5 44,6 2,5 3307 

FS_ALC_18 19,1 2,5 44,6 2,5 3307 

FS_ALC_19 38,2 5,0 89,1 3,5 3307 

FS_ALC_20 31,8 7,5 48,4 3,5 3307 

FS_ALC_21 31,8 5,0 48,4 3,5 2207 

FS_ALC_22 19,1 5,0 38,2 3,5 3307 

Table 21: Parameters of the welding experiments at CEWAC (series 1) 

8.2.2 Results 

No successful welds were realized during test series 1. Most of the specimens were partially welded, 

but could easily be broken by hand. There was a material transfer of alumina to aluminium. All of the 

fractures were located in the alumina. Also multiple lengthwise cracks were visible in the ceramic rods 

after welding. 
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Observations during testing: 

FS_ALC_17:  This first weld failed because of the clamping system (see Fig. 55). The adapter 

component necessary to clamp the ceramic workpiece did not function properly. The specimens were 

not released after welding, so the weld was destroyed immediately by the (automatic) movement of the 

clamp. The two pieces were separated from each other. Despite of this failure, there was a small piece 

at the interface that bonded successfully (see Fig. 56). In order to overcome this problem, the alumina 

part was clamped in the rotating clamp during subsequent experiments. 

 

Fig. 55 : First clamping method 

 

Fig. 56 Weld interfaces of FS_ALC_17. A) aluminium; B) alumina. Ceramic material attached 

to the aluminium workpiece proves that partial bonding has occured. 

FS_ALC_18: These specimens were welded using the same conditions as the previous weld. The two 

parts formed a weak bond which could be easily broken by hand. The welding interface looked 

identical as the previous joint (see Fig. 56). The ceramic workpiece also seemed to show signs of 

cracking. 
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FS_ALC_19: The axial welding forces and friction time used for this weld were twice as high as in the 

previous weld. The goal was to increase the heat input, so the two parts would have a better chance to 

bond successfully. Unfortunately this had an unwanted effect. The parts formed a slightly better bond 

(see Fig. 57 A), but the alumina rod also showed clear signs of large lengthwise cracks (Fig. 57 B).  At 

the start of the weld cycle, a lot of vibrations could be noticed during the phase of dry friction. The 

higher contact pressure also increased the friction coefficient, resulting in higher frictional forces. It is 

likely that this effect contributed to the cracking in the ceramic bars. In addition to the higher frictional 

forces, radial expansion of the aluminium (the creation of the weld collar) will cause tensile stresses in 

the ceramic material in the direction of the periphery. As these stresses become too high, they can 

result in fractures during the friction phase. 

 

Fig. 57: Weld interface of FS_ALC_19 

FS_ALC_20: Based on the previous experience, lower pressures and a longer friction time were used. 

The result was the same as in FS_ALC_19.  

FS_ALC_21: In order to investigate the effect of the rotational speed on the weldability, a lower 

rotational speed was selected (2207 rpm instead of 3307 rpm). This had a detrimental effect on the 

ceramic specimen. Shortly after the beginning of the welding cycle, a few ceramic material parts at the 

edge broke off during the friction stage. Because of the gaps in the alumina bar, the entire welding 

collar – consisting of hot plasticised aluminium at that time – was converted into large chips being 

formed during the friction stage (see Fig. 58).  
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Fig. 58: FS_ALC_21 

Surprisingly enough, this bond was strong and could not be broken by hand. This is actually an 

interesting result which will be discussed in detail later. 

FS_ALC_22: At this point, it was clear that the welding axial contact pressures had to be lower and 

the welding times had to be longer, so that the ceramic part is not stressed too much. The result of this 

can be seen in Fig. 59. Notice the sharp gap between the two bonded specimens. It is this gap, formed 

by non-uniform temperature distribution during heating and cooling which creates a very bad contact 

surface combined with a large stress-concentration at the tip. This bond could also be broken by hand. 

 

Fig. 59 : FS_ALC_22. Large gap between the two specimens 

8.2.3 Discussion of the first welding trails 

Based on the first test series the following conclusion can be formulated:  

 It is clear that a friction pressure higher than 30 MPa should be avoided. Otherwise the 

ceramic part will be stressed too much and damage will occur. 

 When using a low friction pressure, there is a need to increase the friction time in order to 

generate enough heat. When looking at Table 20, it can be concluded that the approach of 

Uday M.B. et al. is the most representable for our case.  

 The final geometry of the joint has a very big effect on occurrence of the stress concentrations.  
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The joint geometry has a big influence on the stress; this can be illustrated by experiment FS_ALC_21 

(see Fig. 56). This is a perfect example of what R. Weiss concluded when he investigated the effect of 

3 different shapes of weld collars on the stress-concentrations (see also Fig. 28 and Fig. 29). In the 

laboratory set-up used for the experiments, it was not possible to remove the weld collar before or 

during the cooling phase. This possibility would be beneficial for more industrial applications. But 

because of the chipping action of the alumina part (see FS_ALC_21), it acted as a cutting tool and 

removed the unbeneficial weld collar during its formation.  

In order to fully understand the principles of bonding, a metallurgical analysis has been performed 

using microscopy for joint FS_ALC_19 and FS_ALC_21 (see Fig. 60, Fig. 61, Fig. 62 and Fig. 63). 

 

Fig. 60: Location cross-section of FS_ALC_19 

 

Fig. 61: Location cross-sections of FS_ALC_21 

 

Fig. 62: Cross-section of FS_ALC_19 

 

Fig. 63: Cross-section of FS_ALC_21 

8.2.4 Metallurgical analysis 

FS_ALC_19: Despite the fracture of the ceramic part, the metallographic examination showed that in 

some locations a defect-free joint was formed (see Fig. 64). There were however a few unknown 

elements detected at the weld interface (see Fig. 65). A SEM-analysis was performed of the 

intermetallic layer present at the joint interface. It was demonstrated that the layer was a mixture of 

aluminium, iron and silicium (see Fig. 67). How these components were formed in the weld is 

unknown. These can either be contaminations on the surfaces during the preparations of the two 

workpieces (sawing dust), or these could have been formed out of the aluminium base material, since 

these elements can also be found in the chemical composition of the aluminium (Table 18). Whatever 

the case may be, it does not seem to affect the weld quality and does not create noticeable welding 
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defects or cracks. This proves that the friction welding process is very robust and (possibly) requires 

little surface preparation. 

