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Friction Stir Welding Handbook is an educational material ~ dedicated to
the training of the personnel involved in th is welding process. It contains
the main information that will be able to offer specific knowledge and
competences to the personnel who is involved in the qualification
process as a Friction Stir Welding Specialist and Engineer .

The book is the result of an intellect ual output of the project  E+ 2017-1-
SK01-KA202-035415 Harmonized Friction Stir Welding Technology
Training across Europe project cofinanced by the European Commission
through ERASMUS+ program, and it can be used as teaching or learning
support.

The chapte rs of the book were elaborated by the members of the
consortium which implemented the project . Chapters 1 to 8 are
common to both, the Specialist and Engineer, and are the following:

Chapter 1: FSW Fundamentals

Chapter 2: Joint Definition

Chapter 3: Supervision of Welding Process Operation
Chapter 4: Post Processing

Chapter 5: Health and Safety

Chapter 6: Maintenance

Chapter 7: Quality

Chapter 8: Coordination

Chapter 9: Designing of parts

From chapter 1 to 8, the text in blue is ded icated to the EFSW -Eonly, the
knowledge within that information is not included in the EFSWS
guideline . Chapters 10 to 11 are dedicatedt o the Engineer Profile:

Chapter 10: Designing of Tools
Chapter 11: Implementation
Chapter 12: Case Studies.
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Advancing side of weld - the side of the weld where the direction of tool
rotation is the same as the direction of welding.

Anvil - the structure supporting the root side of the joint.
Axial force - force applied to the work piece along the axis of tool rotation.

Bobbin tool - an FSW tool with two shoulders separated by a fixed length or
an adjustable length pin. The self -reacting b obbin tool allows the shoulders
to automatically maintain contact with the workpiece.

Direction of tool rotation - the rotation as viewed from the spindle that is
rotating the tool.

Dwell time at end of weld - the time interval after travel has stopped but
before the rotating tool has begun to withdraw from the weld.

Dwell time at start of weld - the time interval between when the rotating tool
reaches its maximum depth in the parent material and the start of travel.

Entrance block - a sacrificial piece of metal that is secured to the beginning
of a FSW joint, and provides filler material as the tool enters the edge of a
workpiece.

Exit block - a sacrificial piece of metal that is secured to the end of a FSW
joint, and by providing filler material, eliminate s an exit hole in the weldment.
The exit hole will be relocated to the exit block.

Faying surface - the surface of one component which is intended to be in
contact with, or in close proximity to the surface of another component to
form a joint.

Fixed pin - a fixed length pin protruding from the shoulder and the pin's
rotation is the same as the shoulder during welding.

Flash - material expelled along the weld toe during FSW.

Force control - method to maintain the required force on the tool during
weldi ng.

Heel - part of the tool shoulder that is at the rear of the tool relative to its
forward motion.

Heel plunge depth - distance the heel extends into the workpiece.

Hook - faying surface that curves upward or downward along the side of the
weld metal i n a friction stir welded lap joint.

Hole plug - a piece of filler metal which has been machined to allow its
insertion into a hole and will be joined to the structure by FSW.

Lateral offset - the distance from the tool axis to the faying surface.
Multiple spindles 0 a friction stir welding system with two or more spindles.

Pin - part of the welding tool that extends into the workpiece to make the
weld.

Position control - a method to maintain the required position of the tool during
welding.

Retreating side of weld - side of the weld where the direction of tool rotation
is opposite to the welding direction.

Self-reacting tool - a tool with two shoulders separated by a fixed length
probe or an adjustable -length probe.
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Shoulder - the portion of the tool conta  cting the surface of the parent
material during welding.

Single spindle - a friction stir welding system with one spindle.

Side tilt angle - the angle between the tool's axis and an axis normal to the
base material surface, measured in a plane perpendicula r to the weld path.

Stirred zone - the oval shaped region in the center of the weld, where a fine
grained, equated microstructure exists.

Tilt angle - the angle between the tool's axis and a plane perpendicular to
the weld path, when viewed perpendicular t o the weld path.

Thermo-mechanically affected zone (TMAZ) - the area of weld joint that has
been plastically deformed by the tool and has also had its microstructure and
properties altered by the heat of a welding process.

Tool (friction stir welding) - a FSW tool is the rotating component consist of the
shoulder and pin. As base material thickness is increased, the shoulder
diameter and pin length are also increased. Various pin designs include, but

are not limited to, threaded, scrolled, flu ted, or smooth. Pins may also have
adjustable length and, with a special spindle, counter -rotating. A tool usually
has a shoulder and a pin, but a tool may have more than one shoulder or
more than one pin. Also, a tool may not have a shoulder or a pin.

