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Kimpalan Geseran Aloi Aluminum 6061 dengan Komposit YSZ-Alumina
untuk Tambahbaik Sifat Mekanik dan Terma

ABSTRAK
Dalam kajian ini, tiga jenis sistem utama digunakan bagi kimpalan geseran iaitu bagi
cantuman aloi aluminium kepada alumina tulen, alumina dengan 25% berat YSZ, dan
alumina dengan 50% berat YSZ. Sistem seramik difabrikasi dengan menggunakan
kaedah penuangan slip dan disinter pada suhu 1600°C. Logam aloi aluminium pula
dipotong dan digilap. Diameter rod seramik dan logam kedua-duanya berukuran 16 mm.
Kesan parameter proses kimpalan geseran (kelajuan putaran, geometri sambungan dan
tekanan yang digunakan) ke atas kimpalan bahan-bahan yang berlainan diteliti dan
dikaji. Ujian terma bagi bahan dasar yang berlainan mempunyai peranan yang kuat ke
atas pemanasan semasa geseran serta peningkatan suhu di antara dua permukaan. Hasil
kajian ini menunjukkan bahawa alumina tulen boleh dicantum dengan aloi aluminium
6061 melalui kaedah kimpalan geseran pada kelajuan putaran 1250 dan 2500 rpm,
manakala alumina dengan peratusan berat YSZ 25 dan 50% boleh dicantum pada
kelajuan putaran yang lebih rendah (630 hingga 900 rpm). Kajian ini juga menunjukkan
bahawa cantuman di antara alumina dengan 25% kandungan berat komposit YSZ dan
aloi aluminium 6061 mempunyai kekuatan sambungan paling tinggi, kekerasan mikro
yang rendah dan permukaan mikrostruktur yang baik pada kelajuan putaran 630 rpm
berbanding sampel-sampel yang lain. Bagi sampel sambungan alumina tulen dengan aloi
aluminium 6061, kekuatan sambungan melalui kimpalan geseran dipengaruhi oleh
kelajuan putaran, di mana ia meningkat apabila kelajuan putaran meningkat. Kesan

kelajuan putaran, geometri sambungan, masa kisaran, tekanan kisaran dan darjah
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kecacatan permukaan lebih tinggi bagi aloi aluminium 6061 berbanding bahagian
seramik. Peningkatan kelajuan putaran sewaktu kimpalan geseran mengakibatkan
peningkatan kecerunan suhu dan pemendekan paksi, dimana lebih banyak jisim
dikeluarkan daripada permukaan kimpalan. Kajian ini juga mendapati bahawa masa
Kisaran serta geometri permukaan seramik mempunyai kesan yang besar ke atas
mikrostruktur sambungan, kekerasan mikro dan kekuatan lenturan. Data XRD
menunjukkan bahawa perubahan dalam saiz hablur aloi logam, ketumpatan dan
parameter kekisi berlaku pada kelajuan putaran yang berlainan. Saiz hablur didapati
amat halus dan terhablur semula secara dinamik berdekatan dengan kawasan kimpalan.
Walau bagaimanapun, saiz hablur ini mengalami pemanjangan apabila pelbagai jarak
kawasan kimpalan. Parameter yang berlainan memberikan kesan keretakan samada

mulur atau rapuh pada permukaan bahan.
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Friction Welding of 6061 Aluminum Alloy with YSZ-Alumina Composite for

Improved Mechanical and Thermal Properties

ABSTRACT

In the present work, three main dissimilar materials were used in friction welding
i.e. 6061 aluminum alloy joined to pure alumina, alumina-25 wt. % YSZ and alumina-50
wt. % YSZ. The ceramic systems were fabricated by slip casting and subsequently
sintered at 1600 °C, while the metal aluminum alloy was cut and polished. The diameter
of both the ceramic and metal rods was 16 mm. The effects of friction welding process
parameters (rotational speed, friction time, joint geometry and applied pressure) on the
dissimilar material joints characteristics were evaluated. The thermal analysis of base
materials plays an important role in the possibility of friction heat generation and
increasing the friction temperature between two surfaces. The results in this study
showed that pure alumina was able to be friction welded to 6061 aluminum alloy at
rotational speeds between 1250 and 2500 rpm, while alumina-25, 50 wt. % YSZ were
joined at lower rotational speeds (630 rpm to 900 rpm). It was also observed that joint
between alumina — 25 wt % YSZ composite and 6061 aluminum alloy at lower
rotational speed of 630 rpm produced the highest joint strength but lower microhardness
with good microstructure as compared to the other ceramic components joint. On the
other hand, the mechanical strength of friction-welded pure alumina / 6061 aluminum
alloy components was affected by the rotational speed which increases in strength with
increasing rotational speed. The effect of rotation speed, joint geometry, friction time,
applied friction pressure and degree of deformation appears to be high on the 6061