 

Fig. 64: Fusion line at the centre (x500) 

 

Fig. 65: Fusion line with Fe-inclusions (x500) 

 

Fig. 66: Fractured interface (x200) 

 

Fig. 67: SEM-analyses of the interlayer 
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FS_ALC_21: During this experiment the alumina workpiece broke during the friction phase. Because 

this weld had a higher strength than all the previous welds, it was chosen for further examination. The 

microscopical investigation showed a crack at the weld interface (see Fig. 69). The fracture line seems 

to shear off the tips of the roughness peaks of the alumina workpiece. This crack was probably created 

during the cooling phase because aluminium was attached to the alumina workpiece. Besides the 

fracture in the aluminium, at other locations at the interface a sound bond was formed (see Fig. 68). 

An overview of the weld aspect at the corners of the weld is given in Fig. 70. 

 

Fig. 68: Centre of fusion line (x500) 

 

Fig. 69: Crack in weld interface (x500) 
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Fig. 70: Overview of the edges of the weld specimen 

8.3 Welding series 2 

A second series of welding experiments was conducted at CEWAC to further investigate the 

weldability of aluminium to alumina. The goal of this second series was to investigate the effect of 

long friction times and lower pressures, changing the initial joint geometry and changing the clamping 

method. Both materials were the same as in the previous welding series. 

All welding parameter combinations used are given in Table 22. This table also indicates the shape of 

the aluminium specimen and the type of clamping that was used. Fig. 71 is an overview of joint 

geometry of all successful welds. Observations that were made during these welding experiments are 

given in Table 23.  
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cylinder weld 

    

nr 
p1 

[Bar] 

p2 

[Bar] 

p1 

[MPa] 

t1 

[s] 

p2 

[MPa] 

t2 

[s] 

n 

[rpm] 

burn-off 

[mm] 
shape 

Alumina 

Clamping 

FS_ALC_2.1 25 30 31,8 15 38,2 30 3307 8,5 A rotary 

FS_ALC_2.2 17 20 21,6 15 25,5 30 3307 7,0 A rotary 

FS_ALC_2.3 < 10 11 12,7 15 14 30 3307 6,9 A rotary 

FS_ALC_2.4 < 10 11 12,7 15 14 30 3307 7,1 A rotary 

FS_ALC_2.5 < 10 11 50,9 - 12,7 15 14 30 3307 6,9 B rotary 

FS_ALC_2.6 < 10 11 50,9 - 12,7 15 14 30 2217 6,5 B rotary 

FS_ALC_2.7 < 10 11 12,7 15 14 30 2217 7,1 C rotary 

FS_ALC_2.8 < 10 11 12,7 15 14 10 2217 6,5 A fixed 

FS_ALC_2.9 < 10 11 50,9 - 12,7 15 14 10 2217 6,7 B fixed 

FS_ALC_2.10 < 10 11 12,7 15 14 30 1100 6,6 A rotary 

FS_ALC_2.11 < 10 11 12,7 20 14 30 3307 8,9 A rotary 

FS_ALC_2.12 < 10 11 12,7 15 14 30 2207 6,8 C rotary 

FS_ALC_2.13 < 10 11 27,7 10 30,4 30 2207 4,5 D rotary 

FS_ALC_2.14 < 10 11 27,7 10 30,4 30 3307 4,5 D rotary 

FS_ALC_2.15 < 10 11 12,7 15 14 30 3307 6,9 C rotary 

Table 22: Parameters of the welding experiments at CEWAC (series 2) 

 

Fig. 71: Overview of the joint geometry of all successful welds (FS_ALC_2.1 – 12) 
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nr 
p1 

[MPa] 

t1 

[s] 

p2 

[MPa] 

t2 

[s] 

n 

[rpm] S
h

ap
e 

C
la

m
p

in
g

 

Comments 

1 31,8 15 38,2 30 3307 A rotary Multiple cracks & much vibrations  

2 21,6 15 25,5 30 3307 A rotary Multiple cracks & much vibrations  

3 12,7 15 14 30 3307 A rotary Multiple cracks & much vibrations 

4 12,7 15 14 30 3307 A rotary Longer ceramic specimen used 

Multiple cracks & much vibrations  

5 50,9 15 14 30 3307 B rotary Significantly less cracking & vibrations 

6 50,9 15 14 30 2217 B rotary Significantly less cracking & vibrations 

7 12,7 15 14 30 2217 C rotary Significantly less cracking & vibrations 

8 12,7 15 14 10 2217 A fixed Multiple cracks & much vibrations 

9 50,9 15 14 10 2217 B fixed Significantly less cracking & vibrations 

10 12,7 15 14 30 1100 A rotary  Multiple cracks & much vibrations 

11 12,7 20 14 30 3307 A rotary  Multiple cracks & much vibrations  

12 12,7 15 14 30 2207 C rotary  Multiple cracks & less vibrations 

13 27,7 10 30,4 30 2207 D rotary  No cracks & no vibrations but a lot of noise   

 Large deformation and very rapid cooling 

14 27,7 10 30,4 30 3307 D rotary  No cracks & no vibrations but a lot of noise   

 Large deformation and very rapid cooling 

15 12,7 15 14 30 3307 C rotary Fracture of the ceramic specimen 

Table 23: Observations made during welding 

When performing the experiments, the two most severe problems that occurred were some vibrations 

at the beginning of the weld cycle (stick-slip phenomenon) and most of the welds showed signs of 

fissures which grew in a certain pattern. In order to keep the growth of fissures to a minimum, low 

welding pressures were selected. The lowest cylinder pressure available on the machine was 10 bar, 

which corresponds to a welding pressure of 12,7 MPa. Despite of these low pressures, better welds 

were obtained than with the first series of welds.  

