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Summary

Many industries including automotive, aerospace, electronics, shipbuilding, offshore,
railway and heavy equipment employ surface modification technologies to change
the surface properties of a manufactured product. Often, the surface is covered
(coated) with a dissimilar clad layer for this purpose and the lifetime expectancy of
the manufactured product is improved. A new solid state cladding process for metals
(Friction Surface Cladding, FSC) has been developed at the University of Twente.
This process provides researchers and industrial practitioners of surface engineering
with an alternative to existing surface modification technologies. The FSC process
allows the deposition of clad material on a substrate through a hollow rotating tool
in order to form thin clad layers at elevated temperatures. Elevated temperatures
below the melting point occur because the heat generation of the process solely relies
on interfacial friction and plastic deformation.

This thesis is dedicated to delivering a proof of concept for the FSC process by
developing an experimental setup which is able to deposit clad layers. It is a first
step towards the full exploration of the possibilities of the process. Furthermore,
an understanding of the process is required to improve the controllability of the
process for the deposition of high quality clad layers with desired dimensions. A
comprehensive study has been performed which focussed on the deposition of a
relatively soft AA1050 clad material on an AA2024 substrate, although the FSC
process might also be used for different material combinations. The study is
categorized according to the following subjects: (1) demonstration of the FSC process,
(2) study on the bonding behaviour and (3) controllability of the process.

An explorative study of the FSC process showed that clad layers can be produced
employing FSC, which consist of a mixture of clad material and substrate material. A
band-like microstructure is developed consisting of substrate-rich and clad-material-
rich regions. The degree of mixing, the dimensions of the mixed clad layer and
the hardness distributions of the clad layer and the substrate depend on the process
conditions. Moreover, it was demonstrated by other experiments that the FSC process
allows the deposition of clad material without deforming the substrate on a large
scale in order to form non-intermixed clad layers. Electrochemical measurements
showed that a non-intermixed clad layer enhances the corrosion properties of the
AA2024 substrate similarly to Alclad 2024. It also has been shown that the tool
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design has a major influence on the generation and quality of the clad layer.

The development of the shear resistance and the joining/welding behaviour in the
solid state have been studied using a dedicated setup. Bonding experiments of
AA1050 on AA2024 have been performed using the setup which concomitantly
compresses and concentrically rotates two samples with respect to each other. The
experiments have been performed between 150◦C and 350◦C with a variety of
applied pressures, but the maximum pressure at each temperature was always below
the respective yield strength of AA1050. The experiments demonstrated that the
maximum obtainable shear stress at the AA1050-AA2024 interface strongly depends
on temperature and pressure applied during the experiments. The interface strength
increases with applied pressure and temperature. Moreover, the maximum obtained
shear stress during the experiments was found to be non-linearly proportional to
the applied pressure. Based on these experiments, a phenomenological friction
model for different temperatures, pressures and sliding distances/rotation angles
has been developed which accurately describes the evolution of the traction between
cylindrical specimens of AA1050 and AA2024 during friction welding experiments.

The FSC process aims at producing clad layers with a specified thickness and width
on a substrate. It depends on the application of the clad layer which dimensions
are demanded. There are many different process parameters such as the substrate
translation speed, the tool gap distance, the clad feed rate, the tool tilt angle and the
rotation speed which can be set to produce a clad layer that satisfies the specified
dimensions. It is therefore not straightforward to predict the thickness and the width
of the clad layer a priori for different process settings. A model is required which
explains the relations between the process parameters and the dimensions of the clad
layer. These relations will increase the understanding of the process and support the
optimization of it. Moreover, the required process parameters to produce clad layers
with specified dimensions can be predicted with the model. Therefore, a so-called
disc compression model was derived to understand how the clad layer thickness can
be controlled with FSC using different process parameters. This model is supported
by experimental results of the cladding and dedicated bonding experiments.



Samenvatting

Vele soorten industrieën, waaronder de automobiel, luchtvaart- en ruimtevaart,
elektronica, scheepbouw, offshore, treinbouw en machinebouw gebruiken opper-
vlaktebehandelingsprocessen om de oppervlakte-eigenschappen van een fabricaat te
veranderen. Vaak wordt het oppervlak van het fabricaat bedekt met een ander soort
materiaal waarmee de levensduur van het fabricaat wordt verbeterd. Een nieuw
oppervlaktebehandelingsproces (Friction Surface Cladding, FSC) is ontwikkeld aan
de Universiteit Twente, waarbij het substraat materiaal en het toegevoegde materiaal
niet worden gesmolten. Dit proces biedt onderzoekers en industriële gebruikers van
oppervlaktebehandelingsprocessen een alternatief voor bestaande technologieën. Het
FSC proces biedt de mogelijkheid om dunne coatings aan te brengen op een substraat
bij een verhoogde temperatuur met behulp van een hol, roterend gereedschap.
Temperaturen onder het smeltpunt treden op aangezien de hittegeneratie afhangt
van de wrijving tussen verschillende oppervlakken en de plastische deformatie van
het (toegevoegde) materiaal.

Dit proefschrift is gewijd aan het leveren van een ’proof of concept’ van het FSC
proces door middel van de ontwikkeling van een experimentele opstelling, die in
staat is om coatings aan te brengen op het substraat. Het is een eerste stap om te
bepalen welke mogelijkheden het FSC proces biedt. Daarnaast is het nodig om het
FSC proces te begrijpen, zodat de beheersbaarheid om coatings aan te brengen met
een hoogwaardige kwaliteit en met de gewenste dimensies kan worden verbeterd.
Een uitgebreide studie is uitgevoerd, die gericht is op het deponeren van een relatief
zacht AA1050 toevoegmateriaal op een AA2024 substraat, hoewel het FSC proces
mogelijk ook voor andere materiaalcombinaties kan worden gebruikt. De studie
is verdeeld in de volgende onderwerpen: (1) demonstratie van het FSC proces, (2)
studie naar het bindingsgedrag en (3) beheersbaarheid van het FSC proces.

Met een exploratieve studie is aangetoond dat coatings kunnen worden aangebracht
met het FSC proces, die bestaan uit een vermenging van het toevoegmateriaal en het
substraat materiaal. Er wordt in dit geval een gelaagde microstructuur gevormd in de
coating bestaande uit toevoeg-materiaal-rijke en substraat-materiaal-rijke gebieden.
De mate van vermenging, de afmetingen van de coating en de hardheidsverdelingen
van de coating hangen af van de proces condities. Bovendien is er aangetoond met
andere experimenten dat het FSC proces ook coatings kan aanbrengen zonder het
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substraat op grote schaal te vervormen. In dit geval zijn er coatings aangebracht
die alleen uit het toevoegmateriaal bestaan. Het is bepaald met elektrochemische
metingen dat de corrosie eigenschappen van het AA2024 aanzienlijk verbeteren door
de coating zonder vermenging. De corrosie eigenschappen zijn dan vergelijkbaar met
die van Alclad 2024. Ook werd aangetoond dat het ontwerp van het gereedschap een
grote invloed heeft op het depositiegedrag en de kwaliteit van de coating.

De ontwikkeling van de schuifweerstand en het las/verbind gedrag van AA1050
met AA2024 is bestudeerd met een daarvoor bestemde opstelling. De materialen
worden aan elkaar verbonden terwijl ze in de vaste fase blijven met behulp van
een opstelling die twee proefstukken gelijktijdig indrukt en concentrisch roteert ten
opzichte van elkaar. De experimenten zijn uitgevoerd op een temperatuur van tussen
de 150◦C en 350◦C met een verscheidenheid van toegepaste drukken. Echter, de
maximale druk voor elke temperatuur was altijd onder de respectievelijke vloeigrens
van AA1050. De experimenten tonen aan dat de maximaal behaalde schuifspanning
in de AA1050-AA2024 interface sterk afhankelijk is van de temperatuur en de
toegepaste druk tijdens de experimenten. Verder neemt de interface sterkte toe met
een verhoging van de toegepaste druk en temperatuur. Ook is het gebleken dat
de gemeten maximale schuifspanning niet lineair evenredig is met de toegepaste
druk. Een fenomenologisch wrijvingsmodel is ontwikkeld dat gebaseerd is op
deze experimenten, waarbij de invloeden van de temperatuur, de druk en de
schuifafstand/rotatie hoek op de spanning zijn inbegrepen. Het model beschrijft
de ontwikkeling van de tractie tussen de cilindrische proefstukken van AA1050 en
AA2024 gedurende de wrijvingslas experimenten.

Het FSC proces heeft als doel om een coating met gespecificeerde dimensies (dikte,
breedte, lengte) aan te brengen op het substraat. Het hangt van de toepassing van de
coating af welke dimensies vereist zijn. Er zijn veel verschillende procesparameters
die kunnen worden ingesteld om een coating aan te brengen die voldoet aan de
gespecificeerde dimensies, bijvoorbeeld, de substraat translatiesnelheid, de afstand
tussen het gereedschap en het substraat, de toevoersnelheid van het toevoegmateri-
aal, de hellingshoek van het gereedschap en de rotatiesnelheid. Het is derhalve niet
eenvoudig om de dikte en breedte van de coating te voorspellen voor verschillende
instellingen. Een model is nodig om de relaties tussen de procesparameters en
de afmetingen van de coating te verduidelijken. Deze relaties helpen om het
proces te begrijpen en dienen ter ondersteuning van de optimalisatie van het
proces. Bovendien kunnen de benodigde procesparameters worden voorspeld om
coatings te produceren met de gewenste dimensies. Daarom is een zogenoemde
disc compressiemodel opgezet. Dit model wordt ondersteund met experimentele
resultaten van de FSC experimenten en de toegewijde binding experimenten.
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Chapter 1

Introduction

Many industries including automotive, aerospace, electronics, shipbuilding, offshore,
railway and heavy equipment employ surface modification technologies to change
the surface properties of a manufactured product. There is a broad range of
industrial processes that can alter the surface of metal products to enhance various
properties such as corrosion resistance, wear resistance, chemical resistance, thermal
conductivity, electrical conductivity and hardness. Often, the surface is covered
(coated) with a dissimilar clad layer for this purpose and the lifetime expectancy of
the manufactured product is improved. A new solid state cladding process for metals
(Friction Surface Cladding, FSC) has been developed at the University of Twente
with support from the Materials innovation institute (M2i), the National Aerospace
Laboratory (NLR) and Fokker Aerostructures. This process provides researchers and
industrial practitioners of surface engineering with an alternative to existing surface
modification technologies. The development of the FSC process is described in this
thesis.

1.1 Friction Surface Cladding

The FSC process allows the deposition of clad material on a substrate through a
hollow rotating tool in order to form thin clad layers at elevated temperatures.
Schematic representations of the FSC process are shown in Figures 1.1 and 1.2.
They illustrate the specially designed tool which can be equipped with one or more
cylindrical channels that contain consumable rods of clad material. The consumable
rods are pushed outwards during the process and as such provide the cladding
material that is deposited onto the surface of the substrate. Elevated temperatures
below the melting point occur because the heat generation of the process solely
relies on interfacial friction and plastic deformation. Subsequently, the pressure
and temperature conditions lead to the formation of bonds between the plasticized
material and the substrate. By applying a travelling movement to the substrate, a clad
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Clad layer

Consumable
rods 
(clad material)

Substrate 
translation

Tool force

Tool rotation

Cladding force

Substrate

Figure 1.1 Schematic representation of the Friction Surface Cladding process.

Tool rotation

Substrate translation

Figure 1.2 Top view of the Friction Surface Cladding process indicating its cladding pattern with two
off-centred cladding rods.

layer is added which changes the surface properties of the substrate. Two specific
cases are considered for this process: (1) the clad material is deposited on top of the
substrate to form a non-intermixed clad layer containing only clad material and (2)
some material of the substrate is mixed with the clad material to form a clad layer
containing clad and substrate material.

Friction surfacing (FS) [1, 2] and friction stir welding (FSW) [3–7], which are
illustrated in Figures 1.3 and 1.4, respectively, have similarities to the FSC process.
The FS and FSC processes both deposit plasticized surface layers of consumable
rod(s) by rotation under pressure on a substrate. Heat is then produced by friction
between the consumable rods and the substrate. Figure 1.4 shows the FSW process
for joining two abutting plates employing the stirring action of the pin and the tool
shoulder. The heat generation during FSC also has some similarities to that of FSW
which employs a non-consumable tool for the heat generation. Characteristic aspects
of both processes are employed by the FSC process to enhance the surface properties
of the substrate.

The cladding process thus generates heat caused by (1) friction between the rotating
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Consumable
rod

Substrate 
translation

Clad feed rate

Rotation

Clad layer
Substrate

Figure 1.3 Schematic representation of the
Friction Surfacing process.

Substrate 

translation

Tool force

Tool rotation
Tool

shoulder
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consumable rods and the substrate and (2) friction at the tool interface with the clad
layer or the substrate. Furthermore, the presence of the tool is important to support
a good distribution and bonding of the clad material to the substrate. The opening
between the bottom of the tool and the substrate determines, for example, the clad
layer thickness. If necessary, the tool axis can also be rotated with respect to the
substrate normal such that the tool bottom partly touches the substrate to enhance
heat generation and support mixing of the substrate and clad materials. It is intended
that the clad material softens and becomes well deformable at elevated temperatures,
whereas the substrate remains relatively strong.

1.2 Motivation

A large variety of surface modification technologies exist which have their own
advantages and applications [8]. The developed FSC process is aimed at having
the following advantages:

• The processing temperature is relatively low. Heat generation is based on friction
at the clad material surfaces contacting the substrate as well as the tool. A
temperature well above the solidus temperature is not expected, because the
heat development in the liquid state is very low. Therefore, there are no fusion
pool related problems as a result from solidification of the substrate [9] such
as segregation areas, (hot) cracking, element loss and porosity. In this way it
is possible to clad dissimilar materials that would be otherwise incompatible
or difficult to deposit by fusion-based methods [10]. Also, the generation of
residual stresses is expected to be much lower. A lower processing temperature
is also energy friendly, because less energy is required to heat up the materials.

• The process allows the production of clad layers locally at high deposition rates.
Consumable rods rapidly supply material which are continuously deposited
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Table 1.1 A selection of other surface modification processes than FSC

Surface modification Typical disadvantages compared to FSC.
Coextrusion Non-local.
Chemical vapour deposition Low deposition rate based on atomistic transport [8].
Explosion welding Dangerous, non-local.
Friction surfacing Less controllable.
Galvanization (hot-dip) Restrictions to dimensions of zinc bath.
Laser beam cladding Fusion pool, radiation hazards [8].
Magnetic pulse welding Dangerous, expensive [11].
Plasma transferred arc welding Fusion pool, gas cover
Physical vapour deposition Low deposition rate based on atomistic transport [8].
Roll welding Non-local
Shielded metal arc welding Fusion pool, radiation hazards, dangerous gases.
Spray forming Porosity, gas cover, no clean process, loss of material [8].
Thermal spraying Gas cover, radiation hazards, high porosity,

low bond strength [8, 12].

as a clad layer. There are, for example, other processes which are based on
atomistic transport via diffusion as mentioned in Table 1.1. These processes
have relatively low deposition rates.

• Workplace friendly. There are no sources of ultraviolet or electromagnetic
radiation hazards, there are no shielding gases required, the FSC process
generates virtually no spatter, fume and other pollutants. This make the process
a clean and relatively safe process which can be performed under atmospheric
conditions [9].

• The process requires a minimal preparation of the substrate material. The oxide layer
present at the surface might be reduced by scratch brushing the surface to some
extent, but chemical cleaning of the surfaces with hazardous chemicals is not
required.

• High quality guarantee. As an automated process FSC does not rely on the
welding skills of people. This guarantees a constant and high quality of the
clad layer.

• Different layers. The FSC process is able to add the filler material on top of the
substrate or mix it through the surface region of the substrate.

A selection of other surface modification technologies together with typical disad-
vantages of these technologies compared to FSC is presented in Table 1.1. Friction
surfacing (FS) is the closest related process to the FSC process from this list. FS does
not contain a hard tool which may be an advantage of FS compared to FSC. However,
this tool may provide some extra controllability to deposit different clad layers:
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• The FSC tool provides more support to control the thickness of the clad layer
by holding the tool at a prescribed distance above the substrate.

• The presence of the tool suppresses the large-scale flash formation which is
observed with friction surfacing [13, 14]. In this way an efficient usage of clad
material is accomplished.

• The tool supports the consumable rods at high temperatures when they soften
severely. For FS, where a tool support is absent, defects in the clad layer become
present as a result of the softening of the consumable rod [15].

• FSC enables the controlled deposition of one or more consumable rods, whereas
FS consists of only one cylindrical rotating rod. Rods which are positioned off-
centre in the tool can support the lateral distribution of the clad material, as
shown schematically in Figure 1.2. In this way an efficient distribution of clad
material over the tool width is promoted.

• The heat development for both processes may be different. In both cases the
heat required for softening and bonding of the clad material is produced by
friction between the clad material and the substrate. However, for FSC, the heat
can also be generated by friction of the tool bottom surface with the clad layer
and the substrate, for example, when the tool is tilted.

The potential applications of the FSC concept as studied in this work are expected to
lie mainly in the field of the rehabilitation of worn or damaged parts as well as in the
production of wear and corrosion resistance coatings. These applications are closely
related to the applications of the FS process [10, 16–18] which may be applied in open
air as well as in underwater environments [19]. A comprehensive study is required
to demonstrate the workability of the FSC concept for these different applications.

The FSC process may also be used in different ways after some changes of the
concept. As some degree of mixing with the underlying substrate can be realized,
the manufacturing of functionally graded materials seems to be highly possible [20].
Furthermore, the technology might be used for filling the end hole of FSW or of
friction stir spot welding (FSSW) and to locally thicken substrates. The hollow FSC
tool can also be equipped with a central pin to perform FSW with the possibility of
simultaneously adding material for special applications such as hardening of the
weld or welding of different geometries with a fillet. These possibilities are not
investigated in this thesis and could be the subject of future studies.
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1.3 Objective and scope

This thesis is dedicated to delivering a proof of concept for the FSC process by
developing an experimental setup which is able to deposit clad layers. It is a first
step towards the full exploration of the possibilities of the process. Furthermore,
an understanding of the process is required to improve the controllability of the
process for the deposition of high quality clad layers with desired dimensions. The
realization of a proof of concept for the FSC process requires a comprehensive study.
This study is categorized according to the following subjects: (1) demonstration of
the FSC process, (2) study on the bonding behaviour and (3) controllability of the
process.

1.3.1 Demonstration of the FSC process

Material choice

There is a large variety of different metals which may be deposited on a substrate
employing FSC, as is suggested by work on solid-phase welding [21]. A relatively
soft AA1050 clad material on an AA2024 substrate has been selected for the
demonstration of the FSC process in this work. Aluminium has the advantage that
it welds easily and the forces on the tool remain relatively small compared to the
cladding of other materials like steel. The 99.5 % pure aluminium AA1050 has the
advantage that it is easily deformable and it may provide a corrosion-resistant layer.
Here, the AA1050 is deposited onto AA2024 which is a strong but corrosion-sensitive,
aerospace aluminium alloy. Commonly, an AA1050 layer is rolled onto these types of
aluminium alloys to improve the corrosion resistance (Alclad). The newly developed
FSC process can be used, for example, to repair damaged Alclad layers or cover
friction stir welded AA2024 with a clad layer to protect the welded regions against
corrosion.

Process parameters

There are many process parameters for the FSC process which may be varied, such
as the tool rotation speed, substrate translation speed, the feed rate or force of the
consumable rods, number and size of consumable rods, tool tilt angle, the force
exerted by the tool on the substrate and the tool bottom geometry. The investigation
of all these variations and their influence on the deposition of clad layers demands
a comprehensive study. Suitable conditions for delivering a proof of concept are
examined first in this work before the full process window is determined. Research
on the influence of all individual variations is subject to future studies.
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Two different approaches have been defined in order to study the cladding behaviour
of the process. The tool shoulder touches the substrate for the first approach.
Sufficient heat will be generated by friction between the tool bottom and substrate,
and the oxide layer will be broken up by the tool. The tool does not touch the
substrate for the second approach. In this case the aim is that the clad material will
break up the oxide layers of the substrate similar to FS.

1.3.2 Study on the bonding behaviour

The FSC process aims at the deposition of clad layers which are well connected to
the substrate without weakening the substrate significantly. Proper connections can
be realized by different physical mechanisms occurring simultaneously during the
bonding process. The basic factors in play and their effects upon bonding can be
summarized as follows; 1) interatomic attractive forces, 2) deformation processes, 3)
surface films and contaminants, and 4) the effect of pressure and diffusional processes
on the weld [21, 22]. These factors are influenced by, for example, temperature and
compressive forces, but also by the initial surface roughness and the oxide layer
thickness. Cladding may thus be carried out over a large range of temperatures,
pressures and deformation.

It seems clear from the basic factors for bonding that for FSC, the substrate and the
clad material must be brought close together to form a metallurgical bond. In this
state, surface films or contaminants initially may prevent bonding between the two
metal surfaces and they need to be broken up. They can be broken up by expanding
the surfaces of the clad and substrate material or by applying shear stresses under
compression due to a relative movement between them. The oxide layers break and
if no further oxidation occurs metallurgical bonding can occur. It is expected that the
initial oxide layers from the abutting metal surfaces will be found back in the formed
coating [23].

There are many variations in pressure and temperatures during the FSC process
which make it difficult to study the bonding behaviour. Therefore, dedicated bonding
experiments have to be performed on a special setup to determine the bond strength
development of AA1050 on AA2024 in a controlled manner. The results of these
experiments will help to understand the bonding behaviour between AA1050 and
AA2024.

1.3.3 Controllability of the process

Relations between the process conditions and the quality of the clad layers deter-
mined a posteriori by experiments are valuable in order to optimize the process.
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However, theoretical and computational models would be beneficial to understand
the relations between the process parameters and the deposition behaviour of the
FSC process. These relations will increase the understanding of the process and they
support the controllability of it in order to produce high quality welds which satisfy
specified dimensions.

A model describing the FSC process should include the interaction between the
material flow and the rotating tool as is included in many FSW models [24–37].
Moreover, the model may be complemented by a comprehensive description of the
material transfer from the consumable rod onto the substrate. This behaviour has
similarities to FS which is quite complex to simulate. Nonetheless, several authors
proposed some models for FS to estimate the heat distribution of the substrate and
the consumable rod [38–41]. Other research on FS exists in the design of empirical-
based models to predict the behaviour of the process [42–46].

1.4 Outline

The outline of this thesis is schematically illustrated in Figure 1.5. Chapters 2 to 6
comprise the three subjects which were introduced by the scope in this chapter. They
represent the body of this thesis, which involves the study on the development of the
FSC process.

Chapter 2 provides the results of an explorative study on the FSC. An experimental
approach was chosen where the tool bottom touches the substrate for heating up the
substrate and consumable rods. A different approach for cladding was employed
for the work of Chapter 3 compared to that of Chapter 2. The tool was held
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above the substrate without touching the substrate to prevent intermixing of the
substrate material with the clad material. Moreover, two different designs of the
tool were tested. Chapter 4 is focussed on the development of bonds between clad
and substrate material when they move relatively under compression. Dedicated
bonding experiments were performed on a special setup to determine the bond
strength development of AA1050 on AA2024 in a controlled manner. The results
of Chapter 4 are used in Chapter 5 for the development of a friction model for
AA1050 sliding over AA2024. This model describes the shear stress development due
to friction when these materials move relatively for different pressures at elevated
temperatures. A model is derived in Chapter 6 based on the findings of previous
chapters to investigate how the clad layer thickness depends on different process
conditions. Chapter 7 reflects on the main findings of the work. It addresses a
discussion about the technical feasibility of the FSC and it discusses how the clad
layer can be controlled by changing the setup of the process and/or by adjusting
the process parameters. Finally, the main conclusions of this study are presented in
Chapter 8 together with some recommendations about future work.
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Chapter 2

Friction Surface Cladding of AA2024
employing AA1050; an explorative
study*

2.1 Introduction

Friction Surface Cladding (FSC) is a new solid state cladding process for metals,
which allows the deposition of thin clad layers on a substrate. The process intends to
form metallic bonds between the substrate and the cladding material by breaking up
the oxide layers and contaminants which separate them [1–3]. A specially designed
tool is equipped with one or more cylindrical channels that contain consumable rods.
Figure 2.1 illustrates the tool with two consumable rods that was used for this work.
The consumable rods are pushed outwards from the rotating tool and as such provide
the cladding material that is deposited onto the substrate. The bottom of the tool may
or may not be in contact with the substrate. A cladding layer is produced behind
the tool when the substrate translates under the tool. Various concepts of adding
material in a solid state through or in front of a rotating non-consumable tool have
been described before, mostly in patent literature, [4–12]. However, no results have
been published up to now to the knowledge of the authors.

The consumable rods are deposited at elevated temperatures in order to reduce the
forces applied on the tool and the substrate. FSC combines some of the characteristic
behaviours of four different processes for its heat production; i.e. Friction Stir
Welding (FSW), Friction Stir Processing (FSP), Friction Stir Spot Welding (FSSW) and
Friction Surfacing (FS). Heat is created by friction between the rotating tool and the

*Parts of this work are used in: A.A. van der Stelt, T.C. Bor, H.J.M. Geijselaers, R. Akkerman and
A.H. van den Boogaard. Cladding of Advanced Al Alloys Employing Friction Stir Welding. Key
Engineering Materials, 554-557:1014 - 1021, 2013.
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substrate in a similar way as in FSW [13–17], FSP [16] and FSSW [18] when the tool
touches the substrate. However, heating can also be created when the tool does not
touch the substrate by friction between the moving rods and the substrate similar to
FS [19, 20].

The heat generation by friction decreases strongly when the melting temperature
of the substrate or cladding material is approached. Therefore, FSC does not create a
fusion pool during the process and it is called a solid state cladding process. No
solidification-related joint imperfections are expected and the temperature in the
substrate remains relatively low. The process is therefore suitable for hard-to-weld
highly alloyed aluminium grades such as the AA2000 and AA7000 series.

FSC process parameters include tool rotation speed, substrate translation speed, tool
tilt angle, the force exerted by the tool on the substrate and the feed rate of the
consumable rods. It is not straightforward to determine process conditions for the
production of proper clad layers. The new process was therefore investigated with an
explorative study. The study demonstrates how the new FSC process works and how
different clad layers can be produced. An experimental approach was chosen where
the tool bottom touches the substrate for heating up the substrate and consumable
rods, as illustrated in Figure 2.2. Moreover, the tool is then able to break up the
oxide film of the substrate. AA1050 clad material was deposited onto an AA2024-T3
substrate material at a negative tool tilt angle as indicated in Figure 2.2, i.e. the tool
setup provides an opening at the training side.

Two series of experiments were carried out for the explorative study on FSC. One
series of experiments was carried out with the deposition of clad material, whereas
the clad device was absent in the tool for another series. The experiments without
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Figure 2.3 The modified planer machine
for friction surface cladding.
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cladding are similar to friction stir processing without pin [21], but with an unusual
negative tilt angle of the tool. The two series were compared with each other in order
to study how large the influence of the tool is on the deformation of the substrate
and on the generation of a heat affected zone.

The experimental setup is described in Section 2.2 together with an explanation of
how the experiments are performed. Moreover, it is described how the clad layers
are analysed. Subsequently, the results are shown in Section 2.3 together with a
discussion. Finally, the conclusions are given in Section 2.4.

2.2 Experimental development and procedure

2.2.1 Experimental setup

The experiments were carried out on a modified planer machine equipped with a
13 kW powered tool, see Figure 2.3. The machine allows rotation speeds Ω between
450 and 1500 rpm, translation speeds vt up to 500 mm min−1, a normal force Ft up
to 50 kN and tilt angles φ between -10 and 10◦. The substrate is clamped on the
table with two bars as shown in Figure 2.4. The substrate moves with respect to the
tool and the tool rotates as indicated in Figures 2.1 and 2.4. The FSC tool contains
two circular openings to host the consumable rods, as visible in Figure 2.5(a). Here,
two AA1050 consumable rods were used to deposit a thin clad layer on top of an
AA2024-T3 substrate. The total down force exerted on the substrate by the FSC tool
was measured by load cells located in the fixture of the tool. The force exerted on the
substrate prior to ejection of the consumable rods was set by adjusting the tool height.