aluminum alloy than on the ceramic part. The effect of increasing rotational speed over
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the friction-welding joint was that both the temperature gradient and the axial shortening
increased as a result of more mass being transferred out of the welding interface. The
results also indicated that the friction time and ceramic face geometries have a
significant effect on the joint microstructure, microhardness and bending strength. The
XRD data showed that changes in metal alloy crystallite size, density and lattice
parameters occurred over the test distances at different rotational speeds. The grains
were fine and dynamically recrystallized near the weld interface and elongated after
different distances. The fracture surfaces were different with different parameters giving

either ductile or brittle failure.
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CHAPTER 1

INTRODUCTION

1.1 Background

Ceramic-metal bonding is one of the biggest challenges that have faced
manufacturers and users over the years because of the inherent differences in the thermal
expansion coefficients of the two dissimilar materials. Nevertheless, several techniques
have been developed to produce a good bonding, but it depends on the materials bonded.
Among others, it includes solid state welding, direct diffusion bonding, hot isostatic
pressing, reactive metal bonding and active metal brazing (Nascimento et al., 2003; Noh,
2008). There were several factors influencing the degree of success when joining of
different materials are attempted; these include the properties of the interface created in
the joint and the thermal expansion coefficient mismatch between the joined materials,
which potentially results in forming of large residual stresses during cooling of the
joined materials. In order to overcome these problems, friction welding could be the
technique for producing high integrity joints. Friction welding is reported to be one of
the most economical and highly productive methods in joining similar and dissimilar
metals, although it is relatively unknown in joining of metal to ceramics. It is widely
used in automotive, aerospace industry and engineering applications (Sathiya et al.,

2007).

Friction welding is a solid state joining that produces a bond under the

compressive force of one rotating workpiece to another stationary workpiece



(Akbarimousavi and Goharikia, 2011). Heat is generated at the weld interface during
friction welding because of the continuous rubbing of contact surfaces, which,
subsequently results in softening of the metal. Eventually, the material at the interface
starts to flow plastically and forms an upset (Mousavi and Kelishami, 2008). When
certain amount of forging had occurred, the rotation stops and the compressive force is
maintained or slightly increased to consolidate the weld. Some of the important
operational parameters in friction welding are friction time, friction pressure and rotation

speed (Ozdemir et al., 2007).

For a particular application, heating time is determined during the set-up or from
previous experience. Excessive heating limits productivity and increase wastes material.
Similarly, uneven heating as well as entrapped oxides causing unbonded areas at the
interface may be due to insufficient welding time. The effective pressure ranges are also
broad for heating and forging although the selected pressure should be reproducible for
any specific operation. The pressure controls the temperature gradient in the weld zone,
the required drive power and the axial shortening (Khan, 2012). The specific pressure

depends upon the materials being joined and the joint geometry.

On the other hand, the rotational speeds are related to the material to be welded
and the diameter of the weld at the interface. They might have different effects upon the
mechanical properties of friction joints. Increasing rotational speed might lead to greater
frictional heat at the interface, consequently leading to softening of the metal, a greater
extent of recrystallization, or even increased intermetallic formation (Yeoh et al., 2004).

Additionally, depending upon the type of materials joined or more accurately, the
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mechanical and physical properties involved, different ranges of rotational speeds would
produce different effects on the quality of the joint. Therefore, appropriate rotational
speeds must be used to minimize any detrimental effects and produce joints of good

quality.