8.3.1 Influence of contact geometry 

Four types of shapes for the aluminium were investigated to evaluate its effect on the weldability of 

the joint (see Fig. 72). 

 

Fig. 72: Different shapes of the aluminium specimen 
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Type A were cylindrical bars with a diameter of 20 mm. This geometry gave a lot of vibrations during 

the first seconds of the weld cycle. These vibrations are due to the period of dry friction when the 

friction coefficient between the ceramic and the aluminium is at a maximum. When the two parts 

started to heat up, the vibrations went away. Cylindrical shapes produced the best welds but also 

promoted cracking in the alumina.  

Type B were bars of 20 mm in diameter that had a conical angle of 45°. The diameter of the contact 

surface was 10 mm. Because of the smaller contact surface the welding pressure at the friction stage 

was higher, but decreased as the burn-off increased (from 50,9 to 12,7 MPa). Despite of this, the 

vibrations and cracking were significantly less than with the full cylindrical bars which leads to the 

believe that the vibrations in type A were a result of an eccentric contact point which is located farther 

from the midpoint than with shape B, causing a rotating force on the two pieces. To overcome this 

problem with shape A, the parallelity between the two contact surfaces should be more exact or the 

aluminium piece could also have a stump angle of a few degrees. 

Type C consisted of a tube with an outside diameter of 25 mm and a thickness of 5 mm (see Fig. 73). 

These welds also showed less vibrations and cracks, but did not produce good complete welds based 

on microscopical investigations. This could be because of the extra distance in circumference on the 

inside which leads the an increase in unbeneficial nick-effect, an added geometrical discontinuity that 

is an additional source of stresses. 

Type D was a thin tube of 25 mm in diameter. This shape failed to weld completely since both 

specimens broke off almost immediately (see Fig. 73). The lack of bonding is due to the heavy 

deformation of the tubular part and the rapid cooling of such a thin part. 

 

Fig. 73: Failed tubular welds. Shape C (A) and shape D (B) 
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8.3.2 Influence of clamping system 

 

Fig. 74: Rotary clamping of alumina 

 

Fig. 75: Fixed clamping of alumina 

The method of clamping was also investigated. Fig. 74 shows the alumina specimen in the rotating 

clamp of the welding machine while Fig. 75 shows another configuration where the ceramic specimen 

is positioned  in the fixed clamp. A lot of the fissures that grew in a lengthwise direction could be 

found at logical places corresponding with the clamping system. Not all fissures were found on those 

locations, but there often was a noticeable link. The places where cracks were likely to occur are 

indicated in red on Fig. 76. 

 

Fig. 76: Different clamping systems used for alumina 

8.3.3 Dye penetrant inspection 

In order to investigate the extent and patterns of the fissures more clearly, weld FS_ALC_2.10 was 

selected for a detailed investigation using dye penetrant inspection to highlight any cracks that had 

formed. The result of these tests are given in Fig. 77. 
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Fig. 77: Dye penetrant inspection of FS_ALC_2.10 (360° view)   

Primary fracture (1); secondary fracture (2) 

When we look at Fig. 77, two main types of fracture lines can be identified. On the one hand there are 

the primary fractures (1) which grow in a lengthwise manner and on the other hand there are 

secondary cracks (2). These grow in a curve and connect the contact surface or primary fracture to 

either another primary fracture or, in absence of a primary fracture, go to a different place of the 

contact surface. Fig. 57 and Fig. 58 of the first series of welding confirm this conclusion. 

8.3.4 Metallurgical analysis 

Three welds were choosen for further examination using metallurgical microscopy. The selected welds 

were FS_ALC_2.3, 2.5 and 2.7 which are shown in Fig. 78 a, b and c respectively. The process 

parameters used for these welds can be found in Table 24. One can immediately see on Fig. 78 that 
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these three welds have a different joint geometry due to the various shapes of the aluminium. This is 

one of the reasons why these three were chosen. 

nr 
p1 

[MPa] 

t1 

[s] 

p2 

[MPa] 

t2 

[s] 

n 

[rpm] 
shape 

Alumina 

Clamping 

FS_ALC_2.3 12,7 15 14 30 3307 A rotary 

FS_ALC_2.5 50,9 - 12,7 15 14 30 3307 B rotary 

FS_ALC_2.7 12,7 15 14 30 2217 C rotary 

Table 24: Parameters of the welds chosen for microscopic analyses 

 

Fig. 78: View of weld FS_ALC_2.3 (A); FS_ALC_2.5 (B) and FS_ALC_2.7 (C) 

FS_ALC_2.3 

One thing that immediately strikes out on this joint (see Fig. 78 A) is the bump on the weld interface 

between the ceramic specimen and the aluminium weld collar. As can be concluded from Fig. 79 and 

Fig. 80, this secondary weld collar is not beneficial to the joint strength It can be a source of stress 

concentration and therefore an initiation site for fractures (see Fig. 79). 

 

Fig. 79: Welding collar left side (x12,5) 

 

Fig. 80: Welding collar right side (x12,5) 
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Fig. 81: Cross-section of FS_ALC_2.3; Original figure (A); Fissures enhanced trough filters (B) 

When looking at the complete cross-section of weld 2.3 on Fig. 81, we can see a series of cracks 

growing in a more or less symmetrical pattern. This pattern leads to the conclusion that they are a 

result of thermal stresses in the ceramic specimen. When reflecting on the metallurgical examinations 

of the previous series of welds (see Fig. 62 and Fig. 63) we can see that these also broke in the exact 

same manner, along the same stress-lines as weld 2.3. Whether the fissures grew from the outside to 

the inside or the other way around cannot be deducted clearly from these pictures. The large crack on 

the left (1) suggests it originated from the outside because the crack flanks are more separated in that 

direction. The middle lower crack (2) is hypothesized to originate from shear stresses due to shrinking 

in the middle section because it grows parallel to the surface and weaker near the edges and it does not 

cross the larger fissure-line on the left. The existence of shear stresses is confirmed by the stress 

distribution showed in Fig. 25. Fig. 81 shows that the larger left fissure grew first and the middle one 

grew afterwards during the cooling-stage. The reason for this could have been that the outside regions 

cool faster and sooner than the inside regions.  