Tool rotation speed - angular speed of the welding tool in revolutions per

minute.
Travel speed - rate at which the welding operation progresses in the direction
of welding

Advancing Retreating

Side [A] Side [R]
Rotation in same Rotation in
direction as opposition to
translation: translation:
Difference between advancing and retreating side 0 Courtesy of [1 -6]

Welding (i ncluding FSW) related terminology
Complex weld joint - a continuous weld joint with variations in section
thickness and/or tapered thickness transitioning.
Heat affected zone (HAZ) - the area of weld joint which has had its

microstructure and properties al  tered by the heat of a welding process.
Multi -run welding - welding in which the weld is made in more than one run.

Plasticity - the softening of metal material before it reaches its melting point.
The mechanism usually becomes dominant at temperatures gre ater than
approximately one third of the absolute melting temperature.

Single run welding - welding in which the weld is made in one run [1 -14].
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FSW Fundamentals

Friction stir welding is a material joining process where two or more metal
workpieces are joined by the friction heating and mixing of material in the
plastic state caused by a rotating tool that traverses along the weld. FSW is
considered to be the most  significant development in metal joining in a decade.

The friction stir welding machine is operated by a competent FSW operator who
performs fully mechanized or automatic friction stir welding. The welding
specialist have necessary skills and technical kno  wledge to plan, execute,
supervise and test welding operations within a limited technical field involving
simple welded constructions. A welding engineer is a type of materials engineer,
who acquired anin  -depth knowledge of the all aspects of welding that lead to
the manufacture of a product.

The following module s main objective to give an overview of the FSW process.

It starts wi t h basi c i nformationds about
advantages and disadvantages of this process, characterisation of welding
equipment and tools. At the end of module, general concerns about weldability

of different base materials are described.

Introduction to FSW

Invention and History of FSW

Friction stir welding is classified as a one of the solid-state welding
techni ques. It was invented and patented in 1991 by The Welding
Institute (TWI) of the United Kingdom for butt and lap joining of ferrous,

non -ferrous metals and plastics. It was initially applied to aluminium
alloys, because of benefits, such as less sensitivity to ~ contaminations, less
distortion and improved strength and fatigue properties, compared to

fusion welding. Implementation of FSW has occurred in industries such as
automotive, aerospace, railway and maritime. It is being used
increasingly to weld materials , which are traditionally considered to be
not weldable, for example aluminium alloys 2XXX and 7XXX. Further
studies aiming at widening the set of materials applicable for friction stir
welding, which include Mg -, Cu-, Ti, Al-alloy matrix composites, lead
stainless steels, thermoplastics and dissimilar materials  [1-1, 1-2, 1-3, 1-4].

The development of lightweight construction, materials, and design play
important role in economy and fuel consumption. Road, railway, water

and air transport is based onthe  use of alumin ium and its alloys, because
of economic and ecological reason. The MIG and TIG welding processes

are characterized by high heat input, occurrence of problems of
thermal deformation and formation of alumin ium oxide. Riveted
assemblies are more expensive to make, have more weight than welded
assemblies and holes required to insert rivets cause stress concentration.
Another problem related to riveted assembilies is that they are not tight

and leak proof. The introduction of FSW solved these proble ms.

Friction Stir Spot Welding (FSSW) was first developed at the Mazda Motor
Corporation and Kawasaki Heavy Industry, respectively. This new spot -
welding technique is intended to replace other joining techniques
include resistance spot welding, self  -piercing r ivets and clinching. FSSW

FSW Handbook for Specialists & Engineers
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is primarily intended for joining Al alloys, to reduce cost of consumables

using during assembly manufacturing (self  -piercing rivets) or in the case
of resistance spot welding, reduce the electricity consumption and cost

of electr ode dressing due to physical properties of aluminium. Mazda RX -
8 rear door panels were manufactured using FSSW in 2003 and Mazda
claimed 99% reduced energy consumption comparing to conventional

earlier process. The process consists of only the plunge andr  etract phase
and it can be described as pure spot FSW.

Development of friction stir spot welding is to be further developed and
improved and nowadays it can be classified in three categories: Pure
spot FSSW; Refill FSSWwand Swing FSSW.

Refill FSW solves the problem of presence of keyhole (exit hole) due to
retraction of the tool at the end of the weld, in the middle of the joint.

Exit hole occurring in conventional friction stir spot welding and it is
avoided in refill FS SW, which can also be used as a re  pair process. The
forming of fully consolidated weld is possible because the welded region

is produced in a process similar to a back extrusion. Swing FSSW is a third
variation of FSSW. This process produces a spot that is elliptical in shape.

In compariso n to the perfect circle obtained during conventional spot
FSSW, elongated spot offers larger area of contact and this results in
higher joint strength  [1-1].

Fundamentals of FSW

The FSW process starts with a machine initiating rotation of a friction stir
tool. A non -consumable pin and shoulder is plunged into the joint line
between two rigidly clamped materials on a backing plate support.

During plunge phase, the tool and the workpiece are at ambient
temperature, except the region surrounding tool and workp iece
interface.