Many researchers have carried out different studies on the interface
microstructure and mechanical properties of the friction welding. For example, Ozdemir
(2005) had joined AISI304L austenitic stainless steel and AlS14340 steel by friction
welding using different rotational speeds in their studies. He found that the tensile
strength of the joints was markedly affected by the joining rotational speed chosen. They
have also studied the effect of rotational speed on the interface properties of friction
welded of different kind of steel (Ozdemir et al., 2007). They observed that the width of
the full plastic deformed zone (FPDZ) has an important effect on the strength of friction
welded samples and the strength increases with increase of the rotational speed. (Noh et
al., 2008) had joined Al,O3 with mild steel by friction welding using Al sheet as an
interlayer. The strength of Al-steel bonding was dependent on the wettability of the

alumina surface by the partially molten Al interlayer with constant rotational speed.

Work by Avinash et al. (2007) showed the feasibility of producing similar metal
joints of titanium alloy by rotary friction welding method by using three different
rotational speeds. They observed that in all the three cases of rotational speeds, the weld
joints were continuous and the Heat Affected Zone (HAZ) was very thin. However,
there was a distinction between the microstructures developed near the interface in the

two joints, such as the grains had enlarged or reduced in size. In others, Lin et al. (1999)
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studied the effect of joint design and volume fraction on friction welding properties of
Al / SiC composites. They found that the HAZ consisted of three zones, i.e. fully
plasticized region, partially deformed region and the undeformed region. Mortensen et
al. (2001) conducted bending tests on welded and non-welded 416 stainless steel. In all
samples, the bending strength decreased with decrease in the ductility of the welding

samples.

1.2 Problem Statement

Friction is a very important aspect in friction welding since the process itself
relies on the heat generated from the frictional force between rotary workpiece to
stationary one to soften and subsequently the joining. Although this welding technique
has been successfully developed and applied in various cases in industries, the friction
phenomena during ceramic to metal joining is not yet fully understood. Therefore, this
study addresses the friction welding process between the ceramic and the metal
interface, between the surfaces microstructure interface as well as the mechanical and

thermal properties in the joining.

The majority of the techniques used today are based on the joining of ceramics
with metals either by diffusion bonding, active metal brazing, brazing with oxides and
oxynitrides, or diffusion welding (Martinez Fernandez et al., 2000; Cook and Sorensen,
2011). These techniques need either very high temperatures for processing or hot
pressing (high pressures). The joints produced by these techniques have different
thermal expansion coefficients than the ceramic materials, which creates a stress

concentration in the joint area (Lemus-Ruiz et al., 2008). The high stress sometimes
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results in joint failures or unreliable joints. Therefore, the thermal stress problems should
be overcome to obtain reliable joints between the ceramic and the metal. The ceramic
and metallic components should be selected with minimal thermal expansion differences
throughout their operating range. In addition to the previously mentioned problems, the
active metal brazing requires a stringent firing atmosphere, either high vacuum or
reducing gas conditions to prevent the active species (Darsell and Weil, 2007). This

represents a high capital expense and higher operating cost.

In order to overcome those problems mentioned above, the friction welding
could be an interesting and cost effective alternative, provided that the strength of
friction welded joints reaches or exceeds the strength of those joints produced by other

techniques (Weiss and Sassani, 1998; Noh et al., 2008).

The friction welding of dissimilar materials is more complicated than similar
materials due to difference in the physical, thermal, chemical and mechanical properties
of base materials (Khan, 2011). The weld strength and its interface properties are
extremely important. The failure of these welded parts may lead to huge losses.
Therefore, the quality of weld is extremely important. In friction welding of dissimilar
materials combinations such as 6061 Al alloy - Stainless steel 304, 5052 Al alloy —
stainless steel 304, the weld strength and its interface properties are degraded due to
formation of intermetallic compounds. These compounds strongly depend on the local
temperature attained during the welding process and they are responsible for brittle

failure of the components. However, there is possibly non-uniform heat generation



across the weld interface as the rotational speed of inner region is less than outer region,

and thus heat generated in the inner region is less than outer region.

To overcome the above problems the progression of friction welding process is
important to be investigated. In regular friction welding process the development of
friction weld starts from the outer periphery and it progresses to inner region which
increases the severity of above problems (Khan, 2011). The welding process is improved
by reversing the progression of welding and this is achieved by designing a new joint
geometry. The new joint geometry (taper pin 30°, taper pin 60° and pin) reverses the
progress of friction welding from inner region to outer periphery. The comparison and
detail explanation of the proposed new joint geometry and its influence are discussed in

detail in subsequent sections, which shall be part of the research emphasis.