A piston with two steel pins as shown in Figure 2.4 pushes the consumable rods
out of the tool. The piston is pressed down at a constant, predetermined feed rate
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Figure 2.5 Schematic representation of the experimental setup.

by a hydraulic pump which delivers oil at a constant flow rate. The feed rate was
determined by pushing the rods out freely without touching the substrate. This
predetermined feed rate vf was set during the experiments and was in compliance
with the average feed rate of an experiment. The oil pressure applied on the piston
with a diameter of 60 mm was measured during the experiments. This pressure
integrated over the upper piston surface equals the total force which is applied by
the steel pins on the consumable rods.

Two consumable rods of AA1050 with a diameter of 5 mm, a length of 23 mm and a
hardness of 44 HV were put in the cylindrical openings of the cladding tool located at
an offset of 7.5 mm from the tool centre as shown in Figure 2.5(b). The FSC tool was
manufactured from H13 hardened steel and has a diameter of 30 mm with a conical
edge. Figure 2.5(c) shows a cross section of half of the tool bottom from its centre to
the outer edge. The conical edge has a 5 ◦ convex angle (cv) at a radius between 15
mm and 10 mm near the outer edge. The convex angle reduces the ploughing effect
of the outer edge in the case of non-zero tilt angles, see Figure 2.2. Between a radius
of 10 mm and 7.5 mm the tool bottom is flat (f), from 7.5 mm down to the centre it
is concave (cc) with an angle of 5 ◦. The concave angle creates a small buffer of clad
material in the centre of the tool for continuous distribution over the substrate. The
clad material was deposited on a 300 × 180 mm rectangular AA2024-T3 plate of 4
mm thick. This AA2024 plate had a hardness of 144 HV and it was clamped on a
steel backing plate with steel clamps located at 65 mm at either side from its centre
line, see Figure 2.4.
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2.2.2 Experimental procedure and settings

An experimental procedure was defined as summarized in Figure 2.6. The procedure
is aimed at generating sufficient heat for softening of the consumable rods to easily
distribute them laterally over the substrate. The experiments started by lowering the
rotating tool until the bottom of the FSC tool touched the surface of the substrate up
to a force Ft. In this way it was expected that the tool bottom would break up the
oxide layer of the substrate’s surface. The clad supply system was switched on after
a dwell phase where the substrate and the FSC tool were heated up due to friction.
The consumable rods, while rotating together with the tool, were pushed out towards
the substrate. This forms the start of the deposition phase. Next, the substrate was
moved linearly beneath the tool up to a constant speed. During this phase a clad
layer was formed on the substrate.

The process conditions which were used for this procedure are summarized in Table
2.1. The tool rotation speed and substrate travel speed were 600 rpm and 30 mm
min−1, respectively. The tool tilt angle was kept constant at −2.0 ◦. In this way an
opening was created at the trailing edge of the tool as shown in Figure 2.2. The feed
rate of the clad material was kept constant at a speed of 0.08 mm s−1 for experiments
1 and 2. The forces exerted by the tool bottom on the substrate were varied among
the experiments between relatively small and large forces. Additional experiments (3
& 4) were also performed at relatively small and large forces but with a tool without
the clad supply system. The shape of the tool for these experiments was identical
to the tool as shown in Figure 2.5, but without deposition openings. In this way
no clad material was added during the process and the solid tool only rubs over
the substrate. The forces of experiments with cladding differ from those without
cladding because the current setup did not include a force-displacement controller
which regulates the exerted force accurately. The tool forces were manually set and
controlled by adjusting the tool height.

Rotation speed Ω

Tool force F

Clad feed rate v

Translation speed v 

SET

SET

SET (constant feed rate)

SET (when rods touch substrate)

OFF (when empty)

ZERO

ZERO

ZERO

Phase Dwell

Tilt angle φ SET

Deposition
EndStart

t

 
f

t

Translation

Figure 2.6 FSC process diagram in which the tool touches the substrate.



18 Chapter 2. FSC of AA1050 on AA2024; an explorative study

Table 2.1 Process conditions of the performed experiments (exp.)

Process conditions Symbol Dimension Exp. 1 Exp. 2 Exp. 3 Exp. 4
Tilt angle φ deg. -2.0 -2.0 -2.0 -2.0
Rotation speed Ω rpm 600 600 600 600
Tool force Ft kN 4.0 15.0 2.9 6.6
Clad feed rate vf mm s−1 0.08 0.08 0.0 0.0
Translation speed vt mm min−1 30 30 30 30

2.2.3 Microstructural analysis

The cladded substrates were stored at room temperature after the experiments for
a minimum of two weeks to allow for post-weld aging of the AA2024 before they
were machined. Specimens for microstructural observation of cross sections of the
weld were taken out using a band saw. Subsequently, the samples were embedded
in an epoxy resin such that the advancing side (AS) and retreating side (RS) are
always on the right and left side of the cross section to be analysed, respectively.
The samples were mechanically grinded using grit silicon papers up to grade 4000.
Polishing was performed in three steps with a final polishing step using a colloidal
silica suspension with a grain size of approximately 0.04 µm. The surfaces of the
specimens were etched by Keller’s reagent, consisting of 190 ml H2O, 5 ml HNO3
(70% concentrated), 3 ml HCl (37%) and 2 ml HF (40%).

The grain size distributions of the different regions of the cross sections were
examined by optical microscopy. Vickers hardness measurements were performed
with a LECO LM100at automatic microhardness measuring device employing a 0.98
N load and a 15 s loading time (HV0.1). A minimal distance of 200 µm on the
substrate and 300 µm on the clad layer between the consecutive indents was used
to prevent mutual interaction. Finally, the elemental composition of selected regions
of the weld was determined in a Scanning Electron Microscope employing Energy-
Dispersive X-ray spectroscopy (SEM-EDX).

2.3 Results and discussion

The four experiments with process conditions as summarized in Table 2.1 are
presented as follows. First, experiments 1 and 2 are presented and cross sections of
the substrates with clad layers are examined. The grains and the material composition
were observed in order to determine the degree of mixing of the substrate with the
clad material. Possible softening of the substrate as a result of elevated temperatures
or mixing of the clad material was determined by measuring the hardness. The
influence of the tool force was investigated by applying relatively small and large
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tool forces during the translation phase. Next, experiments 3 and 4 are presented to
identify the influence of the tool bottom on the deformation of the substrate. Finally,
all the results are compared and discussed.

2.3.1 The addition of clad material (experiments 1 & 2)

The first two experiments were carried out at different tool forces resulting in
different clad layers as shown in Figure 2.7. The clad layers were examined to
determine possible differences in the quality of the layers and the distribution of
the clad material.

(a) Small tool force
(experiment 1).

(b) Large tool force
(experiment 2).

Figure 2.7 Top view of the deposited clad layers; cladding was performed from the left to the right.

Small tool force (experiment 1)

The first experiment was carried out with a relatively small tool force on the substrate
of 4.0 kN. The tool only partly touched the substrate material as the tool was tilted
with respect to the substrate surface and an opening was present at the trailing edge
of the tool. The tool force is significantly smaller than the sum of the forces exerted on
the two cladding rods of 8.5 kN, indicating that relatively large frictional forces arose
between the wall of the FSC tool and the consumable rods in this case. Nevertheless,
the consumable rods were pushed outwards and a clad layer was deposited on the
surface of the substrate material.

The microstructure of a transverse cross section of the substrate material is shown
in Figure 2.8(a). Clearly, a thin layer with a different microstructure is present on top
of the substrate’s surface. The thin layer has a width of 21 mm and the thickness of
the workpiece increased with 0.5 mm by the clad layer. The maximum depth of the
refined grains is 0.4 mm into the original substrate. Some details of the microstructure
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of the clad layer are shown in Figure 2.9, where the strong orientation of grains in a
direction parallel to the substrate surface is evident. There are relatively large grains
visible below the clad layer, fine grains in the transition area and a mix of fine grains
with white areas without visible microstructure in the clad layer. The fine grains
indicate that the material has been strongly mechanically deformed as a result of
the compressive and rotating action of the FSC tool concomitantly pressing out the
consumable rods.

The elemental composition of part of the clad layer, as indicated by the black rectangle
in Figure 2.8(a), is determined with SEM-EDX. The microstructure of this region is
shown in Figure 2.10(a), along with the distribution of the Cu concentration in Figure
2.10(b), that was determined at the same location. The different microstructures of
the clad layer and the substrate material are clearly visible in Figure 2.10(a). The
Cu concentration can be used to identify the origin of the clad layer, as AA1050
contains no Cu and AA2024-T3 contains typically 5% Cu. The figure shows that a
clad layer has been deposited which has a significantly different Cu content than the
original substrate. This suggests that AA1050 was deposited with some degree of
intermixing with the AA2024-T3 substrate. A Cu content was measured along the
axis as indicated in Figure 2.10(a) with values of approximately 2% in the clad layer
and 5% in the substrate material, see Figure 2.10(c). A decrease of the Cu percentage
from 5% to roughly 2% means that the clad layer contains approximately 60% of
AA1050 and 40% of AA2024 in the region analysed.

There is a transition in Cu content at the dashed line in Figure 2.10(c) which indicates
the transition from the substrate material into the clad layer. The lowest values of the
Cu content coincide with the white regions in Figure 2.10(a) where no microstructure
is visible because the AA1050 responds differently to the used etchant. AA2024
also contains typically 1.3% Mg. The same analysis was performed with Mg and
these results follow the same trend as the results of the Cu content. The Mg content
decreased in the clad layer from originally 1.3% to 0.5%.

Large tool force (experiment 2)

The second experiment was carried out with a relatively large tool force exerted
on the substrate of 15.0 kN. The FSC tool now plunges deeper into the substrate
compared to experiment 1. It forces the clad material to be mixed severely with the
substrate. The deeper plunging also increases the applied force on both consumable
rods up to 9.6 kN in total.

The microstructure of a cross section of the cladded substrate material is shown in
Figure 2.11(a) with some details of the microstructure in Figure 2.12. In comparison to
Figure 2.8(a), the extent of the modifications to the structure at the substrate surface
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Figure 2.9 Microstructure of the transition area from the clad layer at the RS, C and AS position
of experiment 1, respectively. The white frames of Figure 2.8(a) indicate their respective
positions.

(a) Microstructure. (b) SEM-EDX measurement of
the copper content.
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(c) Copper content along the axis
indicated in subfigure a.

Figure 2.10 SEM-EDX measurement near the clad layer indicated by the black rectangle (experiment 1)
in Figure 2.8(a).

is much larger. Now, the width of the modified zone is 28 mm and the thickness
of the sample increased by 0.4 mm. The depth of modified grains into the original
substrate is 1.5 mm in the middle and 1.9 mm on the advancing side. The dark area
of fine grains presented in Figure 2.12 is generally much larger than for experiment
1. Clearly, the large tool force exerted on the substrate material in combination with
the addition of clad material has strong influences on the resulting microstructure.

SEM-EDX measurements were performed within the modified grain region as
indicated by the black rectangle in Figure 2.11(a). The microstructure of this region
is shown in Figure 2.13(a) and the distribution of the Cu concentration is depicted
in Figure 2.13(b) for the same region. The EDX signal shows a lower distinction
between Cu in the substrate and the modified zone than for experiment 1, which
suggests that the degree of mixing of the AA1050 consumable rods with the AA2024-
T3 substrate material is larger now. A Cu content was measured along the axis as
indicated in Figure 2.13(a) with values of approximately 4% in the clad layer and 5%
in the substrate material, see Figure 2.13(c). A decrease of the Cu percentage from 5%
to roughly 4% means that the clad layer contains 20% of AA1050 and 80% of AA2024.
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There is a clear transition in Cu content near the dashed line in Figure 2.13(c)
which indicates the transition from the substrate material into the clad layer. The
light regions in Figure 2.13(a) indicate again a higher concentration of aluminium.
The measured Mg concentration follows the same trend as the measured Cu
concentration. The concentration Mg decreased from originally 1.3% to 1.0% in the
clad layer.

Hardness comparison

The results of the hardness measurements over the full cross section of experiment
1 are shown in Figure 2.8(b). It shows that the clad layer has a lower hardness over
the entire cross section than the AA2024-T3 substrate material. Furthermore, the
hardness distribution in the region below the clad layer is approximately symmetric
about the centre. There, a heat affected zone (HAZ) is visible where the hardness of
the material decreased significantly. The decrease of the hardness of AA2024 can be
explained from the evolution of temperature with time and place during the cladding
process. Relatively high temperatures affect the distribution and characteristics of the
strengthening precipitates [22, 23].

The hardness of the clad layer of experiment 2 presented in Figure 2.11(b) is
substantially higher than for experiment 1. This relatively high hardness can be
explained by the presence of large amounts of substrate material in the clad layer.
It is confirmed by the SEM-EDX measurements that the Cu content in the clad
layer of experiment 2 is higher than in that of experiment 1. An interesting
aspect is the relatively high hardness values measured in the centre region of the
substrate material below the clad layer. The hardness values are similar to the
original hardness as measured before the cladding treatment. It is known that the
temperature evolution in AA2024 has a strong influence on the size and distribution
of the strengthening precipitates [22, 23]. According to Jones [22] growth and re-
precipitation phenomena of second phase precipitates can occur during the heating
and cooling stages of AA2024-T351 alloy during FSW. It can also be noticed that
the extent of the HAZ where the hardness significantly decreased is wider than that
of experiment 1. This behaviour indicates that higher temperatures occurred in the
substrate during experiment 2 compared to experiment 1.

The hardness distributions in cross sections of experiments 1 and 2 differ significantly
as shown in Figures 2.8(b) and 2.11(b), respectively. A strong drop in hardness near
the top surface is visible for experiment 1, but a gradual drop is visible for experiment
2. A more detailed view on the change of the hardness through the thickness of the
substrate is shown in Figure 2.14. It shows the hardness of the substrate near the
centre of the cross sections. For both experiments the hardness has been measured
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Figure 2.12 Microstructure of the transition area from the clad layer at the RS, C and RS position of
experiment 2, respectively. The white frames of Figure 2.11(a) indicate their positions.

(a) Microstructure. (b) SEM-EDX measurement.
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(c) Copper content.

Figure 2.13 SEM-EDX measurement near the mixing layer indicated by the black rectangle (experiment
2) in Figure 2.11(a).

close to or within the area where SEM-EDX was performed.

The hardness values of experiment 1 presented in Figure 2.14 remain approximately
constant from the bottom of the substrate up to 3.5 mm and, then, decrease strongly
down to below 80 HV between 3.7 to 4.2 mm indicating the relatively low hardness
and strength of the deposited clad layer. The hardness remains closer to the hardness
of the fresh substrate material for experiment 2 and no rapid decrease is observed
near the top surface. An interesting aspect is the oscillating behaviour of the
hardness near the top surface of experiment 2. It is known that the FSW process
can create a segregated banded microstructure consisting of alternating hard particle-
rich and hard particle-poor regions [24]. The spacing between these bands is directly
correlated with the welding tool advance per revolution for FSW. In these regions the
hardness can typically oscillate between 130 HV and 144 HV for AA2024-T351. For
experiment 2 there is a tendency towards greater variation in the hardness values near
the top surface. The variation complies with the banded nature of the microstructure
as observed in Figures 2.13(a) and 2.13(b) with regions rich in copper and regions
poor in copper. This variation indicates that the addition of substrate material causes
the oscillating behaviour of the hardness in the clad layer of experiment 2.
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The results of the hardness distribution of experiments 1 and 2 are plotted together
with the measured Cu content for these experiments in Figures 2.15 and 2.16,
respectively. The vertical dashed lines in these figures, which represent the separation
between the clad layer and the substrate material, were determined with the SEM-
EDX measurements. There is a strong drop in hardness present near the vertical
dashed line where the copper content decreases strongly for experiment 1, see Figure
2.15. This strong drop is not present for experiment 2 with a highly intermixed clad
layer. For experiment 2 there is oscillating behaviour of the hardness towards the top
surface from the vertical dashed line. The low and high values of the hardness for
these experiments correspond to partly intermixed or highly intermixed clad layers,
respectively, as is indicated in the figures.

2.3.2 No addition of clad material (experiments 3 & 4)

Experiments 3 and 4 were also carried out at relatively small and large tool forces.
A view of the plates after the experiments is shown in Figure 2.17. Clearly, the
appearance of the treated regions is different from that of experiments 1 and 2 where
clad material was added, see Figure 2.7.

Small tool force (experiment 3)

The third experiment was carried out with a relatively small tool force exerted on the
plate of 2.9 kN. The microstructure of a transverse cross section of the plate material
is shown in Figure 2.18(a) where a non-symmetrical top surface is visible. Clearly,
the tool bottom removes a thin layer of approximately 0.1 mm from the top surface
and deposits it on the top left part of the cross section (RS). Dark etched fine grains
are visible as dark regions in this figure.

The results of the hardness measurements of experiment 3 are shown in Figure
2.18(b). The hardness of the plate material decreased to 93 HV at the left side (RS),
but there was almost no decrease of hardness visible on the right side (AS). The
precipitation-hardened AA2024 loses its strength and hardness in a similar way as
during experiment 1. However, the HAZ where the hardness decreased significantly
is in this case smaller than for experiment 1.

A more detailed view on the change of the hardness through the thickness of the
plate of experiment 3 is shown in Figure 2.19, where the results of experiments 1 and
2 are also reproduced. It shows the hardness values at x = -7 mm of Figure 2.18(b)
for experiment 3. For experiment 3 there is no steep gradient of the hardness below
the top surface as for experiment 1, because there was no clad material deposited on
the plate.
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Figure 2.14 Hardness distribution through the thickness of the substrate near the centre of the clad layer.
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Figure 2.15 Hardness distribution through the thickness of the substrate presented in Figure 2.14
together with the measured copper content presented in Figure 2.10(c).
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Figure 2.16 Hardness distribution through the thickness of the substrate presented in Figure 2.14
together with the measured copper content presented in Figure 2.13(c).



28 Chapter 2. FSC of AA1050 on AA2024; an explorative study
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(a) Small tool force (experiment 3).

10 mm

RS AS

(b) Large tool force (experiment 4).

Figure 2.17 Top view of surface layers without cladding.

Large tool force (experiment 4)

The fourth experiment was carried out with a large tool force of 6.6 kN exerted on
the plate. The microstructure of a transverse cross section of the plate is shown in
Figure 2.20(a). This figure indicates that the tool plunged 1.6 mm into the material
and caused excessive flash on the retreating and advancing sides. Small grains were
formed when some material was scraped from the top surface of the plate and
deposited on the RS.

The results of the hardness measurements are shown in Figure 2.20(b). It shows
that the heat affected zone of the substrate in experiment 4 is much larger than in
experiment 3, meaning that higher temperatures were present during experiment 4.
The heating and cooling stage in the substrate allowed for restoration of the hardness
of the substrate material similar to experiment 2. The region with a relatively high
hardness is larger on the left side (RS) than on the right side (AS). A high hardness
was measured at locations where there are small grains, such as at (x, y) = (−10, 3)
mm of Figure 2.20(b), but also at locations where there are large grains, such as
at (x, y) = (−7.5, 1) mm. These values suggest that the main contributions to the
hardness come from precipitation hardening [22] and not from grain refinement.

The hardnesses at x = 0 mm of Figure 2.20(b) representing experiment 4 are plotted
in Figure 2.19. They resemble the hardness near the substrate bottom of experiment
2.
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Figure 2.19 Average hardness distribution through the thickness of the substrate.

2.3.3 Comparison between cladding and non-cladding

Experiments with cladding show a different smoothness of the top surface than
experiments without cladding. The top surface was uneven when no clad material
was added, because the substrate material was scraped from the top surface and
mainly deposited on the retreating side, see Figures 2.18(a) and 2.20(a). A smooth
top surface layer was produced when clad material was added and the thickness of
the clad layer at the retreating side was equal to the thickness on the advancing side,
see Figures 2.8(a) and 2.11(a). With the current experimental settings, a clad layer
was produced which is intermixed with the substrate on the grain size level.

(a) No cladding (RS experiment 4). (b) Cladding (AS experiment 2).

Figure 2.21 Details of the microstructure of experiments at a relatively high tool force.

The tool seems to be mainly responsible for the intermixing behaviour during
experiments 1 and 2. It scraped the substrate material from the top surface layer
of the substrate similar to experiments 3 and 4. Subsequently, the top surface layer
is mixed with the clad material and deposited as a clad layer. It is expected that
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intermixing may be avoided if the tool does not touch the substrate.

The tool ploughs deeper into the substrate when the normal tool force is increased.
It results in large flash formation on the advancing and retreating sides when no clad
material was added as in experiment 4, see Figures 2.17(b) and 2.20(a). The original
grain structure of the rolled plate is recognizable in the flash, see Figure 2.21(a). It
indicates that the flash formation occurred rapidly at the leading edge of the tool;
the substrate material was deformed in front of the tool when flash was formed.
No flash formation was visible when clad material was added, see Figure 2.21(b),
although the tool force of 15.0 kN was much larger for this experiment than the 6.6
kN of experiment 4 where flash was formed. The substrate material was pressed
laterally by the large force on the clad layer, but no flash was created.

It is clear that the addition of clad material changed the conditions at the tool bottom
such that no flash formation occurred at relatively large tool forces. The following
reasons are considered to affect the occurrence of flash formation. First, the clad
layer under the tool created a support for the tool to distribute its applied force over
a larger area. This support is absent when no clad layer is present and the force is
concentrated on the substrate at the leading edge of the tool. The tool therefore
may plough deeper in the plate. Second, the clad layer may act as a sort of a
lubrication film between the tool and the substrate due to its relatively low yield
strength. Less heat is generated by friction and therefore the substrate’s mechanical
properties change less during the cladding process.

2.4 Conclusions

An explorative study of the Friction Surface Cladding (FSC) process has been
presented. It demonstrates, based on the observed microstructure, micro hardness
and SEM-EDX measurements, that FSC is capable of producing thin clad layers on
an AA2024-T3 substrate using AA1050 clad material.

1. The clad layer consists of a mixture of clad material and substrate material.
During the FSC process the FSC tool is in contact with the substrate and scrapes
away part of the top of the substrate and mixes it to some degree with the added
clad material. A band-like microstructure is developed consisting of substrate-
rich and clad-material-rich regions. The degree of mixing, the dimensions of
the mixed clad layer and the hardness distributions of the clad layer and the
substrate depend on the process conditions. The larger the applied tool force,
the larger the width and depth of the intermixed clad layer and the dimensions
of the heat affected zone in the substrate.
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2. Performing similar types of experiments without adding clad material also
lead to a redistribution of substrate material at the tool-substrate interface. At
relatively low forces the material was deposited at the retreating side, whereas
at relatively high tool forces large scale flash formation occurred. Apparently,
the presence of filler material at the tool substrate interface has a strong effect
on heat generation and material redistribution. Further work is required to get
a clear understanding of this behaviour.
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Chapter 3

Friction Surface Cladding of AA1050
on AA2024; non-intermixing

3.1 Introduction

The explorative study presented in Chapter 2 demonstrates that Friction Surface
Cladding (FSC) is able to produce clad layers which are partly intermixed with the
substrate. The composition of the clad layers consisted in up to 40% of substrate
material. Clad layers in general are desired in a pure form on a substrate to optimally
enhance the substrate’s surface properties. Unintended mixing of the clad layer with
the underlying substrate might jeopardize the functional and mechanical behaviour
of the clad layer and should therefore be avoided. A different cladding approach is
employed in this chapter to prevent mixing of the substrate material with the clad
material. An AA1050 clad layer is aimed to be deposited on top of an AA2024-
T3 substrate without intermixing. This combination of materials resembles AA2024
plates commonly used in aerospace engineering with a pure aluminium foil rolled
on, known as an Alclad product. The AA1050 clad layer is expected to provide the
AA2024 substrate with a cathodic protection against corrosion [1]. The AA1050 clad
layer acts then as a sacrificial anode.

It was demonstrated in Chapter 2 that the degree of mixing of the substrate with
the clad material depends, among other things, on the down force of the FSC tool
on the substrate. A relatively large down force resulted in significant intermixing of
the substrate with the added clad material. The tool bottom was in contact with the
substrate, and due to large contact forces between the tool and substrate, the rotating
tool scraped away considerable amounts of substrate material. This substrate material
was subsequently mixed with the clad material and deposited as a clad layer. The
amount of substrate material intermixed with the clad material was less if the contact
forces were reduced. Therefore, the tool is held above the substrate without touching

35
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the workpiece for the experiments presented in this chapter. The generation of heat
is then solely due to contact of the clad material in between the tool and the substrate.

Two different tool designs/configurations were tested in the work of this chapter. The
first design is the one used in the previous chapter, where two cylindrical rods were
pressed out from the rotating tool. The second design uses one central rod with a
larger diameter. This type of design has some similarity with friction surfacing where
also one rod is being used to form a clad layer [2–7]. However, the FSC approach
provides lateral support to the rotating piece of clad material being deposited onto
the substrate, which could improve the deposition quality and bonding of the clad
layer.

The experimental setup and procedure to manufacture clad layers are explained in
Section 3.2. Also, the process conditions of the performed experiments are explained
together with the characterization of the clad layer by microstructure analyses. The
results and discussion of the first configuration are presented in Section 3.3 and
that of the second one in Section 3.4. Furthermore, the results of electrochemical
measurements to study the corrosion performance of AA2024 with an FSC clad
layer are presented in Section 3.5. A discussion of the FSC process based on both
configurations follows in Section 3.6. The chapter ends with conclusions presented
in Section 3.7.

3.2 Setup, approach and characterization

The experiments were carried out on the same planer machine as described in
Chapter 2, but with a slightly different procedure. Previously, the cladding procedure
started by lowering the rotating tool until it touched the substrate as described in
Chapter 2. The supply of the cladding material started as soon as sufficient heat was
generated at the interface between the tool and the substrate to make the cladding
rods ductile for easy lateral distribution over the substrate. However, this procedure
resulted in clad layers consisting of substrate material mixed with the clad material.

In this chapter, the purpose is to manufacture clad layers that are pure and show
no intermixing with the substrate material. Therefore, an adapted procedure was
introduced where the tool is positioned above the substrate without touching it.
Two different types of tool designs were used. The new setup and procedure are
explained in this section. Subsequently, the process conditions for both configurations
are described and the microstructural characterization of the clad layers is explained
as well.



3.2. Setup, approach and characterization 37

3.2.1 Setup and procedure

The procedure for the experiments in this chapter is summarized in the process
diagram of Figure 3.1. The experiments started by setting the tool at a tilt angle φ and
positioning the lowest point of the tool at a prescribed distance h0 above the substrate,
indicated in Figure 3.2(a). This distance h0 is called the tool gap from here on. Then,
the tool rotation and the clad supply system were switched on leading to a rotation
speed Ω and a clad feed rate of vf. These settings remained constant during the
experiment. As soon as the cladding rods were pressed far enough out of the rotating
tool, they touched the substrate and frictional heat was generated (dwell phase).
When the temperature reached approximately 250◦C (the measurement system is
explained below), the substrate was translated in a linear fashion with respect to the
tool to manufacture a clad layer track (deposition phase). The forces exerted by the
tool on the clad layer during the experiments were recorded by load cells placed
between the tool support and the planer machine.

Rotation speed Ω

Tool gap h

Clad rate feed v

Translation speed v

SET

SET

SET (constant feed rate)

SET (if tool heated up)

OFF (if empty)

RAISE

ZERO

ZERO

Phase
Dwell

Tilt angle φ SET

Deposition

t

f

0

Start End
Translation

Figure 3.1 FSC process diagram in which the tool does not touch the substrate.