FS_ALC_2.5 

The weld collar that is formed using a conical contact surface looks more fluent than any other collar. 

If we look at the cross-section however (see Fig. 82 and Fig. 83), we can see that the corners do not 

touch the ceramic specimen properly. There is even evidence of an air-inclusion visible on both sides. 

The middle part of the interface seems to have welded good (see Fig. 84), but the outer regions have 

sheared off or failed to weld. Notice how more and more small black specks seem to form in the 

aluminium close to the weld interface (about 4 µm). This effect can be seen in Fig. 68, Fig. 69, Fig. 

81, Fig. 86 and Fig. 96. The cause of this small mixed layer is unknown and is not mentioned in any 

literature. SEM-analyses has been tried but did not gave an answer since the specks were too small to 

be selected. There are a number of possible explanations. They could be impurities out of the pores of 

the alumina or inclusions of the aluminium which have been grinded to smaller diameters. Diffusion 
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from the alumina particles into the aluminium is also a possibility. Chapter 5.2 of the literature study 

shows us that aluminium can diffuse into the alumina, but nothing can be found about alumina 

diffusing into aluminium. More information could possibly be attained by etching the aluminium, but 

this has not been done.  

 

Fig. 82: Welding collar left side (x12,5) 

 

Fig. 83: Welding collar right side (x12,5) 

If we examine the complete cross-section of weld 2.5, shown in Fig. 85 we can see part of the fracture 

pattern of weld 2.3 appearing. There is a slight difference however. The fissure seems to touch the 

interface at two symmetrical points and the fault-line goes inwards at first. In order to understand the 

processes that initiate the fractures, detailed pictures of point (1) and (2) were taken and are given in 

Fig. 86 and Fig. 87.  

 

Fig. 84: Weld interface at middle (x500) 



Pieter Rombaut 73  Academic Year 2010-2011 

 

Fig. 85: Cross-section of FS_ALC_2.3; Original figure (A); Fissures enhanced trough filters (B) 

Fig. 86 and Fig. 87 show us an important phenomenon. The two outer regions of weld 2.5 have failed 

to weld successfully, but the inner regions did produce good welds. The transition from a failed 

welded surface to a successful welded surface occurs by means of a fracture in the ceramic. This 

fracture is a way for the stresses to move from the interface into the ceramic and to relief themselves.  

We can conclude that the welded surface between point (1) and (2) contains lower stresses, while the 

tension in the outer regions were too much for the welded surface to bear. As the diameter increases, 

the forces needed to keep both of the surfaces connected will also increase. When those forces become 

too high, the two pieces break off.  

Fig. 85 also shows us some information on the fractures paths. The fracture at point (2) was the first to 

grow because it runs straight through to the left. Afterwards the second crack (1) grew until it reached 

the fracture-line of (2) and stopped. The possibility exists that the two original defects grew from the 

outside of the interface towards point (1) and (2) and then continued trough the ceramic specimen. So 

the crack grows from the interface to the ceramic and not the other way around. The same effect can 

be seen in Fig. 63. 
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Fig. 86: Detailed view of fissure at left side near point (1) (x500) 

 

Fig. 87: Detailed view of fissure at right side near point (2) (x200) 
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FS_ALC_2.7 

 

Fig. 88: FS_ALC_2.7 

 

Fig. 89: Cross-section of FS_ALC_2.7 

As already discussed, none of the tubular welds succeeded at making a strong connection. Fig. 88 and 

Fig. 89 show a cross-section of weld FS_ALC_2.7. Just as in weld 2.3 there is a secondary weld collar 

visible. This scrap of aluminium acts as an obstruction for the normal material flow and induces 

stresses in the alumina which can lead to fractures (see Fig. 90 and Fig. 95). 

 

Fig. 90: Welding collar at the left and outside 

surface of the aluminium specimen (x50) 

 

Fig. 91: Welding collar at the left and inside 

surface of the aluminium specimen (x12,5) 
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Fig. 92: Welding collar at the right and inside 

surface of the aluminium specimen (x12,5) 

 

Fig. 93: Welding collar at the right and outside 

surface of the aluminium specimen (x50) 

The entire surface of the weld failed to bond. On the left side no connection was realized and on the 

right side there was a mixture of defects. On Fig. 94 and Fig. 95 we can see that where the primary 

weld collar touches the surface, a fracture begins. The surface below this fracture is welded 

successfully. As we move to the left where the crack stops, the weld fails again (see Fig. 96). This 

follows the conclusion of weld 2.5 that the stresses are transferred trough the fracture-line, keeping the 

weld-interface below intact.  

 

Fig. 94: Welding collar at the right and outside 

surface of the aluminium specimen (x12,5) 

 

Fig. 95: Welding collar at the right and inside 

surface of the aluminium specimen (x50) 
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Fig. 96: Failed interface at the right side (x500) 

8.3.5 Discussion of the second welding series 

During the investigation of the fracture patterns in the cross-sections of the ceramic material, a lot of 

hypotheses are made about the growth and path of the various fractures. The explanation of these 

fractures are all based on hypotheses and personal reasoning. It is important to know that these 

fractures vary depending on the location of the cut made to examine in the specimen. It is not possible 

to point out the main cause for these cracks. The most important task is to try to avoid all fractures 

from occurring. 