The new methods of friction welding are becoming more widely implemented in
the manufacture of aero engines, because these solid phase joining processes provide
high weld quality and economic benefits (Kallee et al., 2003). High-strength metal alloys
are of interest for structures requiring minimum weight, especially in the aerospace
industry. Along with the interest in high-strength metal alloys, there is a growing
requirement to join ceramic composite components. For high-performance applications
an improved strength / toughness combination is needed, and for this reason the solid
phase friction welding processes have been developed, as they are likely to have a good
balance of properties in the materials. Friction welding processes also permit the joining
of dissimilar materials, thus making best use of specific material properties at the

operating location.



Therefore, the joining of 6061 Al alloy and Al,O3-YSZ composites explained in
this study. The 6061 Al alloy was selected for this study because of the cheaper cost as
compared to other Al alloys. This alloy is widely used in aerospace and automobile
industries. Meanwhile, the Al,O3-YSZ ceramic composite samples were prepared using
most cost effective slip casting technique. YSZ reported to be ceramic material having
good toughness properties (Cesari et al., 2006) than pure Al,Os, therefore making a
composite with Al,O3 leads to a more durable ceramic material for many applications.
The other reason for these selected materials was to produce a novel metal alloy-ceramic
composite joining by friction welding technique, which also provides a new data

analysis system for future researchers.

1.3 Objectives of the Research

The primary objectives of this research are as follows:

1. To study the parameters in friction welding that would be able to produce good
mechanical bending strength i.e. friction time, rotational speeds and friction pressure
with constant forging pressure and time on the joining between two dissimilar
materials.

2. To study the effect of different specimen geometry faces on the strength of the
friction welded joint with 6061 Al alloy.

3. To assess the correlation between thermal properties of base materials, friction
temperature and heat generation with interfacial microstructural behavior.

4. To characterize the evolution of microstructure in the 6061 Al alloy deformation

regions and relate it to the friction welding parameters.



1.4 Research Approach

This research was divided into three stages; Al,O3-YSZ composite preparation,
6061 Al alloy preparation and thirdly is the joining process. In the first stage, the Al,O3-
YSZ composite rods were prepared through slip casting and in the second stage the Al
metal alloy rods were machined into required diameters. Figures (1.1, 1.2 and 1.3) show
the flowchart of the various stages in this research. The effect of the various parameters
investigated (rotational speed, friction time, joint geometry and friction pressure) were
characterized for their physical and mechanical properties, as well as plastic deformation

and the microstructure developed after friction welding.
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Figure 1.1: Flowchart of research stage one, ceramic composite preparation
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Figure 1.2: Flowchart of research stage two, 6061 Al alloy preparation
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Figure 1.3: Flowchart of research stage three, friction welding process
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CHAPTER 2
LITERATURE REVIEW

2.1 Friction Welding

Friction welding (FW) is a solid state joining method (meaning the metal is not
melted during the process) which produces coalescence of materials under compressive
force when the workpieces rotate or move relative to each other (Woo et al., 2002;
Skrotzki, 2008) producing heat and plastically displacing the material from the faying
interface. While considering a solid-state welding process, under some circumstances a
molten film may be produced at the interface. However, even then the final weld should
not exhibit evidence of a molten state because of extensive hot working during the final
stage of the process. Filler metal, flux, and shielding gas are not required in this process
(O'Brien, 1991; Nguyen and Weckman, 2006; Maalekian, 2007). The basic steps

involved in friction welding are shown in Figure 2.1.

Initially, one workpiece is rotated while the other is kept stationary as shown in
Figure 2.1(a). When the appropriate rotational speed is reached, the two workpieces are
brought together and axial force is applied as shown in Figure 2.1 (b). Rubbing at the
interface heats the workpiece locally and upsetting starts, as shown in Figure 2.1(c).
Finally, rotation of one of the workpieces is stopped which completes the upsetting
(Figure 2.1d). The friction weld produced is characterized by a narrow heat affected
zone, the presence of plastically deformed material around the weld (flash), and the

absence of a fusion zone.
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Friction welding as a method of joining was first patented in the 1890’s by an
American named Bevington (Nicholas, 2003). References are also known which indicate
that the ‘spin welding’ of plastics was carried out in the 1930s to 1940s. However, its
impact on welding metals wasn’t so prominent until 1956s when the process was
advanced significantly by Soviet workers (Lee et al., 2003). Further time elapsed before

the process was introduced into the UK and USA in the early 1960’s.