In correspondence with Chapter 2, the clad material is AA1050 and the substrate
material is AA2024-T3. The substrate material was manually grinded with 400 grit
silicon carbide sandpaper to remove the majority of the oxide layers at the location
of the intended clad layer track. Subsequently, this region was also degreased with
ethanol. The clad material was milled to the correct dimensions and then degreased
with ethanol as well. No protection by inert gasses was used to protect the heated
tool and clad material from oxidation during the dwell and deposition phases.

Two different configurations were used for the experiments, see Figure 3.2. The tool
of configuration 1 contains two cladding rods as described in the previous chapter
and the tool of configuration 2 contains one central cladding rod. The first tool is
slightly modified with respect to the one used in Chapter 2 to allow the measurement
of the temperature in the tool. A K-type thermocouple wire with a diameter of 0.1
mm was added. It measured the temperature at a position which is 11 mm out of the
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3) Tool rotation speed Ω

5) Substrate translation speed v

Clad layer
2) Tool gap h

4) Clad feed rate v
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(a) Configuration 1 with two cladding
rods.

3) Tool rotation speed Ω

5) Substrate translation speed v
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Clad layer
2) Tool gap h
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Substrate

f

0

hnom

(b) Configuration 2 with one clad rod.

Figure 3.2 Procedure for the production of clad layers; the tool is kept above the substrate.
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Figure 3.3 Schematic representation of the tool for configuration 2.

centre and 2 mm above the tool bottom surface as indicated schematically in Figure
3.2(a). A wireless transmitter sent the signal of the measured temperature to the data
acquisition system. The tool of configuration 2, which has similar outer dimensions
as the first tool, is illustrated in Figure 3.3. The clad material is pressed out from a
single central opening with a diameter of 10 mm for this configuration. Furthermore,
the thermocouple is positioned somewhat closer to the tool centre at 8 mm from the
centre line and also 2 mm above the tool bottom surface, as is schematically illustrated
in Figure 3.2(b).

3.2.2 Approach

The process parameters for the two different configurations are tilt angle, rotation
speed, tool gap, feed rate and translation speed. Investigating the influence of all
these different parameters on the manufacturing process of the clad layer would
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involve a great deal of work. Therefore, a limited number of experiments was
performed to obtain the main characteristics of the cladding process. The feed rate
was kept constant at 0.08 mm/s and the rotation speed was 600 rpm during most
experiments. The influence of the tilt angle and tool gap was mainly investigated for
configuration 1. These parameters determine the distance between the lowest point
of the tool and the substrate at the trailing edge of the tool, defining the expected
nominal thickness hnom:

hnom =

{
h0 + Dsinφ if φ > 0◦,
h0 if φ ≤ 0◦,

(3.1)

where a negative tool angle corresponds to the creation of an opening at the trailing
edge, as is illustrated in Figure 3.2, for the given translation direction. Furthermore,
D is assumed to be 20 mm to represent the diameter of the clad layer under the
tool. This distance of 20 mm equals the outer diameter of the flat part of the tool as
indicated in Figure 3.3(c).

The translational speed is adjusted to the nominal thickness in order to provide
enough clad material. The nominal thickness hnom together with the translation speed
vt determine the expected nominal width wnom of the clad layer:

wnom =
nrvfπR2

f
hnomvt

, (3.2)

where Rf represents the radius of the cladding rod(s) and nr the number of cladding
rods; Rf equals 2.5 mm for configuration 1 and 5 mm for configuration 2.

An overview of the process conditions during the experiments with configuration 1 is
given in Table 3.2. For this series the tool translation speed is kept constant at 10 mm
min−1. The experiments were carried out at different tool gaps with tilt angles of -2.0◦

for experiments 1 to 4 and of 0.0◦ for experiments 5 to 7. An experiment with a tool
gap of 0.0 mm at 0◦ was not performed, because this combination prevents cladding
rods from coming out easily. The deposition openings are then fully closed by the
substrate material. The cladding rods can only flow out if the substrate material
is severely deformed. In the case of a -2.0◦ tilt angle and a tool gap of 0.0 mm an
opening is present at the trailing edge of the tool. The results of series 1 are presented
in Section 3.3.

The influence of the tool gap h0 and the translation speed vt was mainly studied with
configuration 2. An overview of the process settings can be found in Table 3.2. Apart



40 Chapter 3. FSC of AA1050 on AA2024; non-intermixing

Table 3.1 Process conditions of the performed experiments (exp.) for configuration 1.

Exp. φ Ω h0 vf vt hnom wnom
[deg.] [rpm] [mm] [mm s−1] [mm min−1] [mm] [mm]

1 -2.0 600 0.0 0.08 10 0.7 27
2 -2.0 600 0.1 0.08 10 0.8 24
3 -2.0 600 0.2 0.08 10 a 0.9 21
4 -2.0 600 0.4 0.08 10 a 1.1 17
5 0.0 600 0.1 0.08 10 0.1 188
6 0.0 600 0.2 0.08 10 a 0.2 94
7 0.0 600 0.4 0.08 10 a 0.4 47

aIntended translation speed: translation was not performed as explained in this chapter.

Table 3.2 Process conditions of the performed experiments (exp.) for configuration 2.

Exp. φ Ω h0 vf vt hnom wnom
[deg.] [rpm] [mm] [mm s−1] [mm min−1] [mm] [mm]

8 0.0 600 0.5 0.08 30 0.5 25
9 1.0 600 0.4 0.08 40 0.4 24
10 1.0 600 0.3 0.08 40 0.3 31
11 1.0 600 0.2 0.08 40 0.2 47
12 1.0 600 0.3 0.08 53 0.3 24
13 1.0 600 0.3 0.08 65 0.3 19
14 1.0 600 0.2 0.08 65 0.2 29
15 1.0 600 0.15 0.08 100 0.15 25
16 1.0 450 0.2 0.08 60 0.2 31

from experiment 8 where the tilt angle equals 0◦, the other experiments 9 to 16 were
performed at a tilt angle of 1◦. A positive angle is also usual for processes which have
similarities to FSC, such as friction stir welding and friction stir processing, instead of
a negative angle. Experiments were performed at different tool heights between 0.15
and 0.5 mm and the translation speed was adjusted to values between 30 and 100 mm
min−1 in order to supply enough clad material at a specific tool gap. Experiment 16
was performed at the lowest possible rotation speed of the setup of 450 rpm instead
of 600 rpm in order to reduce the heat input. The results of series 2 are presented in
Section 3.4.

3.2.3 Characterization

The deposited clad layers were investigated in a similar way to Chapter 2; optical
microscopy was used to examine the microstructure after etching of the material
using Keller’s etchant. Hardness measurements provided additional information on
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the extent of the heat affected zone and the degree of mixing at the substrate-clad
interface. These hardness measurements were performed on a rectangular grid.

In addition Energy-dispersive X-ray spectroscopy (SEM-EDX) was used to determine
the local degree of mixing of the Cu-free AA1050 clad layer and the Cu containing
AA2024 by measuring the copper content of the clad layer. The electron backscatter
diffraction (SEM-EBSD) technique was applied to determine the grain size of the
AA1050 in the clad layer, because these grains were not clearly visible with optical
microscopy after etching of the material.

The SEM-EBSD technique was carried out using a JEOL JSM-6500F hot field emission
gun scanning electron microscope (hot-FEG SEM) equipped with an HKL Nordlys II
detector. The samples were prepared in the same way as for microstructural analyses,
but without the etching of the material. The diffraction patterns were obtained at
20 keV beam energy and approximately 600 pA beam current with the specimen
tilted at an angle of 70◦. The acquisition and post-processing software was Oxford
HKL Channel 5. During acquisition a grid spacing of 0.5 µm was used. The noise
reduction method employed to remove non-indexed points was based on a ’majority-
vote’ algorithm. The average grain size of the cladding layer was obtained taking a
grain boundary misorientation angle of 10◦ or larger omitting bordering grains from
the analysis.

3.3 Results and discussion of series 1

3.3.1 Performed experiments

Experiments 1 to 7 were carried out at different tool gaps and tilt angles for the
configuration with two rods, as summarized in Table 3.1. Some experiments were
performed without advancing to the substrate translation phase, because insufficient
clad material was bonded with the substrate during the dwell phase. Table 3.3
summarizes whether some clad material was deposited as a clad layer for the
different experiments.

Table 3.3 Resulting clad layers of the performed experiments for configuration 1.

Tilt angle
Tool gap -2 ◦ 0 ◦

0.0 mm clad layer -
0.1 mm clad layer clad layer
0.2 mm no clad layer no clad layer
0.4 mm no clad layer no clad layer
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(a) Exp. 1: 0.0 mm, -2◦. (b) Exp. 2: 0.1 mm, -2◦.

10 mm

(c) Exp. 5: 0.1 mm, 0◦.

Figure 3.4 Top view of the clad layers of series 1; cladding was performed from the left to the right.

The results with some clad layer support the feasibility of the FSC process as will be
shown in this section, although the experiments were ended prematurely. Too-large
forces above 17 kN were required for the clad supply system to press out the rods.
There was friction between the cladding rods, the press-out pins, and the wall of the
clad material supply system. This friction was caused by clad material which flowed
between the steel pin and the walls of the deposition openings. The clad supply
system was unable to deliver the relatively large force. It is expected that the large
forces can be lowered by redesigning the clad feed system.

Negative tilt angle

There was sufficient bonding between the clad material and the substrate for tool gaps
of 0.0 mm and 0.1 mm at a tilt angle of -2◦ to form some clad layers. The clad layers
formed during the translation phase of experiments 1 and 2 are shown in Figure
3.4(a) and 3.4(b), respectively. The width of the clad layer of experiments 1 and 2 is
21 mm and 15 mm, respectively and the thickness is approximately 0.8 mm and 0.7
mm, respectively. These thicknesses deviate 0.1 mm from their expected thickness
hnom which is indicated in Table 3.1 for each experiment. The measured forces on
the tool and temperatures of experiments 1 and 2 are presented in Figures 3.5 and
3.6, respectively, where the different phases of FSC are indicated. They show that
the temperature during experiment 2 was significantly lower than the temperature
during experiment 1.

No clad material was bonded to the substrate material before the cladding rods were
completely used for tool gaps of 0.2 mm (exp. 3) and 0.4 mm (exp. 4) with a tilt angle
of -2◦. The measured force and temperature of experiment 3 are presented in Figure
3.7. The figure suggests that there was no bonding for experiment 3, because of the
relatively low temperatures and applied tool forces compared to experiments 1 and
2. The same holds for experiment 4 where relatively low temperatures in the same
order of magnitude as experiment 3 were measured.
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Figure 3.5 Temperature and force development of experiment 1; the dwell phase starts at 35 s and the
translational movement of the substrate was switched on at 125 s.
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Figure 3.6 Temperature and force development of experiment 2; the dwell phase starts at 10 s and the
translational movement of the substrate was switched on at 90 s.
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Figure 3.7 Temperature and force development of experiment 3; the dwell phase starts at 45 s, but
there was no translational movement of the substrate, as the temperature never reached a
sufficiently high value.
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These experiments demonstrate that direct contact between the substrate and the tool
is not required to obtain bonding between the substrate and the clad material during
FSC. However, the length of the clad layers is not so large as for the experiments of
Chapter 2. The experiments had to be stopped prematurely due to very high forces
required to press out the cladding rods, although sufficient space is available below
the tool if it is tilted with respect to the substrate surface.

Zero tilt angle

Some clad material bonded to the substrate for a tool gap of 0.1 mm with a tilt angle
of 0◦ (exp. 5) as is shown in Figure 3.4(c). This discontinuous clad layer was only
formed under one side of the tool during the translation phase. No clad material
was bonded to the substrate before the cladding rods were completely used for tool
gaps of 0.2 mm (exp. 6) and 0.4 mm (exp. 7) with a tilt angle of 0◦. Temperatures
above 300◦C and forces of 1.0 kN were measured for experiment 6, although there
was no clad layer deposited. These temperatures and forces seem to be high enough
to form a clad layer when compared to those of experiment 2 as shown in Figure 3.6.
It suggests that a different material flow occurred by changing the tilt angle, which
prevented deposition of clad material.

A non-zero tilt angle provides the clad material a place at the substrate where the
distance between the tool bottom and the substrate is smallest. It is expected that
the clad material starts to bond to the substrate from there. Such a position is absent
for a zero tilt angle and it was observed that the clad material was scattered in all
directions as a result of the rotating action of the tool. Only at a relatively small tool
gap of 0.1 mm (exp. 5) was some clad layer realized for a zero tilt angle. Apparently,
a smaller tool gap positively influences the deposition of a clad layer for both the
investigated angles.

3.3.2 Microstructure analysis

The microstructures of transverse cross sections of the cladded substrates are shown
in Figures 3.8(a) and 3.9(a) for experiments 1 and 2, respectively. Only the
microstructure of the AA2024 is visible with optical microscopy after etching of the
cladded substrate; the microstrucure of the AA1050 is hardly visible. The clad layers
and substrate can be distinguished very clearly in this way. The results show that
intermixing of the substrate material with the clad material does not occur on a large
scale. Figure 3.10(a) shows a detail of the clad layer interface of experiment 1 and
there is only limited intermixing of the substrate with the clad layer visible based on
the microstructure. The level of intermixing at the substrate/clad layer interface is
smaller for experiment 2 than for experiment 1, see Figure 3.10(b).
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(a) Exp. 1: clad layer interface detail indicated by
the rectangle in Figure 3.8(a).

(b) Exp. 2: clad layer interface detail indicated by
the rectangle in Figure 3.9(a).

Figure 3.10 Details of the microstructure of the transverse cross sections of experiment 1 and 2.

Hardness measurements were performed on the transverse cross sections as pre-
sented in Figures 3.8(a) and 3.9(a). The results of the hardness measurements are
presented in Figures 3.8(b) and 3.9(b). A large difference in hardness between the
substrate and the clad layer can be observed for both experiments. It can also
be noticed that the hardness of the substrate hardly changes for experiment 2, but
that it significantly decreases for experiment 1. Furthermore, the somewhat curved
interface between the AA2024 and AA1050 as presented in Figure 3.8(a) is found
back in the hardness distribution of that cross section. The substrate has been
significantly deformed when higher applied forces and temperatures were present
during experiment 1 in comparison to experiment 2.

The hardness distribution from the bottom to the top of the mid section of the cross
sections is plotted in Figure 3.11. The hardness values at x = 1 mm, see Figures 3.8(b)
and 3.9(b) have been selected. The figure clearly shows that both samples approach
the hardness of as-received AA1050 of 44 HV near the top surface. The hardness
of 44 HV suggests that a non-intermixed layer is produced on the two substrates.
The hardness of the substrate decreased from originally 144 HV (fresh AA2024-T3)
to values below 100 HV for experiment 1. The substrate hardness of experiment 2 is
close to its original hardness of 144 HV.

The decrease of the hardness of the substrate is explained by phenomena depending
on the temperature [8]. Temperatures above 400◦C were measured in the tool during
experiment 1, see Figure 3.5, whereas a temperature of only 230◦C was measured
for experiment 2, see Figure 3.6. Experiment 2 demonstrates that the temperatures
can be kept relatively low during FSC in order to prevent the substrate material from
softening. This is an important result which shows the feasibility of the FSC process.
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Figure 3.11 Hardness distributions through the thickness of the substrate for experiments 1 and 2.

Table 3.4 Overview of the expected clad layer geometry together with the results of the experiments for
configuration 2 for different translation speeds.

Exp. vt hnom wnom wavg Tmax Ft,avg range h
[mm min−1] [mm] [mm] [mm] [◦C] [kN] [mm]

8 30 0.5 25 20 - 2.5 0.5 - 0.7
9 40 0.4 24 22 430 3.0 0.4 - 0.7
10 40 0.3 31 24 450 5.5 0.4 - 0.6
11 40 0.2 47 26 - 8.0 0.3 - 0.6
12 53 0.3 24 24 450 5.5 0.3 - 0.5
13 65 0.3 19 24 430 4.0 0.3 - 0.5
14 65 0.2 29 26 a 430 4.5 0.3 - 0.5
15 100 0.15 25 26 - 5.5 0.3 - 0.5
16 60 0.2 31 20 380 2.5 0.3 - 0.5

aThe average width of the clad layer when gaps occurred beyond 60 mm of cladding as
shown in Figure 3.14.

It suggests that the process can be performed at relatively low temperatures such that
the properties of the substrate are hardly affected.

3.4 Results and discussion of series 2

Experiments 8 to 16 were carried out at different tool gaps, tilt angles, rotation speeds
and translation speeds for the configuration with one central rod as summarized in
Table 3.2. Clad layers were produced for all these experiments. The results of the
experiments are summarized in Table 3.4, where Ft,avg represent the average tool
force during the translation phase, Tmax the maximum temperature measured during
the translation phase, h the clad layer thickness and wavg the average width of the
clad layer. A range is given for h, because it varied over the length of the clad
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Figure 3.12 Top view of the clad layer of experiment 8 with indicated cross section.

(a) Exp. 9. (b) Exp. 13.

Figure 3.13 Detailed view of the gaps in the clad layer for experiments 9 and 13.

layer and no maximum temperature is mentioned for some experiments in Table 3.4,
because the temperature measurement system did not function for these experiments.
Obviously, the clad layer thickness was larger than the expected nominal thickness for
all experiments. A representative selection of the clad layers is shown in the Figures
3.12 to 3.15.

3.4.1 Performed experiments

The clad layers produced in experiments 8 and 16 are continuous over their full width
and length as presented in Figures 3.12 and 3.15. Most of the other clad layers are
only continuous at the start of the translation phase. Later on, gaps may occur which
are shown in Figures 3.13 and 3.14 for a selection of experiments. Figure 3.14 shows
that gaps only occurred for experiment 14 after the substrate moved approximately
60 mm. The average width of the clad layer increased significantly after this point
from 19 mm to 26 mm.

The average width of the clad layers is not equal to the nominal width for most
experiments, see Table 3.4. In most cases the average width is smaller than expected,
but the average thickness is larger. For example, the thickness of the clad layer of
experiment 16 is in the range of 0.3-0.5 mm, whereas a thickness of 0.2 was expected.
This result suggests that the tool is pushed upwards relative to the substrate during
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Figure 3.14 Top view of the gaps in the clad layer of experiment 14.

1

2

3

20 mm

Figure 3.15 Top view of the clad layer of experiment 16 with indicated cross sections.

the experiment. This behaviour is further investigated in Chapter 6 employing a
numerical model. A clad layer with a larger width than expected can occur when
gaps were formed in the clad layer as in experiment 13, see Figure 3.13(b).

3.4.2 Forces and temperatures

The average forces and maximum temperatures of the experiments are summarized
in Table 3.4. Some of these forces are also plotted as a function of the tool gap and
the translation speed in Figures 3.16(a) and 3.16(b), respectively. Figure 3.16(a) shows
that the average tool force increased significantly when a lower tool height was set
and Figure 3.16(b) shows that the average tool force slightly decreased when the
translation speed increased.

It can be noticed from Table 3.4 that the temperature during experiment 16 is
significantly lower than that of the other experiments. It is expected that the
lower rotation speed of experiment 16 was responsible for the lower temperature.
Experiment 14 was performed under similar process conditions as experiment 16,
but with a higher rotation speed. It experienced a much higher temperature and also
a higher force, as will be discussed below.

The measured force on the tool and the measured temperature in the tool of
experiments 14 are shown in Figure 3.17. The transition from the production of a
continuous clad layer without gaps to a clad layer with gaps occurred at a time of
approximately 110 s. The temperature has then increased from roughly 250◦C to
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Figure 3.16 Normal forces measured on the tool for the different settings of series 2.
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Figure 3.17 Temperature and force development of experiment 14; the dwell phase starts at 15 s and the
translational movement of the substrate was switched on at 55 s.

roughly 400◦C. The force decreased first at the start of the translation phase at 55 s,
but rose again from 2 kN to 6 kN at 110 s. The force varied during the translation
of the substrate between a minimum of 2.0 kN and a maximum of 7.0 kN with an
average force of roughly 4.5 kN.

The measured force on the tool and the measured temperature in the tool of
experiments 16 are shown in Figure 3.18. The temperature increased from 250◦C
to a maximum of 380◦C. The force varied during the translation of the substrate
between a minimum of 1.5 kN and a maximum of 4.0 kN, with an average force of
roughly 2.5 kN. There was no transition point where gaps started to occur in the clad
layer for experiment 16 after the substrate started to translate at a time of 75 s.

The results of these experiments suggest that the defects in the clad layer occur
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Figure 3.18 Temperature and force development of experiment 16; the dwell phase starts at 20 s and the
translational movement of the substrate was switched on at 75 s.

as soon as the temperature in the cladding region becomes too high. For the
manufacturing of defect free clad layers, it seems thus worthwhile to restrict the
heat generation in the cladding region. Higher tool forces seem to increase the heat
generation rate, although it will also be dependent on the distance between the tool
and the substrate, the cladding material supply rate, the tool rotation rate and the
tool translation speed as well. The process taking place within the cladding region
affecting the tool force and the generated heat were studied further and are described
in Chapters 4 to 6 of this thesis.

3.4.3 Microstructure analysis

Only the samples of experiment 8 and 16 of series 2 were selected for microstructural
analyses, because these samples contain continuous clad layers without gaps. The
microstructure of other samples has not been investigated.

Experiment 8

The microstructure of the transverse cross section at position 1 of Figure 3.12 is shown
in Figure 3.19(a). The figure shows that a clad layer of AA1050 is deposited on the
AA2024 substrate without large deformation of the substrate. However, a detailed
picture of the clad layer interface shows that the substrate is slightly deformed, see
Figure 3.20. It demonstrates that although the tool does not touch the substrate, there
can be deformation locally of the substrate due to high pressures and shear stresses
applied on the substrate.

An overview of the hardness of the samples shows again large differences in hardness
between the substrate and the clad layer, see Figure 3.19(b). The hardness values at
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Figure 3.20 Microstructure of the transverse
cross section, exp. 8: clad layer
interface detail indicated by the
rectangle in Figure 3.19(a).
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Figure 3.21 Average hardness distribution
through the thickness of the
substrate.

x = 0 mm were selected from Figure 3.19(b) to generate the line plot of Figure 3.21. It
shows the hardness distribution in the centre of the sample from the bottom surface
towards the top surface. The hardness of the AA1050 clad material decreased from
44 HV as in received condition to 31 HV as measured in the clad layer.

Experiment 16

The transverse cross section indicated by number 1 in Figure 3.15 is shown in Figure
3.22(a). The longitudinal cross sections indicated by the numbers 2 and 3 are shown
in Figures 3.23(a) and 3.24(a), respectively. The cross section indicated by number 1
shows a clad layer of typically between 0.3 and 0.4 mm thick and 20 mm wide which
is non-intermixed over its full length and width. The other two cross sections have a
clad layer which ranges between 0.3 and 0.5 mm.

The hardness distribution of these cross sections is shown in Figures 3.22(b), 3.23(b)
and 3.24(b). They show that the hardness of the substrate decreased from 144 HV for
as-received AA2024 to a minimum of 96 HV and that the hardness of the clad material
decreased from 44 HV to approximately 29 HV. The extent of the HAZ where the
hardness decreased strongly is smaller for experiment 16 than for experiment 8 based
on Figures 3.19(b) and 3.22(b). It reflects that the overall heat input and the maximum
temperature for experiment 16 was lower than for experiment 8. Furthermore, the
hardness in the centre of the clad layer in longitudinal direction (cross section 2)
varies typically between 27 and 32 HV. This stable hardness distribution demonstrates
the stability of the process in the longitudinal direction where no intermixing occurs.
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Figure 3.25 SEM-EDX measurements of the
copper content near the clad
layer (exp. 16).

Figure 3.26 Results of an EBSD measure-
ment to determine the grain size
of the clad layer (exp. 16).

The hardness values at x = 0 mm of Figure 3.22(b) were selected for the line plot of
Figure 3.21 where it is shown that the hardness of the AA1050 as-received decreased
from 44 HV to 27 HV.

A further inspection of the interface of the clad layer near the substrate is performed
with SEM-EDX. The results of the SEM-EDX measurements are shown in Figure 3.25.
The figure shows that copper concentrations of 5% were measured in the substrate
and virtually 0% in the clad layer. This means that the clad layer only contains
AA1050 clad material.

The results of the SEM-EBSD measurements are shown in Figure 3.26. It shows a
sharp contrast between the relatively large grains of the substrate and the relatively
small grains of the clad layer. The averaged size of the grains of the clad layer equals
5.0 µm with a standard deviation of 2.8 µm.

3.5 Electrochemical measurements

It was mentioned in the introduction to this chapter that it is expected that the
FSC clad layer provides the AA2024 with cathodic protection against corrosion.
When the Alclad product is exposed to a corrosive solution, current flows from the
anodic clad layer through the metal to the cathodic core. The cladding tends to
dissolve preferentially, thus protecting electrochemically the core [9]. For this reason
electrochemical measurements were performed to determine the galvanic corrosion
performance of the AA2024 substrate with a clad layer.
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3.5.1 Experimental procedure

The electrochemical response of four different aluminium samples was measured and
compared with each other. The first samples consisted of only AA2024-T3 material,
the second of only AA1050 material, the third of AA2024 material with an FSC layer
of approximately 0.3 mm thick and the fourth of AA2024 with a pure aluminium foil
rolled on (Alclad). The FSC sample had visible rotation marks from the FSC process
which affects significantly its roughness. In order to eliminate the effect of roughness
each sample was tested twice; firstly, only cleaned for 5 minutes in ultrasonic bath
with ethanol and dried with compressed air and secondly abraded with 3M Scotch
tape and then cleaned with ethanol again in the ultrasonic bath.

In order to stabilize the electrochemical system, the open circuit potential (OCP) was
measured for 30 minutes before polarizing the samples. Experiments were performed
in 0.1M NaCl of pH value 6.2 in a standard three electrode electrochemical cell.
Sodium chloride of analytical grade was obtained from VWR. An electrochemical
Interface Solartron 1287 and CorrWare software provided by the manufacturer of the
potentiostat were used for controlling the analysis. A saturated calomel electrode
(SCE) and a platinum mesh were used as the reference and counter electrodes,
respectively. The experiments were carried out on an exposed circular area with a
diameter of 15 mm in a flat electrochemical cell where the metal sample, being the
working electrode, was clamped at the base of the cell. Potentiodynamic polarization
experiments were performed at a scan rate 0.1667 mA/s from -200 mV below OCP
until 300mV above OCP.

3.5.2 Results

The open circuit potential results of both tests displayed in Figure 3.27 showed that
after 30 minutes the samples were stabilized. AA2024 reached the highest OCP value,
which is caused by high copper content in this alloy.

The results of the polarization scans shown in Figure 3.28 show that the FSC, Alclad
and AA1050 samples behave similarly to each other. It means significant corrosion
current suppression of AA1050, AA2024 Alclad and FSC clad in comparison with
AA2024. The FSC sample has thus a similiar corrosion performance as Alclad and a
better one than uncladded AA2024. The open circuit potential and corrosion current
values are summarized in Tables 3.5 and 3.6. These results prove that the FSC process
is suitable for depositing a corrosion protection layer on a substrate.
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Figure 3.27 Open circuit potential vs SCE development in time of samples in 0.1M NaCl.
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Figure 3.28 Polarization curves of samples after 30 min. immersion in 0.1M NaCl.

Table 3.5 Open circuit potential and corrosion current values in 0.1 M NaCl of untreated samples.

Sample OCP vs SCE [V] Corrosion Current [A/cm2]
FSC -0.71 2.30 · 10−8

Alclad -0.77 1.87 · 10−8

AA1050 -0.66 1.76 · 10−8

AA2024 -0.60 2.99 · 10−6
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Table 3.6 Open circuit potential and corrosion current values in 0.1 M NaCl of abraded samples.