In conclusion of this second series of testing, the following observations could be made: 

 Much better joints were obtained as compared to the first series of welding. Almost all 

specimens bonded by decreasing the welding pressures and increasing the welding times. 

 When using bigger contact surfaces, it is more important to ensure the weld faces are oriented 

parallel to keep vibrations at the first stages of friction to a minimum. This can be assisted by 

giving the aluminium specimen a slight conical angle, less than 45° to ensure good bonding at 

the corners. 

 Almost all welds showed signs of cracking due to residual stresses which are induced because 

of the thermal mismatch between the two materials.  

 As the surface of the welding interface increases, more stresses will be generated in the weld 

interface and in the ceramic specimen. The outside regions of the weld interface are sensitive 

to cracking while the inner regions are sensitive to cracks which run through the alumina. 

These problems could be avoided by using smaller alumina bars. It could also help to try and 

vary the percentage of alumina (see Table 2) and to use the same diameter between the two 

specimens. 

 The start and end geometry of a weld is very important. A conical angle that is too big can 

cause air pockets within the weld. Other discontinuities in the weld interface such as 

secondary welding collars should be avoided due to their negative influence on the weld 

quality. 

 Tubular specimens failed to weld successfully. 
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 The type of clamping used for the alumina can have a big influence on the location of cracks 

but it is not the cause of the stresses. 
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9 Final Conclusions 

Throughout this thesis, a series of conclusions on various facets of the friction welding of metal to a 

ceramic material have been made. This final chapter contains a summary of the most important 

suggestions and conclusions. 

9.1 Summary 

The first four chapters consist of a literature study about welding steel to a ceramic material divided in 

different phases. In the first chapter a general introduction to the friction welding process is given to 

fully understand the primary mechanisms that take place while welding. 

The second chapter describes the problems like the difference in thermal expansion coefficient that 

occurs when welding steel to a ceramic material and the solutions that exist to overcome these. 

Various researchers have reported that an interlayer of a compatible and softer metal is needed to 

overcome the stresses that are created during the cooling phase of the welded specimens. A commonly 

used material combination is steel-alumina with an aluminium interlayer. The weld interface is 

therefore split into two sections, a steel-aluminium and an aluminium-alumina interface. These are the 

two following chapters of the literature study. 

In order to optimise a weld between aluminium and steel a great deal of attention must be given to the 

different microstructures that are created in the welding interface. The most serious problem is the 

creation of a brittle intermetallic layer. Although the layer is necessary to obtain good welds, it must 

not exceed a thickness of 1 µm as to not affect the joint strength too much.  

The chapter about welding aluminium to a ceramic material discusses the temperature and stress 

distributions during the heating and cooling phase in great detail. Knowledge of these distributions is 

important when trying to weld two materials which have completely different thermal properties. All 

the information in this chapter is based on FEM simulations which allow the calculation of the residual 

stresses inside a weld interface during the heating and cooling phase. The most important things to 

take from this chapter is the fact that the contact temperatures and pressures during the friction stage 

are very inhomogeneous. This can cause a deformed contact surface and lead to a lack of bonding in 

the outer regions. The joint geometry also plays an important role in the creation of extra stresses in 

the weld interface. 

A more practical part of this thesis was to assist in the construction of a friction welding machine 

which has been redesigned from an older machine. To give some information about the different 

components of the machine and its operation, a brief description has been given in a separate chapter. 

In order to get some experience in welding dissimilar materials, welding trials with the material 

combination steel-aluminium and aluminium-alumina have been conducted at the research centre 

CEWAC. The most important comments and conclusions are listed below. 
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Steel-aluminium:  

 Unlike the previous thesis of Bart Derynck and Dries Bonte (26) stated, it is in our case not 

beneficial to chose higher welding pressures and rotational speed.  

 Full bars give successful bonding within a wider range of parameters than tubular specimen 

do. From all welded specimens, only one showed signs of severe cracking. Other welding 

faults on the other hand, such as cavities, were occurring more in bars than in tubes. 

 The intermetallic layer grew to unacceptable proportions when the heat input was high. In 

order to evaluate the joint quality and find the ideal parameters, further research involving 

mechanical testing would be required. There was a clear connection noticeable between the 

heat input and the size of the intermetallic layer. 

 The intermetallic layer is not uniformly distributed throughout the interface. This should be 

taken into account when trying to determine the ideal thickness of the intermetallic compound. 

Aluminium-steel: 

 Much better welds were obtained when the welding pressures were low and the welding times 

were high. This allowed more heat to be generated to produce a better bonding. A lot of 

specimens were bonded successfully, but failed during the cooling stage. 

 As the contact surface increases the welding machine is more susceptible to vibrations during 

the first seconds of the welding cycle. This could be avoided by assuring that the two 

contacting specimen faces are perfectly parallel to each other or by giving the aluminium 

specimen a slight conical angle. 

 Bigger surfaces create more stresses which express themselves as cracks in the outer regions 

of the surface which jump into the ceramic piece when the diameter decreases.  

 The most important obstacle to overcome is the growth of cracks due to the difference in 

thermal expansion between the two pieces. All the cracks seemed to grow in the same kind of 

pattern. 

 Tubular specimens are much more difficult to weld. 

9.2 Suggestions for the future 

Now that the friction welding machine is in the last steps of completion, plans can be made for further 

research on the topic of welding dissimilar materials such as the combination of steel to alumina. A 

few suggestions can be summarised. 

 The most attention should be given to the welding if alumina to aluminium. Welding steel to 

aluminium is fairly robust and does not hold a lot of difficulty. A lot is already known about 

this material combination. 

 The main problem when welding alumina is the formation of cracks. In order to try to 

overcome this it can be useful to realize an alternative for a clamping systems with local 

contact points. This will cause the gripping forces to be distributed more evenly. 