Figure 2.1: Basic steps in friction welding (Maalekian, 2007; Kalsi and Sharma, 2011)

2.1.1 Energy Input Methods in Friction Welding

There are two methods of supplying energy in friction welding. Direct drive
friction welding, sometimes called conventional friction welding and uses a continuous
input. Inertia friction welding, sometimes called flywheel friction welding uses energy

stored in a flywheel.
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2.1.1.1 Direct Drive Welding

Direct-drive friction welding is a well-established solid-state joining process
(Davis, 2000) which can be used to join a wide range of conventional steel alloys as well
as more metallurgically challenging systems such as dissimilar metal combinations and
super alloys (Fortulan and Souza, 1999). In this process (Figure 2.2), one of the
workpieces is attached to a motor driven unit while the other is restrained from rotation
(Nicholas, 2003). The motor driven workpiece is rotated at a predetermined constant
speed. The workpieces to be welded are moved together and then a friction welding
force is applied. Heat is generated as the faying surfaces (weld interface) rub together.
This continues for a predetermined time or unit a preset amount of upset takes place.
The rotational driving force is discontinued and the rotating workpiece is stopped either
by the application of a braking force or by its own resistance to rotation. The
relationship of direct drive friction welding parameter characteristics is shown in Figure

2.3.

Motor Brake Non-rotating Vise
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Figure 2.2: Basic arrangement of a direct drive-welding machine (Sahin, 2009c)
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Figure 2.3: Direct drive friction welding parameter characteristics (Maalekian, 2007)

2.1.1.2 Inertia Drive Welding

Inertia drive welding is the most popular method for the joining of
axisymmetrical parts in which one workpiece is rotated as the two workpieces are
brought together under friction pressure (Li et al., 2007). In inertia friction welding
(Figure 2.4), according to some researchers, one of the workpieces is connected to
flywheel while the other is restrained from rotating (O'Brien, 1991; Mortensen et al.,
2001; Daus et al., 2007). The flywheel is accelerated to a predetermined rotational speed
to store the required energy. The drive motor is disengaged and the workpieces are
forced together by a friction welding force. This causes the faying surfaces to rub
together under pressure. The Kinetic energy stored in the rotating flywheel is dissipated
as heat through friction at the weld interface thus welding the two surfaces together as
the flywheel speed decreases. An increase in friction welding force may be applied

(forge force) before rotation stops (Nicholas, 2003; Sahin, 2007; Sahin, 2009a; Sahin,
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2009c¢). The forge force is maintained for a predetermined time after rotation ceases. The

relationship of inertia friction welding parameter characteristics appears in Figure 2.5.
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Figure 2.4: Basic arrangement of an inertia-welding machine (Izadi, 2008)
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Figure 2.5: Inertia friction welding parameter characteristics (Maalekian, 2007)
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2.1.2 Types of Friction Welding

Welding is a widespread and versatile technique for joining two pieces of the
same or different kind of material. A lot of different types of welding are used; one of
them is friction welding. Friction welding involves forcing two pieces of metals together
with sufficient force to bond together. Advantages of friction welding over other
welding types include its relatively low power requirements, simplicity of the operation

and the rapid dissipation of the heat generated by the friction.

2.1.2.1 Rotary Friction Welding

Rotary friction welding is one of the solid-state techniques that is applied to join
similar or dissimilar materials (Kurt et al., 2011). The rotary friction welding process is
inherently flexible, robust and tolerant to different qualities of materials. The parameters
involved are the rotational speed, time and force applied. However, as the process is
inherently robust and flexible, deviations on these parameters can still give a good weld.

It is widely used by various industries (Nicholas, 2003; Davari et al., 2011).

In this technique, machinery components are brought into contact. While one of
them remains stationary, the other is rotated with the applied pressure (Figure 2.6).
When the temperature of the interfaces has reached to an optimum value for the
extensive plastic deformation, the rotation is stopped, while the forging pressure remains
unchanged or increased. The application of an axial force maintains intimate contact
between the parts and causes plastic deformation of the material near the weld interface
of the weld. The rotating speed and applied pressure affect the shape of welded zone and

the width of HAZ. Application of high pressure produces narrow HAZ, while using high
16



rotating velocity causes extension of HAZ and enlarged grain sizes (Davari et al., 2011).
Also HAZ width changes with thermal conductivity variation of the used material.
Ordinarily, if the variations of parameters lead to increase of mechanical energy, HAZ

will be extended.