Sample OCP vs SCE [V] Corrosion Current [A/cm2]
FSC -0.84 3.09 · 10−7

Alclad -0.88 3.40 · 10−7

AA1050 -0.81 3.31 · 10−7

AA2024 -0.58 4.87 · 10−6

3.6 Discussion

Cladding experiments were performed with two different tool designs (configura-
tions 1 and 2). In both cases the deposition of an AA1050 clad layer onto an AA2024
substrate was possible. Therefore, it is not a prerequisite to make contact between
the rotating tool and the substrate to generate sufficient heat in the way as studied in
Chapter 2 for the material combination employed here.

Comparing both tool designs, configuration 2 with a central opening was more
successful than configuration 1 with two off-centred openings. For configuration 1,
clad material was able to move easily away from under the tool at relatively large tool
gaps. Apparently, the clad material was unable to stick to the substrate while being
pressed out of both tool openings. These results suggest that bonding only takes
place if the locally occurring temperature and pressure exceed certain minimum
values. The effects of force and temperature on the cladding results are shown in
Figures 3.5 to 3.7. This is in line with the literature [10, 11].

At larger tool gaps, the clad material touching the substrate wears off easily and
its debris moves away due to the rotating action of the tool. At small tool gaps the
supply rate is large enough to fill up the volume present between the tool and the
substrate. Subsequently, pressure and temperature build up, allowing bonding of the
clad layer to the substrate to take place.

The design of configuration 2 with a central opening is less sensitive to the tool
height. There are two contributions which positively affect the cladding behaviour of
configuration 2. The first contribution is that the clad material does not flow easily
away from under the tool, because it is deposited from the centre of the tool and
not near the outer edge. The second contribution is that more clad material was
deposited per unit time for configuration 2 as the deposited volume is twice that of
configuration 1 for the same clad rate feed. In this way sufficient pressure and heat
can be generated to support the bonding of the clad material.

The results of the experiments of configuration 2 also suggest that there is a
certain maximum value to the temperature to assure defect (gap) free clad layers.
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Temperatures between 415◦C and 450◦C were measured in the tool during the
experiments when gaps occurred. The location of the thermocouple in the tool is
at a small distance from the tool bottom and therefore, the true temperature at the
clad layer/substrate interface might be even higher.

A possible explanation for the occurrence of gaps might be that some clad material
under the tool sticks to the tool rather than to the substrate under these conditions.
It is known from the literature that slippage between AA2024 substrate and a tool of
steel occurs during friction stir spot welding at temperatures above 490◦C [12–14]. At
these high temperatures there is spontaneous local melting of second-phase particles
in the AA2024 and it was suggested that melting promoted grain boundary sliding
in the stir zone of friction stir spot welds [13]. The grain boundary sliding during
friction stir spot welding of AA2024 was also observed at an even lower temperature
of 439◦C, which is below the second-phase particles’ melting temperature [15]. This
effect possibly causes the clad material to slide at the AA2024/AA1050 interface at
elevated temperatures and to cause the formation of gaps within the clad layers.

From the hardness values in the substrate material close to the cladded regions
it becomes clear that the strength of the AA2024 is considerably reduced after the
cladding treatments. The high temperature of the cladding process causes changes
in the size and distribution of the strengthening precipitates [16]. If the material
properties of the substrate need to remain unaltered, constraints must be set to the
temperature development during the cladding process, depending on the kinetics of
the precipitate growth and dissolution processes of the substrate material considered.

Most experiments performed with configuration 2 show maximum temperatures
above 415◦C except for the one performed at a relatively low rotation rate of 450 rpm
(experiment 16), where the maximum temperature did not exceed 380◦C. A further
decrease of the rotation speed could lower the maximum temperature in the substrate
during the FSC process to a value low enough to prevent changes in the precipitate’s
morphology, preventing the weakening of the substrate. It was demonstrated in work
on the friction stir welding process that a short elevation of the temperature from
room temperature to 300 ◦C and back may not decrease the strength of AA2024 [16].
Therefore, in this case the thermomechanical response of the substrate also sets limits
to the maximum allowable temperature occurring during the FSC process. More
(future) research is required here, but an outlook of the possibilities might be given
by experiment 2 (employing configuration 1) where the maximum temperature is
below 250◦C, yet the produced clad material substrate interface seems to be of good
quality and the substrate shows no deterioration of its mechanical properties.

Decreasing the amount of heat generated during the FSC process to obtain a process
temperature below the temperature limits suggested above, means in general an
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increase of the strength of the clad material. In turn, it is likely that the tool force
increases, assuming a constant clad material supply rate.

However, at first sight, a smaller tool force at higher temperatures was not
demonstrated when comparing the results of experiments 14 and 16: smaller tool
forces were measured at lower tool temperatures. Both experiments mainly differ
in the rotation rate, as the clad material supply rate and the translation speed were
comparable. During the first phase of experiment 14 the measured temperature in
the tool is still below 400◦C and the clad layers show no surface gaps. However, as
soon as the tool temperature is above 415◦C the surface quality deteriorates and gaps
are formed. Also, the width of the deposited clad layer has increased.

A possible explanation for the increasing temperature, forces and clad layer width
is that the distance between the tool and the substrate has decreased. From Figure
3.17 it is clear that the tool force strongly increases as soon as the tool substrate
distance h0 decreases. Also, the increase in the width can be explained in this way.
Yet, in experiment 14 the distance h0 was kept constant. An alternative explanation
is the following. As already suggested above, at relatively high tool temperatures
(above 415◦C) part of the clad material may stick to the tool which is related to the
creation of the surface gaps. If this is indeed the case, then the clad material that
sticks to the tool may also retard the motion of the other clad material moving from
the central supply opening to the edge of the tool. As the supplied clad material still
has to find its way to the edge of the tool to maintain the supply rate prescribed,
the tool needs to move upwards to generate sufficient room. In other words: the gap
between the tool bottom covered partly with clad material and the substrate increases
and, in turn, the tool force increases as well.

For experiment 16 the rotation rate is low enough for the tool temperature to never
exceed a value of 415◦C. At these temperatures the clad material prefers to adhere
to the substrate and a high quality clad layer is formed. Experiments 14 and 16
therefore seem to exemplify two cases from two different cladding regimes: the low
temperature cladding regime where gap free cladding layers are manufactured and
the high temperature cladding regime associated with insufficient strength of the
substrate material to adhere to the clad material leading to surface gaps.

3.7 Conclusions

The friction surface cladding (FSC) process was investigated for two different
configurations/designs without direct contact between the tool and the substrate
during cladding. For both designs an AA1050 clad layer was deposited on an
AA2024-T3 substrate without deforming the substrate on a large scale. It was
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demonstrated that a continuous clad layer enhances the corrosion properties of the
AA2024 substrate similarly to Alclad 2024.

1. It has also been shown that the tool design has a major influence on the
generation and quality of the clad layer. The FSC tool with a central opening
was more successful in depositing clad layers than the one with two openings
positioned some distance from the tool centre line. Supply of clad material
from a central opening of the tool directly leads to the build-up of pressure and
temperature between the tool and the substrate, leading to softening, lateral
spreading and bonding of the clad material. For the tool with the off-centred
openings, the clad material wears off too easily preventing the build-up of
sufficient pressure and temperature except for relatively small tool-substrate
distances.

2. The thickness of the clad layer does not equal the prescribed distance between
the tool bottom and the substrate. The tool was pushed up relative to
the substrate during the deposition of a clad layer. Therefore, it is not
straightforward to predict the final thickness and width of the clad layer a priori
for the given setup.

3. Clad layers deposited at relatively high temperatures contain defects that may
be associated with loss of strength of the substrate and with adhesion of the soft
clad material to the tool rather than to the substrate. More work is required to
understand this phenomenon.

4. A significant reduction in strength occurs for the substrate material due to the
high temperatures occurring during the FSC process causing changes in the
size and distribution of the strengthening precipitates. Given the tool design
and required clad layer dimensions, decreasing the tool rotation rate seems to
be a promising approach.
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Chapter 4

Bond strength development during
solid state welding of AA1050 to
AA2024

4.1 Introduction

Solid state welding of metals deals with the joining of metals by forming a bond
between them at a temperature which is below their liquidus temperature. The
strength and stiffness of the material remain relatively high during welding in
this case, because the material does not melt near the bond. The term ’pressure
welding’ is often used as a synonym for solid state welding since almost all solid
state welding processes require pressure [1, 2]. Typical examples of such processes
are roll welding, lap welding, explosive welding, extrusion seam welding and
extrusion charge welding. Other typical examples where apart from pressure also
the development of shear stresses is prominent during welding are inertia welding,
cut welding [3], friction surfacing [4, 5], friction stir welding [6, 7] and friction surface
cladding (FSC). The shear stresses arise when there is large relative motion between
the workpieces.

The film of oxides and contaminants on metal surfaces prevents workpieces from
bonding spontaneously when being brought into close contact. Most metals react
with atmospheric oxygen to form oxide films, which generally reach a limiting
thickness in the range of 2 - 10 nm at room temperature. The thickness depends
on the metal or alloy and can even be enhanced by anodizing the surface layer [1].
When the film at the interface is broken up, the workpieces can bond locally by
forming metallic bonds between them. It was suggested for aluminium that the
brittleness of its oxide layer with a Vickers Hardness (HV) of 1800 is responsible for
easily breaking up of layer [1] and that it is therefore eminently suitable for friction
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welding.

All the aforementioned welding processes are intended to make a high strength
metallic bond between the workpieces by breaking up the oxide films and contami-
nants. A weld with a reduced quality can typically be characterized by the formation
of ’kissing bonds’ or by a strength reduction of the workpiece materials [8]. For
a ’kissing bond’ the opposing interfaces do not fully bond, which reduces the static
and dynamic strength of the weld [9]. A strength reduction of the workpiece material
occurs, for example, during overheating of the AA2000 and AA7000 series, which
causes coarsening/dissolution of the strengthening precipitates [10]. Overheating
occurs because of an excess of heat generated caused by, for example, friction due
to relative movement between the workpieces or because of mechanical deformation
of the workpieces. The occurrence of kissing bonds and the strength reduction by
overheating should be limited/avoided to obtain high quality welds.

FSC is a process where proper bonds are intended to be produced between clad
material and substrate material. Heat is generated by, among other things, the clad
material which slides over the substrate. In this case, a force is required to move
them relatively to each other and the heat generation is proportional to this traction
force multiplied by the sliding velocity. The development of metallic bonds between
the clad material and substrate during the sliding movement affects the traction
force. Models which correctly describe this development of traction can be used for
predicting the generated heat at the contact surface during the process and as such
the temperature distribution of the substrate and the clad layer. The development of
the traction force is therefore investigated in this work together with the final bond
strength.

Solid state welding experiments are presented in this chapter, which were performed
to investigate the bonding development during sliding of AA2024-T351 over AA1050-
O using the friction tester of Widerøe [11, 12]. Experiments were performed at
temperatures between 150◦C and 350◦C, at various applied pressures below the
yield strength of AA1050 and at different sliding distances. A short elevation of
the temperature from room temperature to these temperatures and back might not
decrease the strength of the AA2024 [13].

Section 4.2 provides a brief overview of the literature about the development of
bonding during solid state welding. Section 4.3 explains the experimental setup
and how the experiments were performed. Next, the expected behaviour of the
shear stresses during the experiment is explained in Section 4.4. In Section 4.5 the
experimental results to determine the shear stress development are presented. The
characterization of the bond development is presented in Section 4.6. Section 4.7
provides the discussion and this chapter ends with conclusions in Section 4.8.
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4.2 Solid state welding of aluminium

Four basic factors are considered by Tylecote [1] to obtain bonding between two
surfaces when being brought together, i.e. 1) interatomic attractive forces, 2)
deformation processes, 3) surface films and contaminants, and 4) the effect of
pressure and diffusional processes on the weld. These factors are influenced by,
for example, temperature and compressive forces, but also by the initial surface
roughness and the oxide layer thickness.

It is not straightforward to distinguish the influence of each factor on the formation
of interface bonds. However, work performed on solid state welding presented in the
literature can provide suggestions about how these bonds can be produced without
knowing the influence of each factor. These results are summarized first in this
section. Next, it is investigated how the magnitude of shear stresses due to friction
during solid state welding can be described by models.

4.2.1 Bonding phenomena

Many works regarding solid state welding investigated the welding process by
applying pressure on aluminium workpieces without relative sliding [1, 14–20].
Bay [18] explained the mechanism for producing a bond as follows. The surface
film on top of the abutting workpieces consists of an oxide layer in the order of 10
nm thick next to a contaminant film, consisting of water vapour, grease and gases,
that is about 3 nm thick. Both layers need to be broken up in order to extrude
the aluminium through the cracks of the cover layers and establish real contact and
coalescence between the base materials. The cover layers are broken up by expanding
the surface areas at the interface due to large bulk deformation of the workpieces.
Therefore, a model based on the surface expansion was developed for predicting the
bond strength.

Holmes [1, 21] found that stronger welds are obtained when two workpieces slide
over each other and form a bond. Bonds were produced in his experimental setup
using a two-step approach; two workpieces under compression slid over each other
first. Subsequently, they were further deformed under compression without the
sliding movement. The load to break the bond of the workpieces after welding was
measured. Relatively high breaking loads were already measured for experiments
after the sliding step without deforming the workpieces further during the second
step. The breaking load only increased further if much additional deformation was
applied during the second step. The total deformation for improving the weld quality
during the second step was almost equal to the deformation which was required for
producing a bond between the workpieces without sliding. These results show that
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sliding significantly increases the bond quality. Moreover, measurements showed
that the breaking load increased for longer sliding distances. It was suggested that
the sliding movement brings the contacting surfaces closer to each other, in the order
of the atomic range over its full surface. Interfacial voids are more easily filled by
sliding instead of only pressing. Holmes does not postulate a model to describe the
bond strength development during solid state shear welding.

Andreasen [22] and Pranch [23] found that the production of strong welds is possible
between aluminium-aluminium and copper-copper employing a sliding movement at
relatively low normal pressures. Two similar materials were made to slide over each
other with a normal pressure below the yield stress of the material and subsequently
the bonding strength was determined. Andreasen [22] showed that the bonding
strength was found to be stronger than the yield strength of the material. The strength
of the bond increased up to a maximum for an optimum sliding distance.

Other works regarding solid state welding [9, 24, 25] suggested that proper metallic
bonds were prohibited when oxide layers at the original surfaces break up insuffi-
ciently. Such a bond may have detrimental effects on the fatigue life and the structural
strength depending on the size and position of the weld in the product [9]. Research
by Den Bakker [26] on extrusion weld seams showed that the static mechanical
properties of longitudinal weld seams for certain aluminium alloys show different
behaviour than dynamic ones. Tensile, Charpy and fatigue tests were performed to
characterize the properties of extrusions of three different aluminium alloys: AA6060,
AA6082 and AA7020. The static strengths of all three alloys were almost unaffected
by the presence of a weld seam, whereas the fatigue properties of the welds were
significantly reduced for AA7020 and less reduced for AA6060 and AA6082.

Den Bakker [27] showed that the ductility of the weld seam is a good criterion for the
weld quality. Den Bakker [28] performed mechanical characterization of the samples
by means of tensile tests. The results of the tensile tests were transformed into a
modified version of the ductility indicator originally developed by Schleich et al. [29].
It was concluded that a predictive tool for weld-seam quality must incorporate the
evolutionary microstructural response of the alloy in question, the interfacial pressure
and the material flow behaviour at the weld seam.

At this stage to the current knowledge of the author there is no model available
which describes the bond strength development during compressive shear conditions
for different ranges of pressures and temperatures.
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4.2.2 Description of friction

The shear stress due to friction at the interface of two contacting bodies is often
described by Coulomb’s friction law. It relates the shear stress τ linearly to the
applied pressure p using a friction coefficient µ: τ = µp. However, at high pressures
the shear stress depends on the material’s shear strength κ. Tresca related the shear
stress due to friction to the material’s shear strength with a friction factor m: τ = mκ,
known as Tresca’s law, where 0 ≤ m ≤ 1. A combination of the two models was
suggested by Orowan [30]. Wanheim and Bay introduced a friction model [31, 32]
for metal forming which provides a smooth transition between a friction model with
a constant Coulomb’s friction coefficient at lower forming loads to a friction factor
model which depends on the material strength at higher forming loads. The model
suggests that the Coulomb’s law holds at relatively low applied pressures [33] which
are below the yield strength of the material. The friction is then linearly proportional
to the applied pressure employing a constant friction coefficient.

Several handbooks for mechanical engineers provide a constant value for the friction
coefficient of aluminium to aluminium; for an AA6061-T6 flat surface sliding on
another flat surface of AA6061-T6 the static and dynamic friction coefficients in air at
room temperature are 0.42 and 0.34 [34–36], respectively. For a dry aluminium plate
sliding on an inclined aluminium plate a static friction coefficient was measured
of 0.57 [34–36]. Clean 99% pure aluminium in helium gas has a static friction
coefficient of 1.62 and 1.60 at respectively 80K and 300K [35]. Also, other static
friction coefficients of 1.05 and 1.9 [35] and 1.35 [37] were presented. In Avallone [38],
dry static and dry dynamic friction coefficients are presented respectively of 1.05
and 1.4. The large variation in reported friction coefficients indicates that a constant
friction coefficient might not be applicable to describe the friction behaviour during
solid state welding of aluminium to aluminium.

It is expected, based on the cold welding behaviour of aluminium, that the magnitude
of friction increases relatively fast from the start of the sliding movement. Its value
is eventually limited by the material strength when an interface bond is formed. A
distinction is made in this chapter between an initial friction coefficient µ0 at the start
of the experiment before bonding has occurred and the evolution of an apparent-
friction coefficient µ during solid state welding. The initial friction coefficient is
expected to be close to the static or dynamic friction coefficient at the start of the
experiment.

The apparent friction coefficient µ is expected to be a combination of ploughing
friction and adhesive friction as described by Mróz [39]. In his work, a dual asperity
model was developed to describe the tool-workpiece interaction associated with
friction forces due to cohesive bonds and ploughing of hard particles. The combined
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effect of adhesive and ploughing friction is accounted for by assuming different
length scales of interacting asperities of workpiece and tool.

4.3 Experimental setup and procedure

Experiments were performed on a torsion friction tester designed by Widerøe [11, 12],
see Figure 4.1. The middle section, indicated by numbers 3, 7 and 9, was adapted
as indicated in Figure 4.2(a) to perform bonding experiments. An AA1050-O disc
is positioned between two AA2024-T351 parts, a steel pin keeps the three parts
concentrically aligned and the two H13 steel blocks are connected to the friction tester.
The parts were compressed and heated as illustrated in Figure 4.2(b). Subsequently, a
rotation was simultaneously applied to the lower steel block during the experiments
and the higher steel block was fixed.

Figure 4.1 Section view of the combined pressure and torsion machine showing construction details
and movements. 1) Motor + gear box, 2) lower die holder, 3) lower die, 4) middle plate, 5)
connection to hydraulic vertical actuator, 6) top die holder, 7) top die, 8) lever arm, 9) die
chamber, 10) induction ring [12].

The configuration has been designed to represent a situation which resembles the
FSC process. In both cases, a thin layer of AA1050 is under compression between two
surfaces which are much stronger than the AA1050 material and one of the surfaces
is rotating. Eventually, the AA1050 material bonds to the AA2024 material. The
aluminium slides continuously over the same surface in the current setup. In this
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Figure 4.2 Schematic representation of the middle section of the experimental setup.

way it is expected that the oxide layer at the AA1050/AA2024 interfaces gradually
breaks up. A rotation speed of 10 rpm was used during the bonding experiments.
This value is lower than a typical rotation speed of 600 rpm for FSC, but a lower
rotation speed prevents the disc’s temperature from increasing strongly during the
experiments and, furthermore, it allows better control of the rotation angle.

4.3.1 Aluminium specimens

The AA1050 discs were produced from a 2.0 mm thick rolled plate with a protection
foil to guarantee a scratch-free surface. Circular discs were cut from the plate with
a radius somewhat larger than the intended value of 14 mm. A hole of 6 mm
diameter was drilled in the centre and the outer radius was reduced to exactly 14
mm employing a turning operation. The AA2024 parts were machined from a 50
mm diameter rod. The surface contacting the AA1050 in the experiment was milled
with an upper limit of 0.01 mm for its flatness and with a roughness value between
0.8 and 1.6 Ra (µm). The stationary upper part contains space for 2 thermocouples
located at opposite sides of the centre line of the setup at a radius of 8 mm and 2.4
mm above the bottom of the AA2024 part that comes into contact with the AA1050
disc, see Figure 4.2(c).

The roughness of the AA2024 and AA1050 surfaces contacting each other was
determined by confocal microscopy. A representative area for the height distribution
of roughly 0.2 mm by 0.25 mm is shown in Figures 4.3(a) and 4.3(b) for AA2024
and AA1050, respectively. The height distribution presented in Figure 4.3(a) clearly
shows the milling pattern of the AA2024 surface which contacts the AA1050 disc.
The height profiles along the straight lines are presented in Figure 4.3(c). It shows
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(c) Height profile along the straight solid lines indicated in Figures 4.3(a) and 4.3(b).

Figure 4.3 Height profile of the AA2024 and AA1050 surfaces before the start of an experiment.

that the milling pattern repeats roughly every 0.12 mm and that the AA1050 surface
is smoother than that of AA2024.

4.3.2 Material properties

The AA1050-O discs have a yield strength of 20 MPa at room temperature, which
is significantly lower than the yield strength of AA2024-T351 which is typically
310 MPa. Therefore, it is expected that the AA2024 deforms only elastically on
a macroscopic scale during the experiments. The strength of AA1050 at elevated
temperatures was not available in the literature to the author’s knowledge. It can
be estimated by scaling it to the material properties of AA1060-O as determined
by Kaufman [40], because this material is similar to AA1050. The estimated yield
strength from room temperature up to 400◦C is shown in Figure 4.4.

4.3.3 Experimental procedure

The experiment started by removing the protective foils from both sides of the
AA1050 disc and by cleaning all aluminium parts with ethanol. Next, the parts
were assembled in the testing machine and a normal load was applied to the setup,
see Figure 4.2(b). This normal load was set constant using a force-displacement
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Figure 4.4 Yield strength of AA1050-O as a function of temperature. The yield strength of AA1050-O
is scaled with data of AA1060-O from Kaufman [40].

controller and it resulted in an average pressure pavg applied to the AA1050 disc.
This average pressure ranges from 2 MPa to 15 MPa for the different temperatures
selected, as shown in Figure 4.5 which summarizes all experimental settings. Next,
the heater was switched on in order to reach a temperature of maximum 10◦C above
the required temperature of the experiment. The sample cooled down after switching
off the heater and as soon as the desired temperature was reached, the upper sample
rotated at 10 rpm to a rotation angle Θ. Finally, the normal load was removed and the
samples were taken out of the tester to cool down to room temperature. The torque,
displacement in thickness direction, temperature and normal force were all recorded
during the experiment.

The temperature at the interface increases during the experiment as a result of
the heat produced from friction at the AA1050-AA2024 interface. The temperature
increase near the interface is estimated by determining the heat generation at the
interface together with the heat conduction away from the interface into the bulk
of the aluminium samples. It was estimated using the 1D heat equation that the
temperature increases roughly 7◦C per half a revolution (i.e. 180◦) at the outer
radius of the interface. This half of a revolution corresponds with the rotation angle
applied in most experiments. The order of magnitude of the temperature increase
was confirmed by measurements of the thermocouples during the experiments.

4.3.4 Bond quality determination

Tensile specimens as shown in Figure 4.6(a) were produced from the bonding samples
using electrical discharge machining. Six specimens were taken out of one sample at
different locations, see Figure 4.6(b). The specimens from different radii can be used
to investigate the influence of the sliding path length on the bond strength. This path
length represents the relative movement between an AA2024 part and the AA1050
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Figure 4.5 Performed experiments at different temperatures and applied pressures. The obtained
maximum rotation angles Θ are indicated in the figures.

disc at their contacting surface. Moreover, two tensile specimens at opposite sides of
the centre line were produced for each path length per experiment which duplicates
the specimens. Other tensile specimens were produced from as-received AA1050-O
with the same shape as shown in Figure 4.6, but with a thickness of 2.0 mm. These
tensile specimens were used as reference measurements.

The surfaces of AA2024 and AA1050 at the interface were examined for different
experiments by scanning electron microscopy (SEM) to investigate the development
of the interface deformation. This was possible for samples of experiments where no
bonding occurred locally or where the bond was broken during the tensile tests.

4.4 Expected shear stress at the interface

Initially, the AA1050 discs were loaded under compression with a stress below the
yield strength of the disc such that the disc does not deform plastically. No strong
connection is formed between the different parts through bonding at this stage.
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Figure 4.6 Schematic representation of the tensile specimens; all units are in mm.

Subsequently, shear stresses arise during the rotation phase as a result of friction and
the stress state in the disc changes to shear under compression. It is expected that for
some process conditions sufficiently high stresses initiate yielding in a macroscopic
fashion and the disc starts to deform plastically. In this case the dimensions of the
disc change overall and there is material flow in the radial direction which decreases
the disc’s thickness and increases its diameter.

According to literature data, bonding may occur when there is enough plastic
deformation of the disc in a macroscopic fashion [1, 14–20]. This bonding is expected
to cause an increase of the shear stress during the experiment. However, it was
also suggested that bonding can occur without plastic deformation in a macroscopic
fashion [1, 21]. In this case, there is only plastic deformation at the AA2024/AA1050
interface which also increases the shear stress. The shear stress development may
thus be explained with either local plastic deformation at the interface and/or also
with overall plastic deformation of the AA1050 disc.

The torque measured at different rotation angles Θ during an experiment is a
measure for the development of the shear stress at the interface. It follows from
integrating the shear stress τ over the disc according to:

M(Θ) =
∫ Ro

Ri

2πr2τ(r, Θ)dr, (4.1)

where it is assumed that the friction between the central pin and the specimen is
neglected. Furthermore, Ro and Ri are the outer radius and inner radius of the disc,
respectively. The shear stress is expected to be a function of r, because the sliding
distance for a given rotation angle Θ depends on r. A faster development of the shear
stress is expected at larger radii. The shear stress development is limited, for example,
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by the maximum allowable friction at the interface or by the material strength. These
two limitations of the shear stress are described first. Next, the expected torque is
discussed.

4.4.1 Shear stress limitation by friction

It was suggested that the maximum possible shear stress at the interface due
to friction τf,max is linearly proportional to the pressure at relatively low applied
pressures below the yield strength of the disc [31]. This relation is described
according to Coulomb’s friction law:

τf,max = µp, (4.2)

where µ is the friction coefficient and p the applied pressure. The friction coefficient at
the start of the experiment before the disc is welded to the AA2024 parts is denoted
µ0. It corresponds to a friction coefficient for an interface that is not significantly
deformed and where no bonding occurred.

The shear stress τf,max at the start of the experiment, corresponding to µ0p, is plotted
by the solid line in Figure 4.7. Here, the horizontal axis represents the applied
pressure and the vertical axis represents the shear stress. In general, shear stresses
at the interface are expected to be equal to or below the solid line at the start of an
experiment. However, higher shear stresses are expected when the friction coefficient
increases as a result of local plastic deformation at the interface or global plastic
deformation of the AA1050 disc during rotation. This behaviour is represented by
the dashed lines.

4.4.2 Shear stress limitation by the material strength

The AA1050 disc deforms first elastically up to a torque where the disc starts to yield.
The elastic angle of twist φe for a torque M is approximated with the linear elastic
torsion equation of a circular tube [41] in pure shear:

φe =
2 M hd

Gπ
(

R4
o − R4

i
) , (4.3)

where G is the shear modulus for aluminium and hd is the thickness of the disc,
respectively. These two parameters are 26 GPa and 2 mm, respectively, and Ro and
Ri equal 14 mm and 3 mm for the disc of the setup, respectively. The torque M
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Figure 4.7 Maximum allowable shear stress at the interface τf,max described by Coulomb’s friction law.
The line with gradient µ0 corresponds to the friction at the start of an experiment. The
increase of friction is plotted by the dashed lines.

equals typically 40 Nm before the disc starts to deform plastically in pure shear at
200◦C. It results in an elastic twist angle smaller than 0.005◦, which is significantly
smaller than the applied rotation angles during the experiment as indicated in Figure
4.5. Plastic deformation may thus start after very small values of the rotation angle Θ.