 Another possibility to reduce the amount of cracking could be to change the percentage of 

alumina in the weld specimens. Above an alumina percentage of 99.5% the strength has room 
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to double in size, but the ceramic material also has a higher hardness which could lead to a 

more brittle material (see Table 2 : Mechanical and thermal properties of alumina. ). It might 

be advisable to try and custom make own alumina specimens by sintering alumina powder. 

When making these parts, it would also be possible to change the initial contact shape of the 

alumina pieces to for example conical pieces. Fig. 23 shows us that this could be beneficial to 

reduce residual stresses. It is advisable to discuss this subject with the experts of the Belgian 

ceramic research centre.  

 Alumina is a good candidate for welding experiments but other ceramic materials such as 

zirconia, silicon carbide and silicon nitride could also be experimented with once enough 

experience is obtained with alumina. 

 Another way to reduce the residual stresses could be to use multiple material interlayers 

(nickel, pure aluminium,...). This could bridge the large gap in thermal expansion coefficient. 

This could roughly be calculated or estimated trough FEM simulation. Very detailed 

simulations are extremely difficult to perform because of the various coupled phenomena like 

thermal expansion, pressure distribution, varying friction coefficients, burn-off effects,... 

 Monitoring heat generation by means of thermoghraphic camera and crack formation trough 

high speed camera could help in discovering the origin of the fractures in the ceramic 

specimen. 
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10 Annexes 

10.1 Metallographic investigation of the steel to aluminium welds 

Weld 1  

p1 = 43,3 MPa p2 = 222,8 MPa  t1 = 5 sec;   t2 = 5 sec  n = 2217 rpm 

Unetched 

 

Fig. 97: fusion line left side (x100) 

 

Fig. 98: Fusion line right side (x100) 

 

Fig. 99: Fusion line left side (x200) 

 

Fig. 100 Fusion line right side (x200) 
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Fig. 101: Fusion line middle (x200) 

 

Etched 

 

Fig. 102: Fusion line left (x200) 

 

Fig. 103: Fusion line middle (x200) 

Weld 2 

p1 = 43,3 MPa p2 = 222,8 MPa  t1 = 7,5 sec;   t2 = 5 sec  n = 2217 rpm 

Unetched  

 

Fig. 104: Fusion line left (x100) 

 

Fig. 105: Fusion line right (x100) 
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Fig. 106: Fusion line left (x200) 

 

Fig. 107: Fusion line right (x200) 

 

Fig. 108: Fusion line left (x200) 

 

Fig. 109: Fusion line right (x500) 

Etched  

 

Fig. 110: Fusion line left (x200) 

 

Fig. 111: Fusion line middle (x200) 

Weld 3 

p1 = 43,3 MPa p2 = 222,8 MPa  t1 = 10 sec;   t2 = 5 sec  n = 2217 rpm 

Unetched  
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Fig. 112: Fusion line left (x200) 

 

Fig. 113: Fusion line right (x200) 

 

Fig. 114: Fusion line middle (x200) 

 

Fig. 115: Fusion line middle (x500) 

 

Fig. 116: Fusion line middle (x200) 

 

 

Etched  
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Fig. 117: Fusion line left (x200) 

 

Fig. 118: Fusion line right (x200) 

 

Fig. 119: Fusion line middle (x100) 

 

Fig. 120: Fusion line middle (x500) 

Weld 4 

p1 = 43,3 MPa p2 = 222,8 MPa  t1 = 2,5 sec;  t2 = 5 sec  n = 2217 rpm 

Unetched  

 

Fig. 121: Fusion line left (x500) 

 

Fig. 122: Fusion line right (x500) 



Pieter Rombaut 87  Academic Year 2010-2011 

Etched  

 

Fig. 125: Fusion line left (x500) 

 

Fig. 126: Fusion line right (x500) 

Weld 5 

p1 = 57,3 MPa p2 = 222,8 MPa  t1 = 5 sec;  t2 = 5 sec  n = 2217 rpm 

Unetched 

 

Fig. 123: Fusion line middle (x200) 

 

Fig. 124: Fusion line middle (x500) 

 

Fig. 127: Fusion line left (x200) 

 

Fig. 128: Fusion line right (x200) 
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Etched 

Weld 6 

p1 = 70 MPa  p2 = 222,8 MPa  t1 = 5 sec;  t2 = 5 sec  n = 2217 rpm 

Unetched 

 

Fig. 129: Fusion line middle (x200) 

 

Fig. 130: Fusion line middle (x500) 

 

Fig. 131: Fusion line left (x200) 

 

Fig. 132: Fusion line right (x500) 

 

Fig. 133: Fusion line middle (x200) 

 

Fig. 134: Fusion line middle (x200) 
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Etched 

Weld 7 

p1 = 31,8 MPa      p2 = 222,8 MPa  t1 = 5 sec;             t2 = 5 sec  n = 2217 rpm 

Unetched 

 

Fig. 135: Fusion line middle (x200) 

 

Fig. 136: Fusion line right (x100) 

 

Fig. 137: Fusion line middle - right (x200) 

 

Fig. 138: Fusion line middle - right (x500) 

 

Fig. 139: Fusion line middle (x200) 

 

Fig. 140: Fusion line middle (x200) 
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Etched: to poor condition 

Weld 8 

p1 = 44,6 MPa p2 = 222,8 MPa  t1 = 5 sec;  t2 = 5 sec  n = 2757 rpm 

Unetched 

 

Fig. 141: Fusion line left (x500) 

 

Fig. 142: Fusion line rigth (x100) 

 

Fig. 143: Fusion line middle (x200) 

 

Fig. 144: Fusion line middle (x500) 

 

Fig. 145: Fusion line left (x500) 

 

Fig. 146: Fusion line right (x100) 



Pieter Rombaut 91  Academic Year 2010-2011 

Etched: To poor condition 

Weld 9 

p1 = 44,6 MPa p2 = 222,8 MPa  t1 = 5 sec;  t2 = 5 sec  n = 3295 rpm 

Unetched 

 