Pre-contacCt ==——p Friction =——p Start welding ——— Forge = Complete welding

| 1
yr
J [roe—

Figure 2.6: Rotary friction welding process (Sanders, 2001)
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2.1.2.2 Orbital Friction Welding

Orbital friction welding is a type of friction welding (Figure 2.7) which is
particularly suited for the joining of non-circular cross-section components (Maalekian,
2007). This type of friction welding is similar to rotary friction welding but both welded
parts are rotated in the same direction at the same speed. In this application, neither
workpiece rotates around its central axis. The orbital motion provides uniform tangential
velocity over the total interface area. When motion ceases, the parts are realigned
quickly. Practically it has been recognized that the high quality welds are produced
using this process which is attributed to the constancy of the relative velocity at the
rubbing interface. Also this process has important advantages such as a uniform rate of
heat generation at the rubbing interface that produces a uniform thickness of the heat

affected zone (HAZ) and the cross-section of the components can be of any shape.
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Figure 2.7: Schematic diagram of the orbital friction welding process
(Davim et al., 2008)

2.1.2.3 Linear Friction Welding

Linear friction welding (LFW) is a solid state joining process in which a
stationary part is forced against a part that is reciprocating in a linear manner to generate
frictional heat (Bhamiji et al., 2011). The heat, along with the force applied perpendicular
to the weld interface, causes material at the interface to deform and plasticize (Figure
2.8). Much of this plasticized material is removed from the weld, as flash, because of the
combined action of the applied force and movement of the part. Surface oxides and other
impurities are removed, along with the plasticized material, and this allows metal to
metal contact between parts and allows a joint to form (Jun et al., 2010; Bhamji et al.,
2012).

This process offers advantages over fusion welding when joining metals that
exhibit solidification problems (e.g. porosity, hot cracking, segregation, etc.). In

addition, in most cases the severe deformation in the weld region during friction welding
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results in a refined microstructure, which can provide improved strength at the weld line
relative to the parent material. On the other hand, the main disadvantage of this process
is the high capital cost of the equipment. The high cost of both the equipment and
tooling means the LFW process can only be justifiably used for producing high value
added components (Wanjara and Jahazi, 2005). This has generally confined the process
to niche applications such as producing bladed discs for aero engines. However,
machines based on the principle of stored energy, rather than direct drive, have
significantly lowered costs and this may mean the LFW of lower value added
components can be justified. A further disadvantage of the process is that it can be very

noisy.

Stationary ,F orce

Component

Moving

Component

Motion

Force

Figure 2.8: Schematic diagram of the linear friction welding process
(Jun et al., 2010)

2.1.2.4 Radial Friction Welding
At the effect of radial pressure, the friction heat generated in friction interface is

used to heat the welding zone to a high temperature, and then a large radial forging force
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is applied to the radial friction welding process, which is particularly suitable for
welding rotator structures, such as tubular and annular workpieces (Luo et al., 2012).
This process can be used to join circular sections where it is undesirable to rotate the
parts to be joined. It is also used to weld collars to shafts and tubes. As shown in Figure
2.9, the applied force on the rotating band is perpendicular to the axis of rotation. The
collar is rotated and compressed as it is heated. An internal expanding mandrel supports

the pipe walls and prevents penetration of upset metal into the bore of the pipe.

Force

Force Force

Motion

/

Corce Force Force

Figure 2.9: Schematic diagram of the radial friction welding process
(Luo etal., 2012)

2.1.2.5 Friction Stir Welding
Friction-stir welding (FSW) is a solid-state joining process and is used for
applications where the original metal characteristics must remain unchanged as far as

possible (Harris and Norman, 2003; Schwartz, 2011; Huang et al., 2012). This process is
20



primarily used on Al, and most often on large pieces which cannot be easily heat treated
post weld to recover temper characteristics. In this technique, a non-consumable tool is
rotated and traverses through the material to be joined forming a plasticized annulus
around the central pin whereby material is transferred from the front to the back of the
pin, eliminating the joint interface (Figure 2.10) (Threadgill, 2007). More recently, FSW
has been increasingly employed for aluminium alloys in the ship building and aerospace
industries. The first fully friction stir welding component, a cylindrical intermediate
assembly, was launched from Cape Canaveral in 1999. In parallel with the many current
industrial applications with aluminium, friction stir welding is also being developed for

joining copper, titanium and steels.
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Figure 2.10: Friction stir welding process (Liechty, 2007)