The onset of plastic deformation is obtained from the von Mises yield criterion.
Plastic deformation occurs as soon as the von Mises stress σVM surpasses the yield
stress which is a function of temperature σY(T). In the case of a compressed disc
under torsion the yield criterion holds:

σ2
VM = p2 + 3τ2. (4.4)

The shear stress τYS required for plastic deformation when material is under
compression is determined by substitution of the yield stress into the von Mises
yield criterion:

τYS =

√
σ2

Y − p2

3
, (4.5)

where the yield stress in pure shear τY = σY/
√

3 follows from the case of p = 0.

The von Mises yield criterion is presented in Figure 4.8 for AA1050 at 200◦C. The
horizontal axis represents the applied pressure and the vertical axis represents the
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shear stress. The curved solid line represents the maximum shear stress which is
expected without plastic deformation of the material. Stress states inside the yield
envelope correspond to an elastic deformation of the material, whereas a stress state
outside the yield envelope corresponds to plastic deformation. When no applied
pressure is present, p = 0, τ should be larger than σY/

√
3 for plastic deformation

and in the case of no rotation, τ = 0, p should be larger than σY.
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Figure 4.8 Yield envelope of AA1050 at 200◦C illustrated with the solid curved line. The dashed lines
represent the yield envelopes after work hardening of the material.

Without work hardening there are no stress states outside the yield envelope. The
dashed lines in Figure 4.8 represent yield envelopes after work hardening of the
material. In this case σY increases and larger shear stresses can be expected. In
general, the amount of work hardening of the material determines the level of shear
stresses that may be expected.

4.4.3 Expected torque

The shear stresses are related to the measured torque following Equation (4.1) which
includes a radius dependency. The radius dependency is neglected here by assuming
that a constant nominal shear stress τnom occurred. This shear stress is representative
of the magnitude of the shear stresses at the interface. A nominal expected torque
Mnom depends on τnom after integration of Equation (4.1) following:

Mnom =
2
3

π
(

R3
o − R3

i

)
τnom, (4.6)

where it is assumed that the nominal shear stress at the AA1050/AA2024 interface
and the pressure pavg are constant over the entire surface. The shear stress limitations
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as described in Sections 4.4.1 and 4.4.2 set a limit to the nominal shear stress as
follows:

τnom = min

{
τf,max = µpavg,

τYS =

√
σ2

Y−p2
avg

3 .
(4.7)

These limitations are plotted in Figure 4.9 where the solid line represents the expected
nominal shear stress τnom as a function of the applied pressure pavg without strain
hardening. The figure shows that the shear stress is bounded by the Coulomb’s law
at pressures below a critical pressure pc, and it is bounded by the material strength at
higher pressures. Higher shear stresses are expected when either there is an increase
of the magnitude of friction and/or an increase of the material strength by work
hardening.
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Figure 4.9 Expected nominal shear stress at the interface, τnom.

The expected nominal torque following Equations (4.6) and (4.7) is plotted by the
solid line in Figure 4.10. The other two lines represent the torque limitation by friction
denoted by Mf and the torque limited by the material strength denoted as MYS. They
are expressed as:

Mf =
2
3

π
(

R3
o − R3

i

)
µpavg, (4.8)

and
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Figure 4.10 Maximum allowable shear stress at the interface τf,max described by Coulomb’s friction law.

MYS =
2
3

π
(

R3
o − R3

i

) √σ2
Y − p2

avg

3
. (4.9)

The torque when the disc yields in pure shear for pavg = 0 is denoted as MY:

MY =
2
3

π
(

R3
o − R3

i

) σY

3
. (4.10)

Four different regions indicated by A to D are visible in Figure 4.10. They are
distinguished from each other to describe the occurrence of work hardening and/or
the increase of friction for different torques at the given applied pressure.

The region A represents the expected torque from the start of the experiment. At
lower pressures below a critical pressure pc the expected torque is bound to the
maximum shear stress due to friction. This means that the occurring friction between
the AA2024 and AA1050 does not result in shear stresses above the von Mises
yield criterion. From the measured torque and the known applied pressure p the
effective value of the friction coefficient can then be determined following Equation
(4.8). The AA1050 disc between both AA2024 parts will not be plastically deformed
macroscopically and sliding of the Al disc over the surfaces of the AA2024 pieces
takes place. At pressures above pc the torque is bound to the yield strength of the
material.

The region B represents torques when there is only work hardening at the given
applied pressure. Work hardening of the disc is possible without exceeding the
maximum allowable friction τf,max as described by Coulomb’s law.
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The torques in region C when a relatively low pressure is applied represent a stress
state which follows after region A. This state with an increased friction coefficient is
possible due to sliding-induced changes at the AA1050/AA2024 interface.

The torques in region D are obtained when there is work hardening and an increase
of the friction coefficient.

4.5 Experimental results

The theory of Section 4.4 is investigated in this section by studying first the measured
torque development as a function of the rotation angle. Next, the yield criterion of
Equation (4.9) is tested on the results. Finally, the influence of temperature on the
development of shear stresses is investigated.

4.5.1 Measured torque plotted against rotation angle

The developments of the measured torques as a function of the rotation angle are
plotted for a selection of different rotation angles, temperatures and pressures in
Figures 4.11 and 4.12. The measured torques are plotted with solid lines and the
total rotation angle is indicated in the legend. It is clear that the torque M increases
quickly at the start of the experiment and it increases more slowly after some rotation
angle. Finally, it levels off to a constant value in most cases.

The dot-dashed lines represent the yield torque MYS according to Equation (4.9)
and the dashed lines represent the torque Mf according to Equation (4.8) where the
friction coefficients are indicated in the legend. The magnitude of the torque increases
quickly through the yield line and friction line. Therefore, the figures show that the
torque is not limited by a torque corresponding to an initial friction coefficient µ0
nor to the yield strength of the material as will be discussed in this section. There is
no clear change of the torque increase visible when the magnitude of the measured
torque crosses the yield torque MYS, although it is known that overall deformation of
the disc may result in better bonds and thus larger shear stresses [1, 21].

Experiments at 200◦C

Figure 4.11(a), with a detailed view of smaller rotation angles in Figure 4.11(b), shows
the results of experiments which were performed at relatively small rotation angles,
at a pressure of 2.2 MPa and at a temperature of 200◦C. These experiments are used
to estimate the friction coefficient µ0.
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(b) pavg = 2.2 MPa (zoom).
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(c) pavg = 4.3 MPa.
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(d) pavg = 6.4 MPa.
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(e) pavg = 8.6 MPa.
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Figure 4.11 Torque increase plotted against the rotation angle for 200◦C at different pressures (series 1).
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(a) 150◦C, pavg = 10.8 MPa, part of series 2.
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(b) 150◦C, pavg = 12.9 MPa, part of series 2.
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(c) 250◦C, pavg = 2.2 MPa, part of series 3.
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(d) 250◦C, pavg = 8.6 MPa, part of series 3.
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(e) 300◦C, pavg = 2.1 MPa, part of series 4.
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(f) 350◦C, pavg = 2.1 MPa, part of series 5.

Figure 4.12 Torque increase plotted against the rotation angle for different temperatures and different
pressures (series 2, 3, 4).
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A minimum angle to bond the disc to the other parts was determined from these
experiments. There were no parts bonded for an angle of 2.2◦, two parts were
bonded to each other for an angle of 14◦ (i.e. one of the AA2024 parts to the AA1050
disc) and all three parts were bonded for 22◦. The interface deformed significantly
during this rotation as will be shown in this chapter. It caused an increase of the
friction coefficient. An estimation of the initial friction coefficient µ0 gives a value of
approximately 0.5 as indicated in the figure. This value is determined using Equation
(4.8) for the torque, which is measured before the three parts are bonded at 14◦.

The friction coefficient of 0.5 is also indicated in Figures 4.11(b) to 4.11(f) for
experiments with different applied pressures and rotation angles. The torque with a
friction coefficient of 0.5 seems in all cases close to a point where a deflection of the
torque increase is visible. This is most evidently visible in Figures 4.11(c) and 4.11(f).

Experiments at other temperatures

The typical behaviour of the development of the torque at 200◦C is also present
for experiments at different temperatures, as visible in Figure 4.12. However, the
initial friction coefficients µ0 seem to be, in this case, approximately 0.3 and 0.6
for respectively 150◦C and 250◦C. Insufficient experiments were performed at 300◦C
and 350◦C to estimate an initial friction coefficient, although it seems to be equal to
approximately 1.0.

Friction coefficient determination

All the maximum measured torques of the experiments are collected in Figure 4.13
where the applied pressures and temperatures are indicated. The maximum apparent
friction coefficient from these experiments can be calculated following Equation (4.8)
and they are plotted in Figure 4.14. The figure shows that the maximum apparent
friction coefficient is strongly dependent on pressure and reaches values from 1 up
to more than 4.

4.5.2 Determination of plastic deformation.

The yield criterion described by Equation (4.9) estimates the maximum expected
shear stress when no plastic deformation of the disc occurred in a macroscopic
fashion. It is investigated in this section whether the yield criterion holds for the
experiments. The discs were inspected on plastic deformation after the experiment
by measuring whether the radius of the disc increased. An increase of the radius
proves that plastic deformation has occurred during the experiment. It is validated
whether the yield criterion of Equation (4.9) estimates the plastic deformation of the
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disc due to a torque together with an applied pressure well.

Figure 4.15 presents the maximum developed torques of experiments which were
all performed at 200◦C, but at different applied pressures and rotation angles. The
circles and squares show which of the samples were elastically deformed and those
which were plastically deformed, respectively. Furthermore, the yield torque MYS is
presented together with the friction torque Mf with a friction coefficient of 0.5. Figure
4.15 shows that the yield criterion as described by Equation (4.9) agrees well with the
deformation behaviour of the samples. All samples located within the yield envelope
did not yield, all samples outside the yield envelope did.

Figures 4.16(a) to 4.16(d) show similar plots for 150◦C, 250◦C, 300◦C and 350◦C,
respectively. These figures show that the results are in good agreement with the
prediction of plastic deformation by Equation (4.9). Moreover, the results show that
the measured torque compared to the yield torque is larger at higher temperatures
for relatively small applied pressures. This is clearly visible when comparing, for
example, the torques of the experiments performed at 200◦C and 350◦C . A torque
with a magnitude of roughly almost two and a half times its yield torque in pure
shear was reached after a rotation angle of 94◦ at a temperature of 350◦C and a
pressure of 2.1 MPa. However, values which approximately equal the yield torque
in pure shear were reached after roughly 193◦ of rotation at a temperature of 200◦C
and a pressure of 2.2 MPa. Similar behaviour is visible at relatively high applied
pressures when comparing the results of 150◦C and 250◦C.

Some discs deformed in a macroscopic fashion as shown in Figure 4.17. A section
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Figure 4.15 Maximum measured torques at 200◦C in the yielding envelope together with the performed
rotation angle of the experiment. Squares represent a yielded sample, circles a non-yielded
sample (series 1).

of the disc wrinkled perpendicular to the AA2024/AA1050 interface which caused
a higher applied pressure and a decrease in torque during an experiment. This
behaviour is clearly visible after a rotation of roughly 65◦ as shown in Figure 4.18,
where the torque and the average pressure are plotted against the rotation angle.
However, the average pressure on the interface was set constant using a force-
displacement controller. Therefore, an upward movement of the upper AA2024
sample was measured during this deformation mode as is shown in Figure 4.18.
This deformation mode occurred after the measured torque levelled off.

4.5.3 Influence of temperature

It was observed in section 4.5.2 that the measured torque is relatively larger at
elevated temperatures compared to the yield torque at the given temperature. This
effect is further investigated by plotting all the maximum torques of the experiments
as presented in Figure 4.19 together with the yield envelope indicated by MYS. The
horizontal axis of the figure represents the applied pressure scaled to the yield
strength of AA1050 at the performed temperature of the experiment. The vertical
axis of the figure represents the measured torque scaled to its yield torque in pure
shear at the performed temperature of the experiment. Regions indicated by the
dashed lines become clearly visible for the different temperatures. It shows indeed
that the torque divided by its yield torque is larger at elevated temperatures.
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(b) Series 3: 250◦C.
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Figure 4.16 Maximum measured torques at different temperatures and the yielding envelope together
with the associated rotation angle. Squares represent a yielded sample, circles a non-yielded
sample.

4.6 Bond development characterization

It was suggested that the deformation at the interface may explain the evolution of
the shear stresses and the development of bonds between the different parts [1, 9, 21–
25]. Therefore, the surface morphology development is examined in this section by
studying SEM images of both contacting surfaces. The bond strength determined by
carrying out tensile tests on the specially prepared tensile specimens is presented as
well.

4.6.1 Interface morphology

Figures 4.3(c) and 4.20(a) show the undeformed surface profile of AA2024 which
contacts the AA1050. The asperities shown in Figure 4.3(c) correspond to the light
curved lines from Figure 4.20(a). These relatively hard AA2024 asperities are easily
pressed into the soft AA1050 disc before a rotation is applied and it leaves a print
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(a) Front view. (b) Back view.

Figure 4.17 A buckled disc visible in the black rectangle after an experiment at 250◦C and an applied
pressure of 6.4 MPa.
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Figure 4.18 The torque, average pressure and displacement plotted against the rotation angle for the
experiment at 250◦C and an applied pressure of 6.4 MPa. The deformation mode as
presented in Figure 4.17 occurred for this experiment.

of the AA2024 surface profile in the disc. The imprint of the AA2024 surface profile,
which was retrieved locally on the AA1050 disc, is shown in Figure 4.20(b) for an
experiment with a relatively small rotation angle of 2.2◦.

The further development of the surface deformation of the AA1050 is shown in Figure
4.21. Scratches are produced on the surface of the disc by the hard AA2024 asperities,
see Figure 4.21(a), and eventually there are large deformations at the surface as shown
in Figure 4.21(b). In both figures it is also indicated in what direction the AA2024
part slid over the surface.

The surface morphology of the AA2024 side of the interface is shown in Figure 4.22.
The figure clearly shows the original surface morphology by the light curved lines
at some parts of the surface, but there is also material added at other places. These
results suggest that the hard AA2024 surface ploughed through the soft AA1050 and
AA1050 material bonded to the AA2024 material. It depends on the orientation of
the surface roughness how the AA1050 deformed at the interface. The AA1050 is
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Figure 4.19 An overview of the maximum measured torque per experiment scaled to the material
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Figure 4.20 Surface profile after a rotation of 2.2◦ at a pressure of 2 MPa and at 200 ◦C. The spatial
position of the image is indicated in the inset.

pushed in front of a wedge as shown in Figure 4.22(a) or moved along the grooves,
see Figure 4.22(b); such type of deformation behaviour was also observed during
galling [42, 43]. Short lumps of material form in front of asperities with an orientation
as shown in Figure 4.22(a) and long lumps of material form in front of asperities with
an orientation as shown in Figure 4.22(b).



92 Chapter 4. Bond strength development experiments

rotation 

AA2024

1 mm

(a) Experiment at 2.2 MPa, 200◦C after 14◦

rotation.

rotation 

AA2024

1 mm

(b) Experiment at 4.3 MPa, 250◦C and 177◦

rotation.

Figure 4.21 AA1050 surface roughness after an experiment together with the position indicated at the
parts.
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Figure 4.22 AA2024 surface roughness after an experiment with a broken bond: 4 MPa, 250 ◦C and
177◦ rotation. The position is indicated at the parts.

4.6.2 Bond strength

The AA1050 disc has two contacting surfaces with the AA2024 parts where a bond
can be produced; one at the upper side and one at the lower side of the disc. It was
observed that for most experiments the disc was connected with both AA2024 parts.
Tensile specimens were then produced from the connected parts at the locations as
indicated in Figure 4.6(b) to determine the quality of the bonds. However, there was
not necessarily bonding over the whole interface at both sides of the disc. For some
tensile specimens there was a connection at both interfaces (2-side bond) and the
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bonding strength can be determined. For others, there was only a connection on one
side (1-side bond) or no connection at either side (no bond) and no bonding strength
could be determined.

Typical results of the tensile tests of the 2-side bond specimens are shown in Figure
4.23. It shows the engineering stress σe plotted against the measured displacement
of the tensile tests. A fracture at one of the interfaces occurred after less than
0.1 mm displacement. Reference experiments with specimens of only AA1050-O
material showed severe plastic deformation after 43 MPa, with a maximum stress of
73 MPa and fracture beyond 3 mm, see Figure 4.24. The results of the bond quality
measurements for all experiments are summarized in Figures 4.25 and 4.26.
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Figure 4.23 Typical force-displacement
diagram of the performed
tensile tests of the joined
specimens.
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Figure 4.24 Force-displacement diagram
of the performed tensile tests
of the AA1050 specimen.

The results of the bond strength determination for experiments performed at 200◦C
are summarized in Figure 4.25. The horizontal axis represents the average applied
pressure and, also, the yield strength of AA1050 at 200◦C is indicated on this axis.
The vertical axis represents the average path length lavg for a tensile specimen position
at a specific radius r following lavg = 0.5rΘ, because the disc is expected to rotate
averagely at half the rotation speed of the upper AA2024 part. The squares in the
figure correspond to the 2-side bond specimens where the values behind the squares
represent the tensile strength in MPa. The dots and the diamonds correspond to
the 1-side bond and no bond, respectively. A trend is visible in the figure: that the
different symbols lie in three different regions. First, there is no proper bonding
possible at lower pressures or for small path lengths. Second, bonding is possible at
higher pressures and a maximum strength of 97 MPa was measured. Third, there
is a transition region between these two regions. It is clear that the bond strength
increases for higher pressures and/or larger path lengths in accordance with the
observations of Holmes [21], although the scatter of the results is relatively large.
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Figure 4.25 Characterization of the bonding strength (series 1: 200◦C). The vertical axis represents the
average path length following lavg = rΘ and the bond strength is indicated in MPa.

The same plots are presented for temperatures of 150◦C, 250◦C, 300◦C and 350◦C in
Figures 4.26(a) to 4.26(d), respectively. It is shown that bonding occurred for smaller
path lengths when a higher temperature was applied. This is most prominent for a
temperature of 350◦C as shown in Figure 4.26(d). In this case there is a relatively high
strength of 77 MPa present for a path length which is below 15 mm together with a
relatively low applied pressure. Such high bond strengths at relatively low applied
pressures and relatively small path lengths are not found in experiments performed
at other temperatures.

4.7 Discussion

The observed deformation behaviour at the AA1050/AA2024 interface has similar-
ities with the results of Rao [44]. Rao reported about three progressive stages of
mass disruption of the contacting surfaces during friction welding of two of the
same type of aluminium alloys, see Figure 4.27. There is interlocking of asperities
on opposite surfaces at the start of the relative motion. Subsequently, it causes
wedge formation behind strong adhesion-bonded interfaces with sub-layer flow
accommodation. Finally, there is smearing of the wedge. The evolution of shear
stresses between the surfaces is explained by the strong adhesion bonded interfaces
caused by the formation of wedges. This formation of wedges in front of adhesion
junctions was also demonstrated by Andreasen [22].

The interface deformations observed during the experiments presented in this
chapter differ from the interface deformations presented by Rao. Only one surface
deformed significantly in the current work instead of two. The change of the
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Figure 4.26 Characterization of the bonding strength for the experiments at different temperatures. The
vertical axes represent the average path length following lavg = rΘ and the bond strength
is indicated in MPa.

surface morphology based on the observations from SEM microscopy is schematically
presented in Figure 4.28. There is a non-deformed surface on both sides of the
interface as shown in Figure 4.28(a) before an experiment starts. Subsequently, the
hard AA2024 asperities are pressed into the soft AA1050 as shown in Figure 4.28(b),
which leaves an imprint of the asperities in the AA1050 surface. The AA1050 is
further deformed from the start of the experiment under the influence of the applied
normal force and the ploughing action of the AA2024 asperities, as illustrated in
Figure 4.28(c). Then, the AA1050 material is pushed in front of the AA2024 wedges
and there is also material transfer from the AA1050 surface to the AA2024 surface.
The increased loading causes the AA1050 asperities to shear off in front of the AA2024
asperities as indicated by the dashed line in Figure 4.28(d).
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Figure 4.27 Progressive stages of mass disruption of the surfaces during the evolution of traction
between the two surfaces [44].
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Figure 4.28 Progressive stages of the interface deformation during the evolution of traction between the
two surfaces.

The change of the surface morphology explains the development of the shear stresses
at the AA1050/AA2024 interfaces. Initially, the AA1050 material deforms rapidly at
its contacting surface when there is relative movement as illustrated by Figures 4.28(c)
and 4.28(d). The shear stresses increase then also rapidly and it was observed that the
shear stress levelled off to some maximum value which depends on the temperature
and the applied pressure. At that moment the AA1050 material is expected to shear
off under the asperities as indicated by the dashed line in Figure 4.28(d). The hard
asperities plunge deeper into the relatively soft material at higher applied pressures
or elevated temperatures and more deformation occurs at the AA1050/AA2024’s
interfaces. As a consequence, relatively high shear stresses are expected at the
interface due to the occurrence of adhesive friction [31] and the ploughing action
of the hard surface through the soft AA1050 [45, 46].



4.8. Conclusions 97

The results of the tensile tests might have provided more information about the rela-
tion between the bonding behaviour and the shear stresses at the AA1050/AA2024’s
interfaces. However, there was a large scatter in the results of the tensile tests and
therefore this relation was not further investigated. The origin of the scatter may be
related to (1) oxide layers at the AA1050/AA2024 interfaces not being well broken
up over the entire surface or to (2) the observed wrinkling effect of the discs.

The interface deformed so rapidly that the parts also bonded relatively fast, i.e.
within a small range of rotation angles. Therefore, it is not straightforward to
determine an initial friction coefficient with the current setup and process conditions.
The determined initial friction coefficients are considered to be rough estimations. A
lower applied pressure or lower rotation speed might show a more clear transition
from the initial friction coefficient to a higher apparent friction coefficient.

A model is required to describe the individual influences of the pressure, temperature
and path length on the maximum developed torque. This model should include the
non-linear relation of the shear stress with pressure and the relative fast development
of the shear stress due to the sliding movement at elevated temperatures. Moreover,
the shear stresses are not limited by the yield strength of the material as received, as
strain hardening occurs concomitantly.

4.8 Conclusions

Bonding experiments of AA1050-O on AA2024-T351 have been performed using
a dedicated setup which concomitantly compresses and concentrically rotates two
samples with respect to each other. In this way the development of the shear
resistance and the joining/welding behaviour in the solid state have been studied.
The experiments have been performed between 150◦C and 350◦C with a variety of
applied pressures, but the maximum pressure at each temperature was always below
the respective yield strength of AA1050. On the basis of the presented results, the
following conclusions can be drawn for the described setup and the used process
conditions:

1. The shear stress development at the AA2024/AA1050 interface can be explained
by the occurrence of local plastic deformation and material transfer. Initially, the
relatively hard AA2024 asperities are pressed into the relatively soft AA1050
surface which leaves an imprint at the compression stage of the experiments.
Next, the asperities plough through the surface of the AA1050 material during
the rotation stage and bonding occurs at the interface. Transfer of AA1050
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material to the AA2024 side of the interface occurs, building up the interface
strength.

2. The maximum obtainable shear stress at the AA1050-AA2024 interface strongly
depends on the temperature and the pressure applied during the experiments.
The interface strength increases with applied pressure and temperature. During
the experiments strong work hardening takes place. The shear stresses at the
AA1050/AA2024 interface obtained during the bonding experiments are up to
three times the value of the yield stress of AA1050 in pure shear at the start
of the experiment. The contribution of work hardening is larger at higher
temperatures. A trend is visible: that bonding occurs at a smaller relative
displacement when higher pressures and/or temperatures are applied.

3. The maximum obtained shear stress during the experiments was found to be
non-linearly proportional to the applied pressure. Therefore, the Coulomb’s
friction law does not describe the shear force resistance during the solid state
welding using one, constant friction coefficient. Effective friction coefficients
typically ranging from 1 up to 4 were found during the experiments, depending
on pressure and temperature.
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Chapter 5

A friction model for AA1050 sliding
over AA2024

5.1 Introduction

Experiments to study the bonding behaviour during friction welding of two alu-
minium alloys were presented in Chapter 4. A part made of the relatively hard
aluminium alloy AA2024-T351 was pressed onto commercially pure AA1050 in the
form of a disc. Subsequently, they were forced to slide over each other when the parts
rotated relatively at different applied pressures, temperatures and for different sliding
distances. Eventually, a bond was produced at the interface for most experiments
when the sliding movement stopped. It was demonstrated that the shear stress
required to slide the AA2024 over the AA1050 cannot be described with Coulomb’s
friction law using a constant friction coefficient. A different model needs to be used
to describe, for example, the relation observed between the magnitude of the shear
stress and the pressure. It was shown that the shear stress increased up to a certain
maximum during sliding and that the maximum shear stress increased non-linearly
with the applied pressure. Furthermore, the shear stress was relatively higher at
elevated temperatures for a constant applied pressure when taking into account the
material strength of AA1050 at elevated temperatures.

The AA1050 surface at the interface deformed significantly during the sliding
movement due to the ploughing action of the relatively hard and rough AA2024
surface. Rubenstein [1] suggested that the ploughing action contributes to an
additional component of friction next to the adhesive friction described by Bowden
[2]. However, it is not straightforward to describe the friction due to the high
complexity of the phenomena taking place at the interface. Mróz, [3] developed
a friction model which describes the combined effect of adhesive and ploughing
friction. The model is based on two micro-mechanical models: the adhesive friction

101
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model of Wanheim [4–6] and the ploughing friction model of Avitzur [7, 8]. It was
noted that the models were derived under highly idealized assumptions. Therefore,
the rigorous use of such models may not be justified. However, these models, which
provide explanations for the observed friction behaviour at interfaces, can be used
for the development of a friction model.

A contact area fraction αc can be used to express whether there is full contact between
two bodies. This parameter is the ratio of the real to the apparent contact area and
it indicates usually the asperity flattening at the interface. Mróz [3] noted that the
contact area fraction is linearly proportional to the pressure p when there is only
compression at the interface without sliding:

αc =
p
H

, (5.1)

where the hardness H depends on the material strength, characterized, for example,
by the yield strength σY. Based on this relation it can be concluded that the pressure
divided by the yield strength, p/σY, is a measure to approximate the flattening of the
asperities at the contact surface before sliding.

The shear stress at an interface can be described by a general friction model of
Wanheim et al. [4–6]:

τ = mτYαc = mτY
p
H

0 ≤ m ≤ 1, (5.2)

where τ is the friction stress, m a friction factor and τY the yield stress in pure shear.
It was determined with the slip line theory that the real contact area fraction αc
is non-linearly proportional to the pressure. Their relation is linear for relatively
low pressures where an increase of the pressure increases the effective contact area.
However, the influence of the pressure decreases at relatively high pressures when
the interface hardly deforms any further. This non-linearity of αc implies that the
shear stress is also non-linearly proportional to the pressure according to Equation
5.2.

Avitzur [7, 8] described the ploughing effect at the interface when a relatively hard
tool is pressed into a workpiece and slides over it. The asperities of the tool (wedge)
form ridges in the workpiece as illustrated in Figure 5.1. The shear stress increases
during ploughing due to the deformation of the ridges and it levels off at a maximum
shear stress which depends, among other things, on the wedge angle of the tool. The
maximum shear stress was, in this case, also determined to be linearly proportional to
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Figure 5.1 The wedge of a tool and the ridge of a workpiece during ploughing [7]. The wedge angle is
indicated by α1 and the height of the ridge by hf.

the pressure at relatively low pressures and the influence of the pressure decreases for
relatively large pressures. Therefore, the maximum shear stress is also non-linearly
proportional to the applied pressure for the ploughing friction model [7, 8].