Fig. 147: Fusion line middle (x200) 

 

Fig. 148: Fusion line middle (x500) 

 

Fig. 149: Fusion line left (x200) 

 

Fig. 150: Fusion line left (x500) 

 

Fig. 151: Fusion line middle (x200) 

 

Fig. 152: Fusion line middle (x500) 



Pieter Rombaut 92  Academic Year 2010-2011 

Etched 

Weld 10 

p1 = 44,6 MPa p2 = 222,8 MPa  t1 = 5 sec;  t2 = 5 sec  n = 1657 rpm 

Unetched 

 

Fig. 153: Fusion line right (x500) 

 

Fig. 154: Fusion line right (x500) 

 

Fig. 155: Fusion line left (x200) 

 

Fig. 156: Fusion line right (x200) 

 

Fig. 157: Fusion line middle (x200) 

 

Fig. 158: Fusion line middle (x200) 
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Etched 

Weld 11 

p1 = 44,6 MPa p2 = 178,3 MPa  t1 = 5 sec;  t2 = 5 sec  n = 2207 rpm 

Unetched 

 

Fig. 159: Fusion line middle (x500) 

 

Fig. 160: Fusion line right (x500) 

 

Fig. 161: Fusion line middle (x200) 

 

Fig. 162: Fusion line left (x500) 

 

Fig. 163: Fusion line left (x200) 

 

Fig. 164: Fusion line right (x200) 
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Etched: To poor condition 

Weld 12 

p1 = 44,6 MPa p2 = 136,2 MPa  t1 = 5 sec;  t2 = 5 sec  n = 2207 rpm 

Unetched 

 

Fig. 165: Fusion line left (x500) 

 

Fig. 166: Fusion line middle (x200) 

 

Fig. 167: Fusion line right (x500) 

 

 

Fig. 168: Fusion line left (x500) 

 

Fig. 169: Fusion line right (x500) 
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Etched 

Weld 13 

p1 = 44,6 MPa p2 = 95,5 MPa  t1 = 5 sec;  t2 = 5 sec  n = 2207 rpm 

Unetched 

 

Fig. 170: Fusion line middle (x200) 

 

Fig. 171: Fusion line middle (x500) 

 

Fig. 172: Fusion line left (x200) 

 

 

Fig. 173: Fusion line left (x500) 

 

Fig. 174: Fusion line middle (x500) 
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Etched: to poor condition 

Weld 14 

p1 = 44,6 MPa p2 = 222,8 MPa  t1 = 7,5 sec;  t2 = 5 sec  n = 3307 rpm 

Unetched 

 

Fig. 175: Fusion line right (x500) 

 

 

Fig. 176: Fusion line let (x500) 
 

Fig. 177: Fusion line right (x500) 

 

Fig. 178: Fusion line middle (x200) 

 

Fig. 179: Fusion line middle (x500) 
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Etched 

Weld 15 

p1 = 44,6 MPa p2 = 222,8 MPa  t1 = 10 sec;  t2 = 5 sec  n = 3307 rpm 

Unetched 

 

Fig. 180: Fusion line left (x500) 

 

Fig. 181: Fusion line middle-left (x200) 

 

Fig. 182: Fusion line middle (x200) 

 

Fig. 183: Fusion line right (x200) 

 

Fig. 184: Fusion line left (x500) 

 

Fig. 185: Fusion line right (x500) 
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Etched 

 

Fig. 186: Fusion line middle (x200) 

 

Fig. 187: Fusion line middle (x500) 

 

Fig. 188: Fusion line left (x200) 

 

Fig. 189: Fusion line left (x200) 

 

Fig. 190: Fusion line left (x500) 

 

Fig. 191: Fusion line middle (x200) 
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Weld 16 

p1 = 44,6 MPa p2 = 222,8 MPa  t1 = 2,5 sec;  t2 = 5 sec  n = 3307 rpm 

Unetched 

Etched: To poor condition 

 

Fig. 192: Fusion line right (x200) 

 

 

Fig. 193: Fusion line left (x500) 

 

Fig. 194: Fusion line middle (x500) 

 

Fig. 195: Fusion line right (x500) 

 



Pieter Rombaut 100  Academic Year 2010-2011 

11 Sources 

1. REVIEW Friction welding – critical assessment of literature. Maalekian, M. Graz University of 

Technology : sn, 09 10 2007, Institute of Materials, Minerals and Mining, pp. 738-759. 

2. Faes, dr. ir. K. General introduction to friction welding processes. [powerpointpresentation – 

Workshop on friction welding] Gent : Belgian Welding Institute, 2010. 

3. AG, KUKA. KUKA, sl : sn. 

4. Transient temperature distribution in inertia welding of steels. Nagappan, K. K. Wang. and P. 

1970, Welding Research, pp. 49:419s–426s. 

5. Fractional behaviour of mild steel in friction welding. Bahrani, F.D. Duffin and A.S. 1, Belfast, 

Gt. Britain : Elsevier B.V., 1973. 10.1016/0043-1648(73)90150-6. 

6. Thermo-mechanical phenomena in the process of friction welding. Z. LINDEMANN, K. 

SKALSKI, W. WŁOSIN´ SKI, and J. ZIMMERMAN. Warsaw, Poland : sn, 2006, BULLETIN OF 

THE POLISH ACADEMY OF SCIENCES. 

7. Joining of stainless-steel and aluminum materials by friction welding. SAHIN, M. 2009, 

International Journal of Advanced Manufacturing Technologies, pp. 487-497. 

8. The Effect of Joint Design and Volume Fraction on Friction Welding Properties of A360/SiC (p) 

Composites. C. B. LIN, C. K. MU, W. W. WU AND C. H. HUNG. Taiwan, P. R. China : 

Department of Mechanical Engineering, Tamkang University, 1999. 