2.1.3 Types of Relative Motion in Friction Welding Process
With most friction welding applications, one of the two workpieces is rotated
about an axis of symmetry with the faying surfaces perpendicular to that axis. This

means that in the normal case, one of the two workpieces must be circular or tubular in
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cross section at the joint location (Robert, 1999). Typical arrangements for single and

multiple welding operations are shown in Figure 2.11 (A) through (E).

Figure 2.11 (A) depicts the conventional and most commonly used in which one
workpiece rotates while the other remains stationary. Figure 2.11 (B) shows another
mode in which both workpieces are rotated, but in opposite directions. This procedure
would be suitable for producing welds where very high relative speeds are needed.
Figure 2.11 (C) shows a third mode where two stationary workpieces push against a
rotating piece positioned between them. This setup might be desirable if the two end
parts are long or are of such an awkward shape that rotation would be difficult or

impossible by the other modes.

OO0

(A) Basic (B) Counter Rotation
F , s N
I B0 Na
(C) Center Drive (Splicing) (D) Twin Welds

(E) Center Drive (Dual Production)

Figure 2.11: Typical Arrangements of Friction Welding (Robert, 1999)

A similar situation, shown in Figure 2.11 (D) involves two rotating pieces

pushing against a stationary piece at the middle. The same principle can be applied to
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the making of two welds back to back at the same time with one rotating spindle at the

center, as shown in Figure 2.11 (E), for the purpose of improving productivity.

2.1.4 Advantages and Limitations of Friction Welding Process

Friction welding, like any welding process, has its specific advantages and
disadvantages. The following are some advantages of friction welding such as no filler
metal is needed. Flux and shielding gas are not required. The process is environmentally
clean, no arcs, sparks, smoke or fumes are generated by clean parts (Kumar et al., 2010).
Surface cleanliness is not as significant, compared with other welding processes, since
friction welding tends to disrupt and displace surface films. There are narrow heat
affected zones. The process is suitable for welding most engineering materials and is
well suited for joining many dissimilar material combinations. In some cases, the weld
strength is stronger than the weaker of the two materials being joined. Operators are not
required to have manual welding skills. The process is easily automated for mass
production. Welds are made rapidly compared to other welding processes. Plant

requirements (space, power, special foundations, etc.) are minimal.

There are also some limitations of the process like; one workpiece must have an
axis of symmetry and be capable of being rotated about that axis. Preparation and
alignment of the workpieces may be critical for developing uniform rubbing and heating,
particularly with diameters greater than 50 mm. Capital equipment and tooling costs are
high. Dry bearing and non forgeable materials cannot be welded. If both parts are longer

than 1 m, special machines are required. Free- machining alloys are difficult to weld.
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2.1.5 Mechanism of Friction Welding

While specific details of the bonding process are unclear, the welding cycle can
be divided into two stages; the rubbing or friction stage and the upsetting or forging
stage. The welding heat is developed during the first stage and the weld is consolidated

and cooled during the second stage.

2.1.5.1 Friction Stage

When the pieces make contact, rubbing takes place between the faying surfaces
while the strong adhesion takes place at various points of constant. The unit pressure is
high. At some points, the adhesion is stronger than the metal on either side. During the
process, shearing takes place and the metal is transferred from one surface to the other.
As rubbing continues, both torque and the interfacial temperature increase. The sizes of
the transferred fragments grow until they become a continuous layer of plasticized
metal. If a liquid film forms, it occurs at this point. During this period, the torque peaks
and decreases to some minimum value which remains reasonably constant as metal is
heated and forced from the interface while axial shortening continues (O'Brien, 1991;

Kimura et al., 2003).

2.1.5.2 Forging Stage

Toward the end of the heating process, forging pressure is applied to the
workpiece to cause axial shortening. This upset results in the flash as shown in Figure
2.1(d). Comparing Figure 2.3 with Figure 2.5, it can be seen that the latter part of the
direct drive and inertia friction welding processes are very similar with respect to axial
shortening (upset), speed and pressure. As the speed decreases, a second torque peak
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