There is no commonly used friction model which describes the influence of the
temperature, sliding distance and pressure on the shear stress at the interface during
friction with ploughing [9]. The general assumptions and relations of the earlier
mentioned models are therefore considered for the development of the friction model
in this chapter. It is a phenomenological friction model, which describes the influence
of pressure, temperature and sliding distance on the development of the shear
stress. The addition of temperature is not included in the model of Mróz [3], for
example. The current model does not consider a distinction between the adhesive
and ploughing friction. Furthermore, the orientation and size of the asperities is not
considered in the model, although it is known from galling that the orientation and
size of the asperity determine how material is transferred from one surface to the
other [10–12].

The developed friction model may be used for the optimization of the Friction Surface
Cladding (FSC) process of AA1050 on AA2024 [13], for example. An understanding
of the different influences on the friction at the clad layer/substrate interface will
improve the understanding of the process and the prediction of the maximum
temperature in the workpiece.

The proposed friction model is presented in Section 5.2. This section also shows how
the model is fitted by using a fitting approach which includes the results of Chapter
4. A so-called torque approximation model is developed which includes the friction
model in order to approximate the measured torque. The boundary conditions of this
model are simplified compared to those of the experimental setup to find closed form
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Figure 5.2 Schematic representation of the friction test setup.

solutions. It is assumed, for example, that the pressure at the interface is constant,
independent of the radial location on the AA1050 disc. However, if macroscopic
deformation of the disc occurs, radial flow will occur which is possible only if a
pressure gradient in radial direction exists. The fitted friction model is therefore
validated with a finite element model which simulates the experiments of Chapter
4 and allows a pressure gradient in the radial direction. The finite element model
is described in Section 5.3 and the results are discussed in Section 5.4. Finally, the
conclusions are presented in Section 5.5.

5.2 The friction model

5.2.1 Performed experiments

The setup of the experiments presented in Chapter 4 is schematically illustrated in
Figure 5.2(a). Two conical AA2024 parts are concentrically aligned with an AA1050
disc using a steel pin. The two AA2024 parts compress the AA1050 disc and the
lower AA2024 part rotates with a total angle of Θ as explained in Chapter 4. The
AA2024 parts will start to slide over the AA1050 disc in this way. The experiments
were performed at temperatures between 150◦C to 350◦C.

A different schematic representation of the experiment which is used for the model
is presented in Figure 5.2(b). The lower half of the symmetrical geometry is now
replaced by antisymmetry boundary conditions. In this way the problem can be
modelled with only one AA2024 part and half of the disc size. A rotation of Φ
is applied to the upper AA2024 part which equals half of the rotation Θ following
Φ = 0.5 Θ. The antisymmetry boundary conditions imply that the disc is allowed to
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deform only in the radial direction at the antisymmetry boundary.

The results of the experiments from Chapter 4 are summarized in Figures 5.3 and
5.4. The figures show the torque development against the rotation angle Φ for
different temperatures and different applied nominal pressures. The friction model
is developed based on the experiments performed between 150◦C - 250◦C, see Figure
5.3. Two experiments were performed at temperatures between 300◦C and 350◦C , see
Figure 5.4. These results are used to determine how well the friction model predicts
the shear stress at temperatures above 250◦C.

5.2.2 Friction model description

The torque development is a measure for the shear stress development at the
AA2024/AA1050 interface. The relation between the torque M and the shear stress τ

follows from:

M = 2π
∫ Ro

Ri

r2τdr, (5.3)

where r is the radial position on the disc, Ro is the size of the outer radius of
the disc and Ri is the size of the inner radius of the disc. The measured torque
is a function of the pressure, temperature and rotation angle as shown in Figure
5.3. Therefore, τ is also a function of these parameters according to Equation (5.3).
The rotational movement forces the AA2024 parts to slide over the AA1050 disc.
The sliding movement deforms the interface due to ploughing which results in a
strong increase of the shear stress [3]. Based on these obervations, the shear stress is
expressed as a function of pressure p, temperature T and sliding distance l:

τ = f (p, T, l) , (5.4)

where the sliding distance describes the total relative movement between the two
surfaces at the interface on a macroscopic scale. It is assumed for this derivation
that the rotation speed and temperature were constant during an experiment.
Furthermore, there are no strain rate effects considered for the friction model.

It is assumed that the three arguments of the function f in Equation (5.4) can be
split into three separate functions with dimensionless arguments, according to:
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Figure 5.3 Torque increase plotted against the rotation angle for different temperatures and pressures.
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Figure 5.4 Torque increase plotted against the rotation angle for 300◦C and 350◦C at 2.2 MPa.
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τ

τY
= b f1

(
p

σY

)
f2

(
Q
RT

)
f3

(
l
L

)
, (5.5)

where σY is the yield stress in pure tension. The parameters b, Q, R, and L represent a
proportionality factor, a reference activation energy, the gas constant and a reference
sliding distance, respectively. The term τY accounts for the shear strength of the
material which is often used for friction models [3, 5, 14] as in Equation (5.2).

Function f1

As explained, the term p/σY is a measure for the flattening of the asperities at the
interface when the pressure increases or when the yield stress decreases. Higher
shear stresses are expected when this term increases as a result of a larger real contact
area. Moreover, it was demonstrated in Chapter 4 that the shear stress is not linearly
proportional to the nominal pressure. A function f1 is assumed which takes into
account both effects:

f1 =

(
p

σY

)n
, (5.6)

where n is a constant describing the non-linearity of the the shear stress with
argument p/σY.

Function f2

It was also demonstrated in Chapter 4 that the magnitude of the shear stress divided
by the shear yield strength, τ/τY(T), increased at elevated temperatures for constant
applied rotation angles and a constant applied magnitude of pressure divided by the
tensile yield strength, p/σy(T). Therefore, a function f2 is assumed which increases
monotonically with temperature according to an Arrhenius type of equation:

f2 = exp
(
−Q
RT

)
. (5.7)

Function f3

The shear stress is assumed to saturate to a maximum value when the travel distance
l increases. The function f3 is therefore selected as an exponential function saturating
to a value of 1:
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f3 =

(
1− exp

(
−l
L

))
, (5.8)

where the parameter L is a reference sliding distance.

The friction model

The yield stress of the material is a function of temperature, i.e. σY = σY(T) and
τY = τY(T). Lower shear stresses are expected at higher temperatures because the
material weakens. When this effect is also included, the shear stress development is
summarized by the following friction model:

τ

τY(T)
= b

(
p

σY(T)

)n
exp

(
−Q
RT

)(
1− exp

(
−l
L

))
, (5.9)

where the parameters b, n, Q and L are to be determined from the experiments.

5.2.3 Torque approximation using the friction model

The friction model of Equation (5.9) can be compared with the measured torque when
the shear stress τ is integrated following Equation (5.3):

M = 2π
∫ Ro

Ri

r2τY(T)b
(

p
σY(T)

)n
exp

(
−Q
RT

)(
1− exp

(
−l
L

))
dr, (5.10)

where the parameters T, p and l depend on the process conditions during the
experiments. It was suggested in Chapter 4 that the temperature does not increase
significantly so the parameter T is assumed to be a constant. Moreover, pressure p is
also assumed to be a constant and the sliding distance l is assumed to be equal to the
rotation angle multiplied by r:

l = rΦ. (5.11)

It is thus assumed that there is no radial displacement at the interface due to an
expansion of the disc and there is always slip in the circumferential direction at the
interface. The expression for the torque after integration of Equation (5.10) can be
written as:
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Figure 5.5 Geometry of the problem with boundary conditions assuming antisymmetry at the centre of
the AA1050 disc; dimensions in mm.

M = 2πτY(T)b
(

p
σY(T)

)n
exp

(
−Q
RT

) ∫ Ro

Ri

r2
(

1− exp
(
−rΦ

L

))
dr, (5.12)

with the following evaluation of the remaining integral:

∫ Ro

Ri

r2
(

1− exp
(
−rΦ

L

))
dr =(

1
3

r3 + exp
(
−rΦ

L

)
L
(
2L2 + 2LrΦ + r2Φ2)

Φ3

) ∣∣∣Ro

Ri
. (5.13)

The temperature T and rotation angle Φ are known for a given experiment and the
outer radius Ro and inner radius Ri of the disc are 14 mm and 3 mm, respectively,
see also Figure 5.5. Equations (5.12) and (5.13) represent the torque approximation
model.

5.2.4 Fitting the friction model to the experimental results

The torque approximation model represented by Equations (5.12) and (5.13) is used
to correlate the friction model with the experimental results as shown in Figure 5.3. A
standard approach is used to fit the model following the method of least squares. An
overview of the selected experimental settings is shown in Table 5.1 and the values
of the parameters b, n, Q and L after fitting the model are summarized in Table 5.2.
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Table 5.1 Process conditions of the experiments used for the fitting of the friction model.

Experiment 1 2 3 4 5 6 7 8 9 10 11 12
T [◦C] 150 150 150 200 200 200 200 200 250 250 250 250
p [MPa] 10.8 12.9 15.1 2.2 4.3 6.4 8.6 10.8 2.2 4.3 6.4 8.6

Table 5.2 Determined values for the fitting parameters.

Parameter Value Dimension
b 25 -
n 0.67 -
Q 9.1 · 103 J mol−1

L 2.2 mm
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Figure 5.6 Torque development of the torque approximation model plotted against the rotation angle for
different temperatures and pressures together with experimental results.
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Figure 5.7 Torque development of the torque approximation model plotted against the rotation angle for
different temperatures and pressures together with experimental results.

The approximation of the torque with the friction model following Equation (5.12) is
shown in Figure 5.6 together with the experimental results for different temperatures.
These figures show that the friction model approximates the torque development well
up to a rotation angle of 90◦. Furthermore, the results of the friction model after
extrapolation to higher temperatures are shown in Figure 5.7. These results show a
good approximation of the experiments by the friction model as well.

5.3 The finite element model

It is known that a so-called friction hill occurs when a disc which behaves rigid-
plastic is compressed between two dies while expanding in radial direction and it
experiences friction [15, 16]. The magnitude of the pressure is maximum in the centre
and it decreases to a minimum at the outer edge. Moreover, the relation between the
rotation angle and the sliding distance (Equation (5.11)) is not valid when the disc
deforms significantly on a macroscopic level. Therefore, a finite element model has
been set up which includes the determination of the pressure and sliding distance.
The results of the model are compared with the measured torque.

The values of b, n, Q and L as determined with the fitting procedure and summarized
in Table 5.2 have been used for the finite element model. The distribution of the
sliding distance l and the pressure p at the AA1050/AA2024’s interface follow from
the solution of the finite element model.
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5.3.1 Problem description

The experiments are simulated with the symmetrical model shown in Figure 5.5. A
conical AA2024 part is concentrically aligned with an AA1050 disc with a steel pin,
see Figure 5.5(a). The boundary conditions of the problem are indicated in Figure
5.5(b). A load is applied on top of the AA2024 part, which results in an average
applied pressure at the AA2024/AA1050 interface equal to the pressure given in
Table 5.1. Boundary conditions are applied at the middle surface of the AA1050 disc
which assure that the disc is only allowed to deform in radial direction there. The
AA2024 part rotates with a constant rotation speed of 5 rpm. Finally, the model is
isothermal and inertia effects are neglected.

5.3.2 Applied models

Material strength

The material properties of the AA1050 disc have been described using the von Mises
yield criterion with a Voce hardening law. The elastic deformation of the disc was
demonstrated in Chapter 4 to be small compared to the plastic deformation during
the experiment. A constant elasticity modulus E of 69 GPa [17] has been selected
for all different temperatures used in this work, although the modulus changes for
different temperatures [17]. The Poisson’s ratio equals 0.33 [18]. The flow stress of
the material approaches a limit curve shown in Figure 5.8 following an exponential
function as a result of work hardening:

σF(εp,eq) = σY + σY(C− 1)
(

1− exp
(
−

εp,eq

εp,0

))
, (5.14)

where σF, εp,eq, C, εp,0 are the flow stress, the equivalent von Mises plastic strain, the
hardening constant and a reference plastic strain parameter, respectively. The values
of the yield stress σY for different temperatures are summarized in Table 5.3 which
is reproduced from Chapter 4. A hardening constant of C = 3 was selected based on
the results of El-Danaf [19] where the yield strength of AA1050 exhibited an instant
increase by a factor of 3 after one pass with equal channel angle pressing. The plastic
strain parameter εp,0=1e-2 was selected based on Van Haaften [20] to approximate
the work hardening behaviour of the AA1050-O.

Table 5.3 The yield strength of AA1050-O for different temperatures (reproduced from Chapter 4).

Temperature [◦C] 150 200 250 300 350
σY [MPa] 15.0 12.4 10.4 8.4 6.5
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Figure 5.8 Stress-strain response of an elasto-plastic material following the Voce hardening model.

The AA2024 part is modelled as elastic with a constant elasticity modulus E of 72
GPa [17] and a Poisson’s ratio of 0.33 [18]. The central steel pin is modelled as a rigid
body.

Magnitude of friction

The maximum allowable friction τf,max at the AA2024/AA1050 interface, once a
torque is applied, is determined by Coulomb’s law of friction or by the friction model
following:

τf,max = max

{
µ0p,

τY(T)b
(

p
σy(T)

)n
exp

(
−Q
RT

) (
1− exp

(
−l
L

))
.

(5.15)

where µ0 is Coulomb’s friction coefficient. The Coulomb’s friction coefficient was
estimated to be 0.3, 0.5, 0.6, 1.0 and 1.0 in Chapter 4 for temperatures of 150◦C,
200◦C, 250◦C, 300◦C and 350◦C, respectively.

5.3.3 Finite element method description

The numerical problem was solved with the in-house developed DiekA simulation
software. The software solves the problem with an arbitrary Lagrangian-Eulerian
(ALE) finite element method [13, 21–24]. It employs the so-called semi-coupled
formulation where an updated Lagrangian step is followed by a correction step
projecting the mesh back. A Lagrangian formulation is used to describe the
movement of the nodes in the radial and height direction and a Eulerian formulation
for the circumferential direction.
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(a) Bulk elements. (b) Contact elements.

Figure 5.9 Finite element model discretization.

The bulk material of the problem has been discretized with linear hexahedral
elements as shown in Figure 5.9. These elements contain constitutive equations
which describe the material behaviour. The interfaces between the aluminium parts
and the steel pin are discretized with eight node 3D contact elements, see Figure
5.9(b). Contact is described using a penalty function. It means that a penalty is set
on penetration of one body into another. Two bodies approaching will not build up
contact stress until contact is obtained. The friction model is added in the contact
elements at the AA1050/AA2024 interface.

5.3.4 Finite element model results

The finite element model also approaches the experiments well as shown in Figures
5.10 and 5.11. All the torques obtained with the finite element model are slightly
lower than the torques obtained with the torque approximation model. Nonetheless,
there is a good agreement between the models. The difference can be explained by
the pressure gradient which arises on the disc when deforming plastically. There are
higher pressures than the average pressure at the inner side of the disc (Ri) and lower
pressures at the outer side of the disc (Ro). However, these pressure differences are
relatively small when the radius of the disc expanded less than 0.5 mm.

One major difference is visible between the results of the torque approximation model
and the finite element model. The torque increases relatively fast at the start of the
finite element model to a specific value where it levels off. The torque increases
further after a specific rotation angle. The plateau where it levels off is explained
by Equation (5.15). The magnitude of friction relies first at relatively small rotation
angles on the Coulomb’s law of friction and later on the friction model.
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Figure 5.10 Torque of the FEM model plotted against the rotation angle for different temperatures and
pressures compared with the experimental results.
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Figure 5.11 Torque of the FEM model plotted against the rotation angle for different temperatures and
pressures compared with the experimental results.
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5.4 Discussion

The friction model provides a good approximation for the shear stresses which arise
due to friction between AA1050 and AA2024 at different temperatures, pressures and
sliding distances. It is a phenomenological model which is fitted to experimental
results. The model does not predict, for example, the influence of the surface
roughness at the AA2024/AA1050 interface on the shear stress. Micro-mechanical
models which accurately describe the deforming asperities as a result of adhesive
and ploughing friction may be used to predict this influence, but this is left for future
research.

Another point of discussion is the description of the influence of the temperature.
The friction model as described by Equation (5.9) has three different temperature
dependent functions; τY(T), σY(T) and exp (−Q/(RT)). The first term τY(T) is used
to approximate the strength in pure shear which is often used in the literature. The
second term is related to the flattening of asperities. It describes that asperities
are flattened more for higher temperatures at a constant pressure. However, the
third term is not clear to which physical phenomena it is related. The reference
activation energy of 9.1 · 103 J mol−1 is relatively low compared to an activation
energy of 1.56 · 105 J mol−1 which is used in the Sellars-Tegart law by Van Haaften
for AA1050 [20]. A relatively low activation energy results in a large influence of the
temperature following the Arrhenius type of equation. Further research is necessary
to explain the physical behaviour of this term.

The phenomenological model accurately describes the results of the experiments
performed between 150◦C and 250◦C. Also, the experiments performed at higher
temperatures, 300◦C and 350◦C, can be described well. Extrapolating the results to
even higher temperatures has to be carried out with great care, as in this range of
temperatures, the contribution of recovery and dynamic recrystallization needs to
be considered as well [17, 20, 25]. Nevertheless, if appropriately included in the
description of the material behaviour, it is expected that for the higher temperatures
also a comparable description of the torque development as a function of the rotation
angle can be given.

The developed expression for the torque as a function of temperature, pressure
and rotation (Equation (5.10)) can be used along with the fitted values of the
respective parameters (see Table 5.2) to calculate the maximum attainable torque in
the temperature range relevant for FSC. The temperature dependency of the yield
stress of AA1050 up to 370◦C is obtained from the behaviour shown in Figure 4.4. For
higher temperatures the yield stress is, to a first order approximation, described by a
linear decrease down to 0 MPa at the solidus temperature of 655◦C. The so-obtained
maximum torque values are shown in Figure 5.12 assuming a constant pressure of 2.0
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Figure 5.12 Influence of the temperature on the maximum torque at a pressure of 2 MPa following
Equation (5.10) with the fitted values of the respective parameters (see Table 5.2). The
dashed line represents that in this temperature range the material properties of AA1050 are
linearly extrapolated.

MPa. It is interesting to see that the model predicts an increasing maximum moment
up to temperatures above 400◦C even though the yield stress is strongly decreasing
as a function of temperature. Knowing that the dissipated heat is proportional to the
product of the torque and the angular rotation speed of the tool, it also suggests that
the heating rate strongly increases as a function of temperature following the same
trend as for the maximum moment for a constant angular rotation speed.

5.5 Conclusions

A phenomenological friction model for different temperatures, pressures and sliding
distances/rotation angles has been developed which accurately describes the evolu-
tion of the traction between cylindrical specimens of AA1050 and AA2024 during
friction welding experiments.

The friction model provides a good approximation for the development of the shear
stresses arising at the AA1050 and AA2024 interface. The interface shear stress is
proportional to the average applied pressure to the power of 0.67. The shear stress
saturates to a maximum value for sufficiently large rotation angles/sliding distances.
At higher temperatures the measured maximum shear stress relative to the shear
stress at the start of the experiment increases; this relation can be described well with
an Arrhenius type of equation.
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Chapter 6

A model for the thickness and width of
friction surface clad layers

6.1 Introduction

The Friction Surface Cladding (FSC) process aims at producing clad layers with
a specified thickness and width on a substrate. It depends on the application of
the clad layer which dimensions are demanded. For example, a corrosion-resistant
aluminium sheet may typically contain a 0.1 mm thick clad layer of pure aluminium.
There are many different process parameters such as the substrate translation speed,
the tool gap distance, the clad feed rate, the tool tilt angle and the rotation speed
which can be set to produce a clad layer that satisfies the specified dimensions. It
is therefore not straightforward to predict the thickness and the width of the clad
layer a priori for different process settings. A model is required which explains the
relations between the process parameters and the dimensions of the clad layer. These
relations will increase the understanding of the process and support the optimization
of it. Moreover, the required process parameters to produce clad layers with specified
dimensions can be predicted with the model.

The model should include the exerted normal force of the tool on the clad layer, the
material flow and the material behaviour to predict the thickness of the clad layer.
Moreover, it should also include the stiffness of the setup as demonstrated in Chapter
3: the thickness of a clad layer produced with FSC was not equal to the expected
thickness for the given setup. A prescribed distance between the trailing edge of the
tool bottom and the substrate was set before an experiment was performed and the
thickness of the clad layer was expected to be equal to this distance. However, a
relatively low stiffness of the setup allowed the tool to be pushed up during cladding
at tool forces of typically between 3 to 6 kN. Thicker clad layers were produced than
initially expected. In one of the experiments it resulted, for example, in the deposition
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of a continuous clad layer as shown in Figure 6.1(a) of more than 0.3 mm thick and
20 mm wide, whereas a clad layer of 0.2 mm by 30 mm was expected. In another
experiment it resulted in the deposition of a clad layer of more than 0.3 mm thick
and 25 mm wide, whereas a clad layer of 0.15 mm by 26 mm was expected. In the
last case there was a clad layer formed containing gaps over its full width and length
as shown in Figure 6.1(b).

(a) Top view of the continuous
clad layer of experiment 16.

(b) Top view of the discontinuous
clad layer of experiment 15.

Figure 6.1 Typical clad layers presented in Chapter 3.

A model is derived in this chapter to investigate how the clad layer thickness depends
on different process conditions. The model determines how much force is required
to compress a disc following the slab method and how much the tool will be moved
up for a given stiffness of the setup to deliver this force. First aim of this model is to
understand the relations of different process conditions with the clad layer thickness.
Second aim is to estimate the influence of the stiffness on the difference between the
expected clad layer thickness and the produced thickness.

The model is explained in Section 6.2. One parameter of the model is determined
following a fitting procedure in Section 6.3 using the results of some experiments
presented in Chapter 3. The model is then used in Section 6.4 for a sensitivity study
to determine the influence of the process parameters on the clad layer thickness.
Next, it is discussed in Section 6.5 how the process can be controlled to produce thin
clad layers using different process conditions. Finally, the conclusions are given in
Section 6.6.

6.2 Model description

Clad material is deposited on a moving substrate from the centre of a rotating tool
during FSC by pushing a consumable rod with a radius Rf downwards at a speed
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of vf. In this situation the volume of clad material is preserved, meaning that the
supplied rod volume per unit length of time equals the volume deposited as a clad
layer per unit of time. It then holds for the cross-sectional area of the clad layer, Ar,
that is deposited at the substrate translating with a speed vt:

hw =
πR2

f vf

vt
= Ar, (6.1)

where h and w are the thickness and width of the clad layer, respectively. Equation
(6.1) holds when the clad material is evenly distributed behind the tool as for the clad
layer shown in Figure 6.1(a). Evidently, it does not hold when gaps occur in the clad
layer as shown in Figure 6.1(b).

All the clad layers were produced in this work are much wider than the diameter
of the consumable rods, i.e. w > 2Rf. A sufficiently high pressure is then required
to deform the clad material such that it moves in lateral directions under the tool.
The pressure depends on the material strength, but also on the friction of the clad
material with the tool as well as with the substrate when clad material moves in
a lateral direction under the tool. Both contributions are included in the model as
explained.

The pressure which is present at the clad layer/tool interface tends to push up the tool
with respect to the substrate until an equilibrium arises between the force required
to compress the clad layer Fc and the force which is applied by the tool Ft. This force
equilibrium is expressed for a given thickness, h, as:

Fc = Ft = k (h− h0) , (6.2)

where h0 is the tool gap distance when the tool force is zero and k is the stiffness
of the setup expressed in N/m. The tool gap distance is the prescribed thickness in
this chapter. The compressive force Fc follows from integrating the pressure p at the
tool/clad layer interface Ac:

Fc =
∫

Ac

pdA. (6.3)

The determination of the pressure p at the contact area Ac for different process
conditions is explained in this section. When the pressure is known, the clad layer
thickness can be determined following Equations (6.2) and (6.3).



124 Chapter 6. A model for the thickness of FSC layers

k

tool

substrate

disc

Rf

h

clad

material

R

Ω

fv

(a) Annotations for the setup around the
disc.

R
α

τf,2
R β

View from above:

View from below:

h

h

ω
d

p

p

τ
f,1

ω
d

Tool side

Substrate side

(b) Annotations at the disc.

Figure 6.2 Schematic representation of a disc compressed between the tool and substrate.

6.2.1 Description of a disc under compression

The pressure p is determined for a situation where the substrate translation speed
during FSC is not considered. Figure 6.2(a) illustrates this situation, where clad
material is deposited on the substrate at a speed of vf from a tool opening with a
radius of Rf while the tool rotates at a speed of Ω. It is assumed that the clad material
forms a thin disc with a radius R and a thickness h when there is no translational
movement of the substrate, see Figure 6.2(b). The disc is deformed plastically and it
is assumed to rotate at an average speed of ωd. The elastic and plastic deformation
of the tool and the substrate are not considered. For this given situation there is force
equilibrium in the thickness direction as described by Equation (6.2). The ratio of the
thickness h to the radius R of the disc depends on the process conditions and also on
the stiffness k of the setup.

Different deformation modes of the disc may be considered, as illustrated in Figure
6.3. The deformation modes 1a and 1b represent deformation modes related to the
normal strain when the disc expands with a velocity vr in the radial direction r or
when it expands with a velocity vz in the thickness direction z, see Figures 6.3(a) and
6.3(b), respectively. The deformation mode 2 as illustrated in Figure 6.3(c) represents
the shear deformation in the θz-plane when the upper and lower side of the disc
rotate at a speed of ωt/2 in the directions as indicated in the figure. It is assumed
that the effect of bulging in the rz plane may be neglected for the thin disc [1]. The
shear deformation in the rθ-plane is not considered, because a load is applied on the
disc without a τrθ as presented later in this chapter.
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Figure 6.3 Deformation modes of the compressed disc described with cylindrical coordinates.

The material of the disc is assumed to behave rigid plastic following the von Mises
yield criterion. This yield criterion is often used for modelling the aluminium flow
of friction stir welding and extrusion [2–4]. A flow stress is required for the yield
criterion to express the instantaneous value of the stress required to continue plastic
deformation of the material. The flow stress σF is expressed in this chapter by the
original yield stress σY multiplied by a hardening factor C:

σF = CσY. (6.4)

The hardening constant is used to express that the clad material strength can be
larger than the original yield strength. The flow stress of AA1050-O is presented for
different hardening constants as a function of temperature in Figure 6.4.

0 200 400 600
0

20

40

60

Temperature [°C]

σ F
 [

M
P

a
]

AA1050−O

 

 

C=1

C=2

C=3

Figure 6.4 Flow stress of AA1050-O for different temperatures and different hardening constants C. The
figure is reproduced from Chapter 4 with an additional extrapolation to higher temperatures
presented by the dashed line. The dashed line approaches a flow stress of 0 MPa at 655
◦C. This point represents the liquidus temperature of AA1050 where the material strength
strongly decreases [5].
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Figure 6.5 Boundary conditions for the disc under the tool as shown in Figure 6.2(a).

6.2.2 Deformation mode 1

Material flow

The boundary conditions for the deformation of the disc as presented in Figure 6.2(a)
are schematically presented in Figure 6.5(a). Material is added from the centre of the
tool at a speed of vf between 0 ≤ r ≤ Rf. The disc expansion with a speed of vr at
location r = R in the radial direction is indicated as well. This situation holds under
equilibrium conditions for a fixed thickness h which does not change and there is
force equilibrium in the thickness direction.

There is no simple solution for the pressure p distribution of the material flow,
illustrated in Figures 6.2 and 6.5(a), where the tool rotates with respect to the
substrate and material is added in the centre. In this situation, material moves
outwards, material experiences friction at two interfaces and the pressure also
depends on the thickness h. Therefore, the supply of clad material is simplified
by assuming that the disc is compressed over its full radius between 0 ≤ r ≤ R
with an adapted speed vr, as illustrated in Figure 6.5(b), such that the volume of
clad material supplied remains the same. The disc expands in this case at the same
velocity in radial direction as indicated in the figure and a relatively simple solution is
possible for this material deformation. The model determines the pressure required
to compress a disc which is expanding at the same speed as in Figure 6.5(a).