9. Joining of engineering ceramics. J. A. Fernie, R. A. L. Drew and K. M. Knowles. sl : Maney, 

2009, Institute of Materials, Minerals and mining and ASM international, pp. 283-331. DOI 

10.1179/174328009X461078. 

10. Mechanical behaviour of ceramics. DAVIDGE, R.W. Cambridge : Cambridge University Press, 

1987. 

11. THE FRICTION JOINING OF CERAMICS TO METALS. ESSA AA, BAHRANI AS. 2, Dublin, 

Ireland : ELSEVIER SCIENCE SA LAUSANNE, PO BOX 564, 1001 LAUSANNE 1, 

SWITZERLAND, 1991, JOURNAL OF MATERIALS PROCESSING TECHNOLOGY , Vol. 26, pp. 

133-140. 0924-0136. 

12. Residual stresses and strength of friction welded ceramic/metal joints. Weiss, R. Weinheim, 

Germany : sn, march 1998, welding research supplement. 

13. Smet, Jean-Pierre. Cursus Materialenleer. Hoboken : Karel de Grote-Hogeschool Antwerpen, 

2008. KdG-IWT-MA-EMEM-08. 

14. S. J. Schneider, Jr. and R. W. Rice. The Science of Ceramic Machining and Surface Finishing. 

Washington D.C. : National Bureau of Standards, 1972. XNBSAV. 



Pieter Rombaut 101  Academic Year 2010-2011 

15. Alumina-mild steel friction welded at lower rotational speeds. Mohamad Zaky Noh, Luay Bakir 

Hussain, Zainal Arifin Ahmad. 1-3, Malaysia : Elsevier B.V., 2007, Journal of Materials Processing 

Technology, pp. 279-283. 

16. Nicholas, M. G. Diffusion bonding ceramics with ductile metal interlayers. Oxfordshire, England : 

Material Development Division, AERE Harwell, 1986. 

17. The solid phase welding of metals. Tylecote, R.F. [red.] Edward Arnold Ltd. London : sn, 1968, p. 

154. 

18. Joining aluminium to steel Part 1-Diffusion bonding. E.R.Wallach, S.Elliott and. 1981, Metal 

Construction, pp. 167-171. 

19. Effect of interfacial reaction layer on bond strength of friction-bonded joint of Al alloy to steel. 

Naotsugu Yamamoto, Makoto Takahashi, Masatoshi Aritoshi, Kenji Ikeuchi. Japan : sn, 2005. 

IIW Doc. IX-2190-06. 

20. Effects of interfacial microstructure on friction-bonded strength of low carbon steel to Al-Mg alloy 

(AA5083). Naotsugu Yamamoto, Makoto Takahashi, Masatoshi Aritoshi, Kenji Ikeuchi. Japan : 

sn, 2004, pp. 296-299. IX-2104-04. 

21. Formation of Intermetallic Compounds in Friction Bonding of Al Alloys to Steel. Naotsugu 

Yamamoto, Makoto Takahashi, Masatoshi Aritoshi, Kenji Ikeuchi. Japan : Trans Tech 

Publications, 2007, Materials Science Forum (Volumes 539 - 543), pp. 3865-3871. 

22. Investigation into the properties of friction-welded aluminium bars. Bekir S. Yilbas, Ahmet Z. 

Sahin, Ali Coban, B.J. Abdul Aleem. Dhahran, Saudi Arabia : Elsevier science S.A., 1994, Journal 

of Materials Processing Technology. SSDI 0924-0136(95)01923-3. 

23. Kazakov, N.F. Diffusion Bonding of Materials. [vert.] Boris V. Kuznetsov. Moscow : Mir 

Publishers Moscow. 

24. Thermo-mechanical and diffusion modelling in the process of ceramic-metal friction welding. 

Jolanta Zimmerman, Wladyslaw Wlosinski, Zdzislaw R. Lindemann. Warsaw, Poland : Elsevier, 

2009, journal of materials processing technology, pp. 1644–1653. 

25. Ceram. Bull. Clark, D., Hench, L., Bates, S. 1974, p. 53 (3). 

26. Bart Derynck, Dries Bonte. Ontwikkelen van een wrijvingslasmachine voor het verbinden van 

ongelijksoortige materialen. Universiteit Gent : sn, 2010. 

27. Mayr. [Online] Mayr, 15 05 2011. [Citaat van: 15 05 2011.] http://www.mayr.com/en/. 

28. SA, Cosmos profil. ALLOY DATA SHEET EN AW 6060 [AlMgSi0.5]. Larissa-Athens : sn, 2008. 



Pieter Rombaut 102  Academic Year 2010-2011 

29. Mechanical properties of alumina - ysz composite and 6061 al alloy joints fabricated by friction 

welding method. Uday M.B., Ahmad Fauzi M.N, Zuhailawati H., A.B. Ismail. Nibong Tebal, 

Penang, Malaysia : sn. 

30. Evaluation of interfacial bonding in dissimilar materials of YSZ-alumina composites to 6061 

aluminium alloy using friction welding. M.B. Uday, M.N. Ahmad Fauzi, H. Zuhailawati, A.B. 

Ismail. Nibong Tebal, Penang, Malaysia : Elsevier B.V., 2010. 10.1016/j.msea.2010.10.060. 

31. Advanced materials & processes inc. metal progress. 1987. 

32. REVIEW Friction welding – critical assessment of literature. Maalekian, M. Graz. University of 

Technology : Institute of Materials, Minerals and Mining, 09 10 2007, pp. 738-759. 

33. Joining aluminium to steel Part 2-Friction bonding. E.R.Wallach, S.Elliott and. 1981, Metal 

Construction, pp. 221-225. 

34. Effect of interfacial reaction layer on bond strength of friction-bonded joint of Al alloyto steel. 

Naotsugu Yamamoto, Makoto Takahashi, Masatoshi Aritoshi, Kenji Ikeuchi. Japan : sn, 2005. 

IIW Doc. IX-2190-06. 

 



  