The compatibility equation for incompressible flows is used to determine the material
flow in the radial direction as a function of r. First, it is assumed that vz(z) is linearly
proportional to z:

vz(z) = −vf
R2

f
R2

z
h

. (6.5)
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Next, on the basis of continuity, vr(r) can be determined:

vr(r) =
1
2

vf

h
R2

f
R2 r. (6.6)

Friction at the clad layer/tool and clad layer/substrate interfaces

The relative rotational motion of the tool with respect to the substrate causes a relative
motion of the clad material with respect to the substrate at the start of the FSC
process. Next, the friction between substrate and clad material may in turn generate
a relative motion between the clad material and the tool. The magnitude of the shear
stress caused by friction between the tool and the clad material disc is expressed
as τf,1 inclined at an angle α, see Figure 6.2(b). On the lower side of the disc there
is friction caused by relative motion between the disc and the substrate. The shear
stress caused by the friction there is expressed as τf,2 inclined at an angle β. The
angles equal 0◦ when there is only a relative motion in radial direction and 90◦ in
the case of relative motion in circumferential direction only. Angles between 0◦ and
90◦ are expected for other conditions and as the friction behaviour at the interface
between the tool and the clad material is not necessarily equal to that at the clad
material/substrate interface, α and β are not necessarily equal to each other.

It was demonstrated in Chapter 4 that the shear stress at an AA1050/AA2024
interface reached values above the yield strength of AA1050 in pure shear when
AA1050 material slid over AA2024 at relatively high pressures and at temperatures
above 150◦C. The temperature during an FSC experiment was typically 430◦C with a
tool force of 2.5 kN. If the tool force is distributed evenly over a disc with a diameter
of 20 mm, it results in a nominal pressure of 8 MPa. This nominal pressure is well
above AA1050’s yield strength of 4.5 MPa at 430◦C as shown in Figure 6.4. Under
these conditions it is expected that the shear stress increases rapidly during sliding
and that interface bonding will occur. Therefore, it is expected that the shear stress
τf,2 is close to or above the yield strength of AA1050 in pure shear. The shear stress
τf,2 is assumed to be radius independent and to depend on the material strength
given by the flow stress:

τf,2 =
σF√

3
= C

σY√
3

, (6.7)

where Equation (6.4) is used to relate the flow stress to the yield stress. Equation
(6.7) expresses that the shear stress at the interface equals the material strength in
pure shear based on the von Mises yield criterion.
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The shear stress at the clad layer-tool interface also depends on the material strength
in the case of high pressures [6]. However, it is known that the friction at a metal-
aluminium interface is different from friction at an aluminium-aluminium interface.
Therefore, it is assumed that the magnitude of the friction τf,1 may be different from
the magnitude at the other side. This difference is expressed by employing a friction
factor nf:

τf,1 = nfτf,2. (6.8)

A value of nf = 1 corresponds to shear stresses at the interfaces which are equal to
each other and nf 6= 1 when they are different.

The angles α and β are determined without considering the speed ωt of deformation
mode 2. They are now directly related to the relative movement of the contacting
surfaces. The angle α is shown in Figure 6.6(a) which illustrates the direction of the
relative movement between the disc and the tool. The angle β is shown in Figure
6.6(b) which illustrates the direction of the relative movement between the disc and
the substrate. These angles change when the deformation mode 2 is included. The
relation between α and β is derived from Figure 6.6:

rωd

tanβ
=

r (Ω−ωd)

tanα
= vr(r), (6.9)

where it was assumed that the disc rotates at an average speed ωd as illustrated in
Figure 6.2(b). Equation (6.9) shows after substitution of Equation (6.6) that the angles
α and β are radius independent, because vr(r) is linearly proportional to r and ωd is
a constant. It follows then from the equilibrium of torque that the shear stresses τf,1
and τf,2 are related by:

τf,1sinα = τf,2sinβ. (6.10)

Pressure distribution and tool response

A pressure gradient arises on the disc when it is compressed as shown in Figure 6.5(b)
with the friction conditions as illustrated in Figure 6.2(b). The pressure p which is
determined by the slab method, as explained in Appendix 6.A, is a function of r:
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Figure 6.6 Schematic representation of the relative movement indicated by the dashed arrows between
the different rotating parts when the disc expands at a radial speed of vr.

p = C
σY√

3

√
1− n2

f sin2α +
CσY (nfcosα + cosβ)√

3h
(R− r) , (6.11)

where the maximum pressure and the minimum pressure correspond to the pressure
at the centre and at the outer radius, respectively. The compressive force Fc is
determined by integrating the pressure according to Equation (6.3):

Fc =
∫ R

0
2πprdr. (6.12)

The clad material pushes the tool up until a reaction force is created by the setup
which equals the compressive force required to compress the disc. This response of
the tool is described by Equation (6.2).

6.2.3 Deformation mode 2

The shear stress τθz is included in the disc compression model by Equation (6.10):

τθz = τf,1sinα = τf,2sinβ. (6.13)

However, the strain rate γ̇θz which follows from deformation mode 2 as shown in
Figure 6.3(c) is not considered for the determination of the angles α and β. A
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deformation of the disc following deformation mode 2 may change the direction
of friction described by angles α and β. The magnitude of the strain increment dγθz
of deformation mode 2 is estimated following the Levy-Mises [7] equations:

dγθz

2τθz
=

dεrr

σrr − σm
, (6.14)

where σrr, dεrr and σm are the stress in the radial direction, strain increment in radial
direction and the mean normal stress, respectively, as described in Appendix 6.A.
The strain rate follows then from:

γ̇θz =
dγθz

dt
=

ωtr
h

, (6.15)

where ωt represents the rotational deformation speed of mode 2. A stick factor
ns = ωt/Ω is used to express the ratio of the rotation speed ωt to the tool rotation
speed Ω. The factor ns is determined using Equations (6.14) and (6.15):

ns =
ωt

Ω
=

ε̇rr

σrr − σm
2τθz

h
r

1
Ω

, (6.16)

where

σrr =
(τf,1 cosα + τf,2 cosβ)

h
(r− R) ,

σm =
2σrr − p

3
,

ε̇rr =
1
2

vf

h
R2

f
R2 ,

(6.17)

as described in Appendix 6.A.

A value of ns = 1 represents full stick conditions at the interface in circumferential
direction. Values lower than 1 represent slip conditions at the interface. The
parameter ns is checked a posteriori for the disc compression model to determine
whether deformation mode 2 can be neglected for the change of α and β of the
obtained solution.
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6.2.4 Solving the model

The set of Equations (6.6) to (6.12) together with Equation (6.2) is solved to determine
the five unknowns: h, Fc, ωd, α and β. This set is first simplified as far as possible in
order to obtain analytical expressions for each unknown as explained below.

The simplification starts by rewriting parameter β as a function of α using Equations
(6.8) and (6.10):

sinβ = nfsinα ; cosβ =
√

1− n2
f sin2α. (6.18)

Next, Equations (6.9) and (6.18) are used to rewrite parameter ωd as a function of α:

ωd =
nfΩcosα

nfcosα +
√

1− n2
f sin2α

. (6.19)

Then, Equations (6.6) and (6.9) are combined and the parameters β and ωd are
eliminated to obtain the first equation with the unknowns h and α:

vr(R) =
1
2

vf

h
R2

f
R

=
ΩR
tanα

√
1− n2

f sin2α

nfcosα +
√

1− n2
f sin2α

. (6.20)

Finally, Equation (6.2) is rewritten using Equations (6.11) and (6.12), and parameter β

is eliminated to obtain the second equation with the unknowns h and α:

Fc = k (h− h0) =2πCσY

[√
1− n2

f sin2α
1
2

R2

+
1

6
√

3

nfcosα +
√

1− n2
f sin2α

h
R3

 .
(6.21)

The Equations (6.20) and (6.21) represent a system of two equations with unknowns
h and α. In this set of equations the parameter nf is used as a fitting parameter. This
parameter is determined by fitting the model to a selection of experimental results
presented in Chapter 3. When there is a solution for the five unknown parameters,
ns is determined a posteriori using Equations (6.16) and (6.17).
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Table 6.1 Overview of the parameter values for the experiments 9-11 from Chapter 3.

Property Parameter Value Unit
Feed rate v f 0.08 [mm/s]
Feed radius R f 5 [mm]
Rotation speed Ω 600 [rpm]
Yield stress AA1050-O at 430◦C σY 4.5 [MPa]
Hardening constant C 1.5 [-]
Setup stiffness k 3.4 · 107 [N/m]

6.3 Fitting of the model

The friction factor nf is determined in this section by fitting the model to a
selection of experimental results of Chapter 3. Experiments 9 to 11 with the lowest
translation speed of the performed experiments were selected, because the model
does not include the translation effect of the substrate. It is expected that the model
approximates these experiments performed at 40 mm/min. most accurately.

Parameters of the disc compression model which are fixed for the fitting procedure
are summarized in Table 6.1. Parameter k was determined by measuring the vertical
displacement of the tool when a normal force was applied on it. The force divided by
the displacement equals k = 3.4 · 107 N/m. A temperature of approximately 430◦C
was measured for the experiments. At this temperature the yield stress of the clad
material is 4.5 MPa, see Figure 6.4, and a clad layer was produced of roughly 30
HV which is roughly 1.5 times the hardness of AA1050-O as received (≈20 HV). The
parameters σY and C are thus 4.5 MPa and 1.5, respectively.

The parameters which change per experiment are summarized in an overview in
Table 6.2. Parameter h0 was set for the experiments, parameter Ft was measured
during an experiment and parameter R is assumed to be equal to half of the width
of the produced clad layer.

Table 6.2 Experimental results of experiments 9-11 from Chapter 3.

Experiment [#] h0 [mm] Ft [kN] R [mm]
9 0.4 3.5 11
10 0.3 6.0 12
11 0.2 8.0 13
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6.3.1 Determination of the friction factor

The friction factor nf is determined by minimizing the difference between the
measured tool forces Ft as given in Table 6.2 and the compressive forces Fc predicted
by the model. A least squares method is applied to determine this difference
according to:

E(nf) =

√√√√ 11

∑
i=9

(Fc,i − Ft,i)
2, (6.22)

where the index i represents the number of the experiment as indicated in Table 6.2.

The solution of E is plotted against nf in Figure 6.7 which shows that the best results
are found for nf ≈ 0.95 and nf ≈ 1.05. It means that there is a relatively small
difference in friction between the tool and the AA1050 clad layer on the upper side
and the AA1050 layer and the AA2024 substrate on the lower side.

A representative solution of the average disc rotation speed ωd is presented as a
function of nf in Figure 6.8. It shows that the solution of nf ≈ 0.95 has a disc rotation
speed of almost 0 and that the solution of nf ≈ 1.05 has a disc rotation speed of
almost 600. It means that the disc obtains the rotation speed of the side where there
is the largest magnitude of friction. The solution nf ≈ 0.95 seems to approach the
FSC process best, because a clad layer is deposited which sticks to the substrate.
Therefore, this value is selected as the solution of the fitting model.
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6.3.2 Solutions of the fitted model

A comparison between the compressive force Fc of the model and the tool force
Ft is presented in Figure 6.9. It shows that the model approximates the forces of
the experiments well. The model overestimates the force for a relatively large h0
as in experiment 9 and it underestimates the force for a relatively small h0 as for
experiment 11.

A comparison of the clad layer thickness of the model and the experiments is
presented in Figure 6.10. It shows the prescribed thickness h0 and the simulated
thickness of the clad layer h together with the range of the measured thickness of
the clad layer of the experiments. The simulated thicknesses are well in the range
of the produced clad layers. Moreover, the figure clearly shows that the difference
between the thickness of the clad layer and the prescribed thickness is largest when
a relatively small h0 is applied as for experiment 11.

Figure 6.11 shows the stick factor ns as a function of the radius for the different
solutions. Clearly, the relatively low values of ns indicate that the torsional
deformation mode is hardly present for these solutions. The angles α and β of the
disc compression model will not change significantly when deformation mode 2 is
included in the model. It is expected, based on the results, that this deformation
mode does not influence the solution significantly for the given problem as described
by Figure 6.5(b) .

The maximum, minimum and average simulated pressures are plotted in Figure
6.12 for the conditions of experiments 9 to 11. Values of the average pressure range
between 10 and 14 MPa, whereas the maximum pressure ranges between 25 and 40
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MPa. These results suggest that the pressure on the clad layer and the substrate can
be locally much higher than the average pressure. A pressure is estimated which is
much higher than a yield strength of 4.5 MPa for AA1050 at 430◦C.

6.4 Sensitivity study of the model

The influence of different parameters on the solution of the model is investigated by
a sensitivity study. The standard values used for the parameters are summarized in
Table 6.1 and the parameters R and h0 equal 10 mm and 0.2 mm, respectively. A
radius of 10 mm is chosen, because it represents the outer radius of the flat part of
the tool as shown in Figure 3.3 in Chapter 3. The prescribed distance h0 is a setting
commonly used for FSC in this work. First, the sensitivity of the solution is studied
by varying the fitting parameter nf and next, the parameters k, h0, Ω and σF are
varied.

6.4.1 Influence of the fitting parameter

The difference between the magnitude of friction at the upper and lower interface of
the disc follows from the process conditions and the given setup. It is not a parameter
which can be set for an experiment, as explained before. Its influence on the solution
of the disc compression model is presented in Figure 6.13.

The parameter nf equals 1 if there is no difference in the magnitude of the friction on
both sides. The force to compress the disc then remains relatively low and thin clad
layers are predicted with the model as shown in Figure 6.13(a). This figure shows the
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Figure 6.13 Influence of the friction factor on the solution of the disc compression model for an h0 of
0.2mm and an R of 10mm.

influence of nf on the thickness of the clad layer. However, a small change of nf affects
the solution significantly. In this case, higher pressures arise during the compression
of the disc as shown in Figure 6.13(b) and thicker clad layers are produced.

The rotation speed of the disc ωd is plotted against nf in Figure 6.13(c). It shows
that ωd approximates half of the applied rotation speed when nf = 1; ωd decreases to
approximately 0 rpm when nf < 1 and it increases to approxiamately 600 rpm when
nf > 1. This means that the disc adapts its rotation speed when nf deviates from 1 to
the side which has the largest magnitude of friction.

The angles α and β are presented as a function of nf in Figure 6.13(d). This figure
shows that α is always close to 90◦ for nf ≤ 1 and β changes in this range from 0 to
90◦. For nf > 1, β approaches 90◦ and α is smaller than 90◦.

Relatively high pressures are required to compress the disc when nf 6= 1 is explained
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Figure 6.14 Influence of the stiffness of the setup on the solution of the disc compression model for an h0
of 0.2 mm and an R of 10 mm. The stiffness of 3.4 · 107 N/m is multiplied by a factor nk.

by the second term on the right-hand side of Equation (6.11) together with Figure
6.13(d). When nf = 1 the angles α and β are both close to 90◦ and there is almost
no pressure built up over the radius caused by friction in that direction according
to Equation (6.11). However, when nf 6= 1, one of the angles changes, which results
in a pressure gradient along the radial direction. This means that the interface with
the highest magnitude of friction is responsible for the relatively large pressures built
up on the disc. The material then experiences, on one side, a large magnitude of
friction in the radial direction, which prevents that the clad material flows easily in
that direction and prevents the disc from being compressed at relatively low forces.

6.4.2 Influence of the other parameters

Stiffness setup

The solutions of the model are plotted in Figure 6.14 as a function of the stiffness of
the experimental setup. The stiffness k has been varied by multiplying the standard
stiffness of 3.4 · 107 N/m by a factor nk which is indicated in the figures. The graph
of Figure 6.14(a), which represents the thickness as a function of the stiffness, shows
that an increase of the stiffness is an effective way of preventing the thickness from
deviating strongly from the prescribed thickness h0 = 0.2. However, the force, and
thus the maximum pressure which is present on the substrate, increases significantly
as well. The maximum pressure is shown in Figure 6.14(b) as a function of stiffness.

Prescribed thickness

The thickness and pressure are presented in Figures 6.15(a) and 6.15(b) as a function
of the prescribed thickness h0, respectively. A thickness of 0.2 mm is determined for
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Figure 6.15 Influence of the prescribed thickness on the solution of the disc compression model for an R
of 10 mm.

the minimum prescribed thickness of h0 = 0 as shown in Figure 6.15(a). It results in
a maximum pressure of nearly 60 MPa as indicated in Figure 6.15(b). The stiffness
should be increased for these process conditions to be able to produce clad layers
thinner than 0.2 mm.

Rotation speed

The influences of the rotation speed between 1 and 600 rpm on the thickness and
pressure are shown in Figure 6.17. A higher rotation speed results in a decrease of the
thickness and pressure, but the solution does not change significantly by increasing
the rotation speed above 10 rpm.

The behaviour of a hardly changing solution above 10 rpm is explained by the
direction of the shear stress τf caused by friction. The direction is fully in radial
direction when a disc is compressed by a tool without a rotation speed (Ω = 0 rpm
). The tool then experiences only friction in radial direction and a relatively large
pressure is required to compress the disc. However, the magnitude of friction is
divided between the radial direction and the circumferential direction when the tool
rotates. Lower pressures are then required to compress the disc following the von
Mises yield criterion. Figure 6.16(b) suggests that a rotation speed of only 10 rpm is
sufficient to change the direction of the friction such that the pressure decreases and
thinner layers may be expected.
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Figure 6.16 Influence of the tool rotation speed on the solution of the disc compression model for an h0
of 0.2 mm and an R of 10 mm.
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Figure 6.17 Influence of the material strength on the solution of the disc compression model for an h0 of
0.2 mm and an R of 10 mm.

Material strength

The thickness and pressure are presented in Figures 6.17(a) and 6.17(b) as a function
of the material strength, σF, respectively. The range of the material strength comprises
yield strengths of AA1050 at temperatures between 100◦C and 500◦C together with
hardening constants between 1 and 3, as shown in Figure 6.4. It is clear from these
figures that the reduction of the material strength may lead to thinner clad layers and
a decrease of the applied pressure.
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6.5 Discussion

A model was derived to understand how the clad layer thickness can be controlled
with FSC using different process parameters. This model approximates the FSC
process best for relatively small substrate translation speeds, because the influence
of the translation speed on the clad layer thickness is not included in the model.
Moreover, the model holds when the width of the clad layer becomes significantly
larger than the diameter of the consumable rod. In this situation material is deformed
in a lateral direction under the tool and it experiences friction with the tool and
substrate. The solutions of the model provided suggestions as to how relatively thin
clad layers can be produced.

The model suggests, for example, that thin clad layers can be produced at relatively
small tool forces when the magnitude of the friction at the clad layer/substrate
interface is nearly equal to that at the clad layer/substrate interface. When they
are equal, the model suggests that the pressure may even approach a value close to
zero. However, it is not expected that proper bonds are then still formed at these
low pressures. Moreover, the friction at the clad layer/substrate interface should be
somewhat higher in order for the materials to stick to each other at this interface.

The magnitude of the friction is not a setting for the FSC process, but it follows
from the process conditions and the setup. Therefore, it is not straightforward to
control it. However, based on the work of Gerlich [8–11], a suggestion is addressed
for controlling the friction. In his work it was demonstrated that the magnitude
of friction at an AA2024 interface strongly decreased at elevated temperatures close
to its solidus temperature where second-phase particles start to melt. Therefore,
it is expected that the temperature during FSC may not be too high, because the
magnitude of friction at an AA2024/AA1050 interface may decrease significantly. It
is then expected that the clad material may stick to the tool and not to the substrate.
Another way to control the magnitude of friction follows from changing the surface
roughness of the tool. In was observed in Chapter 4 that hard AA2024 asperities
plough the soft AA1050. It is therefore expected that changing the surface roughness
will be an effective way to change the magnitude of friction at the tool clad layer
interface.

It was further suggested by the model that the rotation speed should be larger than
roughly 10 rpm for the production of relatively thin clad layers. A further increase of
the rotation speed does not lower the thickness significantly. However, it should be
noted that the values of different parameters in the model were varied independently
from each other, although some of them are interrelated with each other during
FSC. More heat is generated, for example, at higher rotation speeds, which lowers
the yield stress of the material and causes thinner clad layers. It is expected that
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Figure 6.18 Determination of the expected clad layer dimensions which are marked by a square. It
represents an equilibrium between the expected clad layer dimensions determined by the
model and by Ar which is expressed by Equation (6.1).

higher rotation speeds above 10 rpm are required for heating up the clad material
and thereby reducing the force to compress the clad material. A too high rotation
speed may lead to a strength reduction of the substrate due to thermal related effects,
as explained in Chapters 2 and 3.

The expected dimensions h and w of the clad layer can be determined by how
much material is added per unit length as described in Equation (6.1) and by
the ability of the experimental setup as described by the model to compress this
material. Both conditions are shown in Figure 6.18. In this figure, the solid line
represents the expected thickness h as explained by the model for a varying width
w and at representative process conditions given in this chapter. The dashed line
represents Equation (6.1) for a constant material supply rate and the dashed-dotted
lines represent limitations of the clad layer dimensions determined by the h0 setting,
the tool diameter and the consumable rod diameter. The expected dimensions of
the clad layer follow from the intersection of the two graphs, which is marked by a
square; at this point both conditions are satisfied.

The controllability of the clad layer dimensions by changing different parameters
is shown in Figure 6.19. It shows the expected clad layer thickness and width for
different process conditions in a similar way to Figure 6.18. Figure 6.19(a) shows that
the thickness can be reduced by decreasing h0. However, the stiffness of the setup sets
a limit to the minimum thickness for a given material supply rate. A possible solution
for the deposition of thinner clad layers is to decrease the material supply rate by
either increasing the substrate translation speed or by decreasing the clad feed rate.
This last effect is shown in Figure 6.19(b) where the expected thickness and width
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Figure 6.19 Determination of the expected clad layer dimensions which are marked by a square. It
represents an equilibrium between the expected clad layer dimensions determined by the
model and by Ar which is expressed by Equation (6.1).

of the clad layer decrease due to a decrease of the material supply rate. Clad layers
with a relatively large width and small thickness may be produced by increasing the
setup stiffness as indicated in Figure 6.19(c) or by decreasing the material strength as
is shown in Figure 6.19(d).

An increase of the stiffness allows the production of a thinner clad layer, but the
maximum pressure on the substrate will then also increase as was shown in Figure
6.14(b). The AA2024 substrate may deform plastically at these relatively high applied
pressure which should be prevented. The yield stress of AA2024 is plotted against
temperature in Figure 6.20(a) up to 540◦C [12]. It shows that the yield stress is very
low above 500◦C, because AA2024 has a solidus temperature of 500◦C [5] and a
liquidus temperature of 638◦C [5]. It also shows that the substrate material has a yield
strength of 27 MPa at 430◦, whereas pressures of more than 30 MPa were estimated
by the model in this chapter. A decrease of the temperature is suggested by Figure
6.20(a) to allow higher pressures on the substrate without plastically deforming it.
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Figure 6.20 Yield strength and relative strength of AA2024-T3 at different temperatures.

Figure 6.20(b) shows that the strength of AA2024 compared to AA1050 increases at
lower temperatures than 550◦C up to 200◦C. It suggests that there is an optimum
temperature to produce relatively thin clad layers without plastic deformation of the
substrate.

6.6 Conclusions

A disc compression model was developed to understand the deposition of clad layers
on a substrate by FSC supported by experimental results of cladding experiments
performed in Chapter 4. The influence of different process and material parameters
on the thickness of the produced clad layer was studied. The following conclusions
can be drawn:

1. For the creation of thin clad layers, a high tool rotation speed is not required.
An increase of the rotation speed above 10 rpm (for the current setup) does not
significantly decrease the compression force by the tool. A high tool rotation
speed is only required to heat up the clad material and lower its yield strength
to facilitate the spreading of the clad material in the space between the tool and
the substrate.

2. The magnitude of the friction at the tool/clad layer interface and the substrate/
clad layer interface should be equal or almost equal to each other to produce
thin clad layers at relatively small tool forces. It is important that the magnitude
of friction at the tool/clad layer interface is the smaller one, such that the clad
layer sticks to the substrate and not to the tool.



144 Chapter 6. A model for the thickness of FSC layers

3. The disc compression model shows that relatively high pressures are expected
when clad material flows under the tool in radial direction from the centre
towards the outer edge of the tool. These pressures exerted by the clad material
can be much higher than the material strength of the substrate at relatively
high temperatures and plastic deformation of the substrate is expected. A
temperature in the range of between 200◦C and 400◦ is expected to be an
optimal temperature to produce relatively thin clad layers without plastically
deforming the clad material. The relative strength of AA2024-T351 compared
to AA1050 is largest in this temperature range.
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6.A Appendix: The slab method applied on a disc

The pressure which is required to compress a disc with a thickness h and a radius
R at a constant downward velocity vZ is determined in this appendix using the slab
method. A disc under the compression between two dies is considered in polar
coordinates as shown in Figure 6.21(a). There is only deformation in the radial r
and thickness z directions considered and the effect of bulging is neglected for this
relatively thin disc. The material of the disc is incompressible and behaves rigid-
plastic. It is assumed that the downward velocity vZ is applied over the entire top
surface such that the disc deforms in the thickness direction following:

vz(z) = −vZ
z
h

, (6.23)

and in radial direction based on continuity:

vr(r) =
1
2

R
h

vZr. (6.24)

The strain rates of the deforming disc are then:

ε̇rr =
∂vr

∂r
=

1
2

R
h

vZ,

ε̇θθ =
vr

r
=

1
2

R
h

vZ,

ε̇zz =
∂vz

∂z
= −vZ

h
.

(6.25)

6.A.1 Force equilibrium in radial direction

A solution is determined for the disc which experiences friction with the upper and
lower dies following the approach of Mielnik [7] and Chen [13]. The derivation starts
by considering the force equilibrium in radial direction of a small element of the disc
under compression, see Figure 6.21(b):

∑ Fr = σrrdθr h− (σrr + dσrr)(r + dr)h dθ+

2σθθsin
dθ

2
h dr + (τf,1 cosα + τf,2 cosβ) r dθ dr = 0,

(6.26)
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Figure 6.21 A disc under compression while the dies are rotating. A small element is taken out of it for
determining a force equilibrium.

where Fr is the force in radial direction and τf,1 and τf,2 are the shear stresses caused
by friction at the interfaces. The direction of the shear stresses is indicated by angles
α and β, respectively. An angle of 0◦ represents a situation where there is only
relative movement between the die and the disc in the radial direction, typically
for compression of the disc without rotation. An angle of 90◦ represents a situation
where there is only relative movement between the die and the disc in circumferential
direction, typically for a rigid rotating die on a non-deformable disc. The shear stress
is pointing inwards in this figure, because the disc expands in radial direction. The
friction then prevents the disc from flowing easily outwards.

Since angle dθ is very small, sin dθ
2 = dθ

2 and the Equation (6.26) reduces to:

−σrr −
dσrr

dr
r + σθθ +

(τf,1 cosα + τf,2 cosβ)

h
r = 0. (6.27)

The radial strains are equal to the circumferential strains, ε̇rr = ε̇θθ, in the case of
the axisymmetric deformation of the disc as given by Equation (6.25). In this case
the Levy-Mises plasticity equations for an isotropic material can be used to simplify
Equation (6.27). They are derived from the flow theory in plasticity [7]:

dεrr

σrr − σm
=

dεθθ

σθθ − σm
; σm =

σrr + σθθ + σzz

3
. (6.28)
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Equation (6.27) determines together with the condition ε̇rr = ε̇θθ that the radial stress
is equal to the circumferential stress:

σrr = σθθ. (6.29)

Equation (6.27) can be simplified with the condition of Equation (6.29) to:

−dσrr

dr
+

(τf,1 cosα + τf,2 cosβ)

h
= 0. (6.30)

Equation (6.30) is solved with the boundary condition σrr = 0 at the free edge r = R,
and assuming that τf,1, τf,2, α and β are constants:

σrr =
(τf,1 cosα + τf,2 cosβ)

h
(r− R) . (6.31)

6.A.2 Von Mises yield criterion

The normal stress σzz is related to σrr by the von Mises yield criterion:

σ2
VM =

3
2

Sij : Sij = σ2
F ; Sij = σij −

σ11 + σ22 + σ33

3
δij, (6.32)

where σVM, σF and Sij are the von Mises stress, the flow stress and the deviatoric
stress respectively. For polar coordinates it holds:

σ2
VM =

1
2

[
(σrr − σθθ)

2 + (σθθ − σzz)
2 + (σzz − σrr)

2 + 6
(

τ2
rθ + τ2

θz + τ2
zr

)]
. (6.33)

The shear stress τzr caused by friction at the interface is typically neglected with the
slab method [7, 13, 14]. Moreover, it is assumed that there is also no shear stress τrθ

present. A shear stress of τzθ = τf,1 sinα = τf,2 sinβ [14] is substituted in the von Mises
yield criterion together with σrr = σθθ:

σ2
VM = σ2

F = (σrr − σzz)
2 + 3τ2

f,1sin2α, (6.34)

or after rearranging:
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σzz = σrr −
√

σ2
F − 3 (τf,1sinα)2. (6.35)

6.A.3 Friction conditions

A value of the shear stress at one side of the disc is assumed, which equals the
material strength in pure shear [15]:

τf,2 = σF/
√

3, (6.36)

but the other side may have a different magnitude of friction, which is expressed
using a friction factor nf:

τf,1 =
nfσF√

3
. (6.37)

6.A.4 Pressure distribution

Equation (6.35) is reformulated using Equation (6.31) together with σzz = −p:

p =
√

σ2
F − 3 (τf,1sinα)2 +

(τf,1 cosα + τf,2 cosβ)

h
(R− r) . (6.38)

The pressure distribution is then obtained by substitution of the shear stresses τf,1
and τf,2:

p = σy

√
1− n2sin2α +

σF (ncosα + cosβ)√
3h

(R− r) , (6.39)

or in the special case when n = 1:

p = σFcosα +
2σFcosα√

3h
(R− r) , (6.40)

where there is no difference in magnitude of the friction between the lower and upper
side of the disc and the angles α and β are also equal to each other.





Chapter 7

Discussion

The work presented in previous chapters concerned the development of the Friction
Surface Cladding (FSC) process and it is aimed at the realization of a proof of concept
for the process. A study was performed which mainly focussed on the deposition
behaviour of AA1050 clad material on the harder AA2024-T3 substrate material,
although other material combinations may be employed as well. This chapter reflects
on the main findings of the work and it discusses how the process can be developed
further. Firstly, it addresses a discussion about the technical feasibility of the FSC
process. The results presented in previous chapters are combined with additional
literature to determine which material combinations may be employed by the process.
Secondly, a discussion is presented on how the clad layer dimensions and properties
can be controlled by changing the setup of the process and/or by adjusting the
process parameters.

7.1 Feasibility of the FSC process

The FSC process was introduced in Chapter 1 as a process that is well suited for the
deposition of relatively thin clad layers on a substrate at relatively low temperatures.
In this way the process should not weaken the substrate material due to thermal-
related effects and fusion-related problems are avoided. Moreover, the FSC process
has some advantages over the existing Friction Surfacing (FS) process. Also, other
concepts which have similarities to FSC, as explained in Chapter 1, suggested that
there was a high potential of success. The work presented in this thesis therefore
focused on demonstrating a proof of concept of the process which comprised only
one material combination. The FSC process might also be used for different material
combinations than AA1050 on AA2024. A further development of the process for
other material combinations or for higher deposition rates might involve a redesign
of the setup, or a different selection of tool materials.
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7.1.1 Deposition of AA1050 on AA2024

It was demonstrated in Chapters 2 and 3 that the FSC process is able to deposit
AA1050 clad material on a substrate made from AA2024-T3. Two different types
of clad layers were produced; clad layers which were intermixed with the substrate
material and ones without intermixing. The clad layer without intermixing provided
the substrate with a galvanic corrosion protective layer which has comparable
corrosion protective properties to Alclad 2024. This shows that the FSC process
may be used to deposit clad layers for this material combination which are corrosion
protective.

The results also demonstrated that the FSC process may resolve some technical and
productive issues which are reported for FS [1]. There is, for example, a higher
mass transfer efficiency for FSC than for FS because there is no revolving flash
formation under the tool. Furthermore, the FSC process enables a better control
over the deposited thickness and width which allows the deposition of clad layers
thinner than 0.5 mm. Typical coating thicknesses for FS were reported by Voutchkov
et al. [2, 3] between 0.5 mm and 3 mm. The last issue comprises the poor bonding
at the coating edges during FS. A selection of so-called undercuts at the edge and
non-bonded edges are visible in Figure 7.1. This behaviour was expected to be
improved with FSC, because a tool is present at the outer edges which supports
and presses on the clad layer. Although this behaviour was not investigated for FSC
with a comprehensive study, the cross sections as presented in Chapter 3 suggest
that the undercuts are smaller or not present after FSC. The bond quality needs to
be investigated in future work. Preliminary results of three-point bending tests show
that cracking occurs through the clad layer and there is no debonding, see Figure 7.2.

An undesirable effect occurring during the deposition of AA1050 on AA2024 involves
excessive heat generation at the AA2024’s surface for most process conditions in this
work. The substrate weakened significantly as was demonstrated by the hardness
decrease from 144 HV in as-received condition to values below 100 HV. Fortunately,
there are several results presented in this work and found in the literature which show
that the temperature is allowed to be lower for the creation of bonds. In Chapter
3 it was demonstrated, for example, that some clad material is deposited on the
AA2024 without significant decrease of the substrate’s hardness at a temperature of
roughly 250◦C. Moreover, it was demonstrated in Chapter 4 with dedicated bonding
experiments that bonds can also be produced at relatively low pressures when the
temperature was lower than 250◦C. Furthermore, in the work of Gandra [8] it was
demonstrated that the hardness of the AA2024-T3 decreased only 5% when an
AA6082 coating was produced on it employing FS. It is expected, based on these
results, that clad layers can be produced at lower temperatures without weakening
the substrate significantly. Suggestions as to how the temperature in the substrate
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(a) Cross section showing 316 stainless
steel coating/mild steel substrate
interface with an undercut at the

edge, as polished [3–5].

(b) Cross section morphology and joining
interface [6]. Mild steel was deposited on a

mild steel plate.

(c) Cross section of the deposited material [7]. AA6082-T6 was deposited on AA2024-T351.

(d) Coating cross section macrograph [8]. AA6082 was deposited on AA2024-T3.

Figure 7.1 Typical examples of non-bonded edges and undercuts of friction surface coatings.

Figure 7.2 The result of a three-point bending test performed on the clad layer of experiment 16 which
is presented in Chapter 3.
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can be controlled with the FSC process are presented in the next section.

7.1.2 Other material combinations

A wide variety of different metals can be joined by solid phase welding as is
summarized in the work of Tylecote [9]. Different processes are involved during
welding of these metals, because the process can be carried out over a very large
range of temperatures, pressures and deformations. Four basic factors are discussed
contributing to the process; i.e. 1) the attractive forces between atoms, 2) the
deformations at the surface, 3) the surface films and contaminants on metals, and
4) the effect of pressure and diffusional processes on the weld. Some metals appear
to be more suitable for solid state welding than others. Aluminium is, for example,
mentioned as a material which has an excellent welding ability for friction welding
due to the ability of its brittle oxide film to break up easily.

The range of different metals which are suited for FSC may be indicated by studying
the results of FS. It is expected that metals which can be used for FS are also suitable
for FSC because of the processes’ similarities. The FSC and FS processes deposit both
plasticized surface layers of the consumable rods by rotation under compression.
Table 7.1 summarizes the materials deposited on steel substrates by FS; some of
the tried combinations of clad material and substrate were not successful. The
investigations addressing the deposition of clad material on non-ferrous substrates
are presented in Table 7.2. These results suggest that there are many more different
material combinations other than AA1050 and AA2024 which can be used for FSC.

There are some remarkable material combinations mentioned in the Tables 7.1 and
7.2. For example, consumable rods which have a superior mechanical strength
compared to that of the substrate material are used without significant deformation
of the substrate. It is common for these material combinations to use a start-up plate
which has a higher hardness than the substrate [10–12]. The consumable rod touches
the start-up plate first to allow the deposition of sufficiently plasticized material
before material is deposited on the substrate during the translation phase. Figure 7.3
shows how such a start-up plate is used for the deposition of steel on an aluminium
substrate. However, the deposition of relatively hard consumable rods is also possible
without the use of a start-up plate. It depends in this case on the thermo-mechanical
properties of both materials if this is possible. Friction surfacing of low carbon steel
on copper was, for example, possible without a start-up plate due to the higher
thermal conductivity of copper than steel [10]. The heat concentrated on the steel
side of the interface, which made the consumable rods significantly softer than the
copper.
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Table 7.1 Reported FS material combinations deposited over steel substrates [1].
The minus signs indicate not successful.

Substrate
Consumable rod Carbon steel Stainless steel
Mild Steel x
Alloy steel
- AISI 4140 x
- AISI 8620 x

Austenitic stainless steel
- AISI 304 x
- AISI 310 x
- AISI 316L x
- AISI 321 x

Martensitic stainless steel
- AISI 410 x
- AISI 416 x
- AISI 431 x
- AISI 440 x x

Tool steel
- AISI O1 x
- AISI D2 x
- AISI H13 x

High speed steels
- BM2, BT15, ASP30 x

Co-Cr based alloys Stellite 6,12 x x
Ni-Cr based alloys Inconel 600 x
Aluminium
- AA1100 x
- AA6061 -

Titanium(pure) -
Brass -
Bronze x
Copper(pure) -

The unsuccessful production of clad layers employing FS is often related to the
generation and conduction of heat at consumable rod/substrate interface. Batchelor
[13] demonstrated for the deposition of both brass and aluminium consumables on
mild steel, that the high thermal conductivity of the consumables was probably the
reason of failure to perform friction surfacing. The process failed to form a heated
layer at the contacting surfaces. Different problems were demonstrated in the work of
Rao [10]. There was, for example, insufficient heat generation due to a low magnitude
of the friction of the consumable rod with the substrate or the heat flowed away
relatively fast into the substrate. There can also be too much heat generated in some
cases which softens the consumable rods significantly, leading to excessive flash
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Table 7.2 Reported FS material combinations deposited over non-ferrous substrates [1].
The minus signs indicate not successful.

Consumable Substrate
rod Aluminium Magnesium Copper NiAl Bronze Inconel Titanium
Mild Steel x - x x x
Stainless steel x
(AISI 304)

Aluminium
- AA1100 x
- AA2124 x
- AA6063 x - - - -
- AA6082 x
- AA5052 x

Titanium
- Pure - - - - -
- Ti-6Al-4V x

NiAl Bronze x
Copper(Pure) - - x - -
Magnesium x
(AZ91)

Figure 7.3 Low carbon steel friction surfaced over aluminium substrate with a start-up plate [10].

formation and/or insufficient pressure build-up. Some of these problems may be
solved with the FSC process, because the heat and material flow can be regulated in
different ways. The tool may act as a thermal barrier, for example, such that the heat
is concentrated at the substrate/clad layer interface. Moreover, the tool may provide
a support for the consumable rods when they soften severely and relatively high
pressure may be applied on the clad layer with the hard tool. Such considerations
should be further investigated in future work.

7.1.3 Technical considerations of the setup

It was noted that many different material combinations may be used for FSC. The
tool produced from H13 steel of the current setup is expected to be applicable for
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the material combinations with metals having a relatively low melting point, such
as aluminium and magnesium. For metals having a higher melting point, such as
steel, relatively high temperatures and forces are expected and different material
than H13 steel should be selected for the tool. The tool design used in friction stir
welding (FSW) [14, 15] for steel provides suggestions about which tool materials may
be selected. Alloys based on tungsten or molybdenum are mentioned, for example,
in different works on FSW [16, 17].

Moreover, the current setup allows the deposition of clad layers with a limited size,
because relatively small clad rods are pushed out. This can be improved by increasing
the size of the rods. It is a potential research topic how the feed system can be
improved such that the clad material flows out continuously without limiting the
dimensions of the clad layer. There are concepts presented for FS in patent literature
on how continuous feeding of the consumable rods can be realized and on having
a support for the rod [18, 19]. However, the applied pressure is still interrupted for
these concepts [1].

7.2 Controllability of the clad layer quality

The FSC process aims at producing high quality clad layers which satisfy the specified
thickness and width. A high quality involves, among other things, that the clad layers
should be well bonded to the substrate and also that the substrate material should
not be negatively affected by the FSC process. The main process parameters and
variables which affect the quality of the clad layer are summarized in Figure 7.4.

The quality of the clad layers is influenced by the process parameters and tool
design (see Figure 7.4). The key to high quality clad layers is providing the desired
temperatures and applied pressures at the substrate/clad layer interface. It was
demonstrated in Chapters 3 and 4 that if these are realized with a certain material
flow over the substrate, well bonded clad layers can be realized. During the process,
the clad material should shear well off at the tool/clad layer interface such that the
material remains on the substrate when the substrate is moved with respect to the
tool.

The influence of different process parameters on the clad layer quality is complex
and far from linear, being strongly dependent on the material combination used
[1]. Therefore, a discussion about all these influences for different combinations
of materials is beyond the scope of this section. The discussion focusses on the
production of high quality clad layers of AA1050 on AA2024-T3. It was demonstrated
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Figure 7.4 FSC process parameters and variables which influence the clad layer (based on Gandra [1]).

in Chapters 2 and 3 that the strength reduction of the AA2024-T3 substrate due
to an excess of heat generation is an undesired effect which should be prevented.
Moreover, it was suggested that gaps occurred in the clad layer when too high
temperatures were measured near the clad layer. The reduction of the maximum
temperature during the process is therefore a suitable approach in order to prevent
the strength reduction of AA2024 and to prevent the formation of gaps. However,
higher pressures are expected at lower temperatures to compress the clad layer,
because the yield strength of the clad material is higher. It was therefore also
investigated in Chapter 6 how the tool forces can remain relatively low during FSC.

Influence of process conditions

The process parameters tool rotation speed, substrate translation speed, clad feed
rate and tool gap distance can be adapted in order to produce clad layers at relatively
low temperatures. A brief discussion on how the temperature can be reduced by
changing these process parameters is presented. The discussion also focusses on the
reduction of the applied pressure and/or clad layer thickness. It is not discussed
whether these conditions allow bonding at the clad layer/substrate interface. Due
to the complexity of the bonding behaviour it is not straightforward to predict this
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behaviour. Dedicated bonding experiments presented in Chapter 4 demonstrated
that the pressure and temperature may be relatively low to produce bonds at the clad
layer/substrate interface when there is sufficiently relative movement between them.

• Tool rotation speed: It was demonstrated in Chapter 3 that a reduction of the
rotation speed is an effective way for the FSC process to lower the temperature
in the substrate. However, a rotation speed of 450 rpm with a translation speed
of 60 mm/min, a clad feed rate of 0.08 mm/s and a tool gap distance of 0.2
mm was insufficient to lower the temperature such that there is no strength
reduction of the substrate. A further decrease of the rotation speed is expected
to be an efficient way to lower the temperature in order to prevent a strength
reduction of the substrate. However, the rotation speed should also not be
too low such that high pressures are required to compress the clad layer as
explained in Chapter 6 of this thesis. The shear stresses which arise between
the substrate/clad layer interface and tool/clad layer interface may prevent
the material from easily flowing in radial direction and the applied pressure
increases. Moreover, the clad material is relatively strong at lower temperatures
and higher pressures are required to compress it.

• Substrate translation speed: This speed directly influences the thickness and width
of the clad layer, since it determines the rate at which material is deposited.
As such, the thickness and width are reduced when the translation speed is
increased. Furthermore, shorter heat exposure times are realized by increasing
the translation speed and the maximum temperature will be lower.

• Clad feed rate: The clad feed rate also directly influences the thickness and
width of the clad layer. It is expected that an increase of the feed rate also
causes higher temperatures. When the feed rate increases, there is a larger
contact area between the tool and clad layer and more heat is thus generated
by friction. Moreover, it is expected that more heat is generated due to an
increase of material which deforms plastically. The clad feed rate may thus be
decreased as well in order to produce relatively thin clad layers at relatively low
temperatures.

• Tool gap distance: A reduction of the tool gap distance causes higher tempera-
tures and thinner layers are produced as demonstrated in Chapter 3.

Control by a setup change & additional equipment

A change in the setup and/or additional equipment may have a direct impact on the
quality and dimensions of the clad layer. These are usually not so straightforward
to be changed for controlling the clad layer quality compared to a change of process
parameters.
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• Non-consumable tool: The tool bottom geometry together with its deposition
openings can be changed to alter the material flow under the tool. A change
in the position and size of the deposition opening may reduce the required
lateral movement of the clad material under the tool. This may be realized by
positioning the cladding rods off-centre or by selecting consumable rods with a
larger diameter. In this way it is expected that the pressure, which is required
to compress the clad material for depositing relatively broad clad layers, is
reduced. Moreover, the tool bottom might provide an isolation layer or a heat
sink such that the heat/temperature can be regulated at the clad layer/substrate
interface. Another option might be to change the friction at the tool shoulder
by adapting its surface roughness. A higher friction is favoured in order to
compress the clad material at relatively low temperatures as was suggested in
Chapter 6. However, the friction should not be too high such that the material
sticks to the tool and gaps are expected in the clad layer or no clad material will
be bonded to the substrate.

• Substrate: The surface roughness of the substrate may be altered by, for example,
scratch brushing in order to change the friction and bonding behaviour at that
interface [9]. It is expected that the magnitude of friction can be changed in this
way as suggested in Chapters 4 and 5. A change of the friction at the surface
may decrease the applied pressures to produce relatively thin clad layers as
explained in Chapter 6.

• Clamping/Backing plate: The maximum temperature in the substrate material can
be influenced by changing the heat flow into the clamping system and backing
plate. The clamping system and backing plate can act as a heat sink or as an
isolator depending on their material properties and geometries.

• External cooling of preheating: The substrate, tool or clad layer can also be
actively cooled or heated with additional systems. A cooling of the substrate
might reduce the strength decrease of the AA2024-T3 for example. Systems
are reported which lower the temperature of the substrate by keeping it under
water in a bath [20] or by water spray cooling [7]. A preheating of the clad
material might be beneficial in order to reduce the forces required to compress
the clad material.

• Stiffness of the setup: The stiffness of the setup should be sufficiently large such
that the tool is not significantly pushed up relative to the substrate. This will
prevent clad layers from being deposited with a thickness that strongly deviates
from the expected thickness. It is preferable to deposit clad layers at relatively
low pressures, because low pressures may not lead to a plastic deformation of
the underlying substrate.
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Chapter 8

Conclusions and recommendations

8.1 Conclusions

The main objective of this thesis is to deliver a proof of concept for the Friction
Surface Cladding (FSC) process by developing an experimental setup which is able to
deposit clad layers. Furthermore, the aim is to get an understanding of the deposition
behaviour of the process. A study was performed which mainly focussed on the
deposition behaviour of AA1050 clad material on the harder AA2024-T3 substrate
material, although other material combinations may be employed as well. The major
conclusions of this work can be summarized as follows:

• The FSC process is capable of producing thin clad layers on an AA2024-T3
substrate using AA1050 clad material when the tool is in contact with the
substrate. Then, the tool scrapes away part of the top of the substrate and
mixes it to some degree with the added clad material. The degree of mixing,
the dimensions of the mixed clad layer and the hardness distributions of the
clad layer and the substrate depend on the process conditions. The larger the
applied tool force, the larger the width and depth of the intermixed clad layer.

• The FSC process is also capable of producing thin clad layers on an AA2024-T3
substrate using AA1050 clad material without direct contact between the tool
and the substrate during cladding. In this case the AA2024-T3 substrate may
not be deformed on a large scale. The clad material is well bonded to the
substrate material.

• The tool design has a major influence on the generation and quality of the clad
layer. It has been shown that the FSC tool with a central opening was more
successful in depositing clad layers than the one with two openings positioned
some distance from the tool centre line.

163



164 Chapter 8. Conclusions and recommendations

• Sufficient heat can be generated at the clad layer/substrate interface during
the FSC process to elevate the temperature of the clad and substrate materials.
It may lead to a significant reduction in strength of the AA2024-T3 substrate
material when overly high temperatures occur.

• The shear stress development at the AA2024/AA1050 interface can be explained
by the occurrence of local plastic deformation and material transfer. This
behaviour is caused by the relatively hard AA2024 asperities ploughing through
the surface of the AA1050 material when there is relative movement.

• The maximum obtainable shear stress at the AA1050/AA2024 interface strongly
depends on the temperature and the pressure applied. The maximum obtained
shear stress during the experiments was found to be non-linearly proportional
to the applied pressure. Therefore, the Coulomb’s friction law does not describe
the shear force resistance during the solid state welding using one, constant
friction coefficient.

• Bonding is possible between contacting AA1050/AA2024 surfaces at tem-
peratures lower than 250◦C when they move relatively and are compressed
concomitantly. These relatively low temperatures are well suited to prevent a
decrease of the AA2024 substrates’s strength due to thermal effects.

• A dedicated friction model was developed that shows that the magnitude of the
friction at the tool/clad layer interface and the substrate/clad layer interface
should be equal or almost equal to each other to produce thin clad layers at
relatively small tool forces. It is important that the magnitude of friction at the
tool/clad layer interface is the smaller one such that the clad layer sticks to the
substrate and not to the tool.

• A relatively high tool rotation speed is required to heat up the clad material.
In this way the yield strength of the clad material is lowered to facilitate the
spreading of the clad material in the space between the tool and the substrate.
Moreover, the tool rotation also changes the direction of the shear stresses at
the clad layer/tool and clad layer/substrate interfaces, which also facilitates the
spreading of the clad material.

8.2 Recommendations

Based on the work of this thesis it is recommended to perform further research on
the following aspects:

• A decrease of the rotation speed below 400 rpm is expected to be an efficient
way to lower the maximum temperature during FSC in order to prevent a
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strength reduction of the substrate. The setup needs to be adapted to realize
these lower rotation speeds.

• A reduction of the temperature may also prevent some clad material under the
tool from sticking rather to the tool than to the substrate under these conditions.
Further research is recommended to obtain more insight in this behaviour.

• A next step towards the optimization of the FSC process is to determine the
heat generation and distribution of the process for predicting the maximum
temperature at the clad layer/substrate interface. For this purpose, the torque
should be measured to determine the heat generation and thermocouples
should be placed in the substrate to determine the heat distribution. Also,
numerical models can be utilized to predict the maximum temperatures in the
substrate and clad layer.

• Further research is required to determine the limits of the process parameters
for the production of clad layers. In this way a process window of the FSC
process can be set up which indicates the conditions where the process behaves
well.

• More bonding experiments of AA1050-O on AA2024-T351 need to be performed
at different pressures at temperatures above 250◦C using the dedicated setup
which concomitantly compresses and concentrically rotates two samples with
respect to each other. These experiments provide more information on the
bonding behaviour and shear stress development for temperatures between
250◦C and 500◦C, the solidus temperature of the AA2024 substrate.

• It is recommended to perform FSC experiments with additional measurement
devices which measure the tool gap distance and the clad feed rate contin-
uously. These measurements indicate the influence of deviations of these
parameters on the clad layer quality.

• The FSC process may be applied to many more different clad material/substrate
combinations than just Al on Al2024. A study is recommended which
demonstrates the potential of the FSC process for other material combinations.





Nomenclature

Abbreviations

ALE Arbitrary Lagrangian-Eulerian
AS Advancing side
cc Concave
cv Convex
EBSD Electron backscatter diffraction
EDX Energy-dispersive X-ray spectroscopy
FEG-SEM Field emission gun - Scanning electron microscope
FS Friction surfacing
FSC Friction surface cladding
FSP Friction stir processing
FSSW Friction stir spot welding
FSW Friction stir welding
f Flat
HAZ Heat affected zone
M2i Materials innovation institute
NLR National Aerospace Laboratories
OCP Open circuit potential
RS Retreating side
rpm Revolutions per minute
SCE Saturated calomel electrode
SEM Scanning electron microscope

Greek Symbols

α Angle to define the direction of friction [rad]
αc Contact area fraction [-]
β Angle to define the direction of friction [rad]
γθz Shear strain in the θz-plane [-]
εp,0 Reference plastic strain [-]
εp,eq Equivalent von Mises plastic strain [-]
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εrr, εθθ,εzz Normal strains expressed in the cylindrical
coordinate system

[-]

Θ Rotation angle [rad]
θ Cylindrical coordinate in the circumferential

direction
[rad]

κ Material’s shear strength [Pa]
µ Friction coefficient [-]
µ0 Initial friction coefficient [-]
σe Engineering stress [Pa]
σF Flow stress [Pa]
σm Mean normal stress [Pa]
σrr, σθθ,σzz Normal stresses expressed in the cylindrical

coordinates
[Pa]

σVM Von Mises stress [Pa]
σY Yield strength [Pa]
τ Shear stress [Pa]
τrr, τθθ,τzz Normal stresses expressed in the cylindrical

coordinate system
[Pa]

τf,(max) (Maximum) shear stress at the interface due to
friction

[Pa]

τnom Expected nominal shear stress [Pa]
τrθ, τθz,τzr Shear stresses expressed in the cylindrical

coordinate system
[Pa]

τY Yield stress in pure shear [Pa]
τYS Yield stress in shear when under compression [Pa]
Φ Half of the rotation angle Θ ( = effective angle) [rad]
φ Tool tilt angle [rad]
φe Elastic angle of twist [rad]
Ω Tool rotation speed [rad/s]
ωd Disc’s average rotational speed [rad/s]
ωt Torsional rotation speed [rad/s]

Roman Symbols

Ar Cross sectional area of a clad layer [m2]
Ac Area of the tool/clad layer interface [m2]
b Proportionality factor [-]
C Hardening constant [-]
D Diameter of the clad layer under the tool [m]
E Residual sum of squares [N]
F Force [N]



Fc Force required to compress the clad layer [N]
Fr Force in the radial direction [N]
Ft Tool force [N]
Ft,avg Average tool force during the translation phase [N]
G Shear modulus [Pa]
H Hardness [Pa]
h Clad layer thickness [m]
h0 Tool gap distance [m]
hd Thickness of the disc [m]
hnom Expected nominal thickness of the clad layer [m]
k Stiffness of the setup [N/m]
l Sliding distance [m]
lavg Average path length [m]
M Torque [Nm]
Mf Expected torque based on the magnitude of

friction
[Nm]

Mnom Expected nominal torque [Nm]
MY Expected torque for yielding in pure shear [Nm]
MYS Expected torque for yielding when under

compression
[Nm]

m Friction factor [-]
L Reference sliding distance [m]
n Constant [-]
nf Friction factor [-]
nk Stiffness multiplication factor [-]
nr Number/amount of cladding rod(s) in the tool [-]
ns Stick factor [-]
p Applied pressure on a surface [Pa]
pavg Average applied pressure on a surface [Pa]
pc Critical applied pressure on a surface [Pa]
Q Reference activation energy [J/mol]
R Gas constant [(J/K)/mol]
Ra Surface roughness; arithmetic average of

absolute values
[m]

Rf Radius of cladding rod [m]
Ri Inner radius (of a circular disc) [m]
Ro Outer radius (of a circular disc) [m]
r Cylindrical coordinate in the radial direction [m]
S Deviatoric stress [Pa]
T Temperature [K]
Tmax Maximum temperature [K]
vf Clad feed rate [m/s]



vr Velocity in the radial direction [m/s]
vt Substrate translation speed [m/s]
vz Velocity in the z-direction [m/s]
w Clad layer width [m]
wavg Average width of the clad layer [m]
wnom Expected nominal width of the clad layer [m]
x, y Cartesian coordinates [m]
z Cartesian and cylindrical coordinate [m]
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