Rate of temperature rise, and extent of plasticity depends on the rate of
insertion. The plunge phase is finished when the tool shoulder is in contact
with the substrate. Local heat via friction and plastic deformation is
created, which so ftens the material to be welded. The tool shoulder
produce more heat than the pin surface. However, the deformation is
generated by rotation of the tool pin which leads to the generation of
additional heat. At this stage, force starts to drop as the metall ic
workpiece reaches critical temperature for plastic flow. When welding
metals with higher melting points, it is possible that the rotating tool can

be intentionally held in this position for a pre  -determined time, known as
hold time (also called dwell ti me), so as to reach the desired
temperature needed for plastic flow.

When plunge reach the selected plunge depth, the FSW machine starts

the traverse of the friction stir tool along the weld path. The rotation of

the tool is maintained, geometric features on the shoulder and probe
displacing and mixing (stirring) material along the weld joint. The tool
shoulder restricts metal flow to a level equivalent to it position, i.e. close

to the initial workpiece top surface. When the friction stir tool reaches the

end of the path, it is retracted from the joint. This is the actual welding
phase and, depending on the type of FSW machine, can be controlled

by displacement, force, power, torque, temperature etc. [1-1, 1-2, 1-4,
1-5].
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Tool * ?
Material J

Position Material to be Rotate the spindle and Plunge the tool in to the
joined tool material interface
Traverse the tool Allow frickonal heating to Stop the plunge at the
through the material develop underthe tool required depth

¥ 2 :

When the length of weld is Retract the tool from the
complete halt the tool material then cease tool rotation The weld is complete.
traverse.

Matenal Positioning |p, | Tooling plunge P‘ Tooling Traverse p| Pull out/Run off

Figure 1-1: FSW process flowchar t 8 Courtesy of [1 -6]
Friction stir processing

Friction stir processing use similar working principle to FSW and it is known
as the surface modification technique. It can be used to i mprove
mechanical and tribological characteristics. The difference between

FSW and FSP is that they do have different purposes in practical
applications. In FSW process the goal is to join two plates together,
however, the FSP aims at modifying the microst ructure of single
component.

As a result of obtained plastic deformation, which refines the
microstructure of a material, is improving mechanical properties of
material. This process does not change the shape and size of the base
material. It can be carrie  d out selectively on a part for specific property
enhancement, without affecting the properties in the rest of the
material. In comparison to FSW, the pin of the FSP tool is often shorte r
than the thickness of the sheet.

Friction stir processing can also i ncorporate second phase particles into
a material to process composites and produce surface composite
layers. It can be done by inserting the powder (for example ceramic
powder) in the processing zone by creating the groove, pouring the
powder into itand then FSP.

The FSP can be also used to eliminate casting defects and homogenizing

the as -cast microstructure in cast alloys. FSP can improve strength and
ductility of the cast alloy by breaking the dendritic microstructure [1-5,1-
7].
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SHOULDER

Deformed Region
(nugget zone) Elongated dendrites

Figure 1-2: Friction Stir Welding (left) and Friction Stir Processing (righ t) - Courtesy
of [1-8, 1-9]

% Heat distribution

Heat generated in FSW process is combination of friction and plastic
dissipation during deformation of the metal. Heat gene ration process is
sensitive to factors such as weld parameters, thermal conductivities of
the workpiece, pin tool and backing anvil, and the weld tool geometry.

The temperature field around the pin tool is asymmetric. FSW of
aluminium alloys shows highert emperatures on the retreating side. This
correlates with tensile test failures, which occur predominantly in the
heat affected zone. Majority of the heat generation occurs at the
shoulder/workpiece interface, but the heat generated between the

pint tool an d the workpiece should be also included in defining the
heat field. The amount of heat input from deformational heating
around the pin tool is in range from 2% to 20%.

Mechanisms of heat generation between the shoulder/workpiece and
pin/fworkpiece interface are due to friction or plastic dissipation,
depending on whether slide or stick conditions dominate at the
interface. The weld tools can consist geometric features, wh ich
influence whether the two surfaces slide, stick, or alternate between

the two modes.

As the temperature of the weld metal rises during FSW, the metal
softens, torque is reducing, and less heat is distributed to the metal by
mechanical work. A temperature -regulating mechanism can be
observed, which tends to stabilize the temperature and avoid melting

the metal. Alternating the conditions at the interface between stick

and slide lea d to control of process temperature. If metal cools below

a critical temperature, where the deformational flow stress rises above

the frictional slip stress, the interaction between the weld tool and
workpiece may change from deformational to frictional. | f slide occurs
between the weld tool/workpiece interface, the heat input could
decrease and reduce the temperature of the material. Alternating
boundary conditions at the interface can cause stick -slide oscillations
[1-1].

% Material stirring

Thermally softened, plasticized zone is a region bounded by the tool
shoulder, anvil, and parent material. Weld parameters, pin tool design

and materials are variables, which control volume of metal heated. A
portion of the heat is then swept by the mechanical working portion of
the process.
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The thermally softened material is transported around the tool in the
direction of rotation. It is deposited in the form of bands, which can be
viewed in the plan section of an FSW. The spacing of the bands are
equivalent to the lo ngitudinal distance the weld tool travels during a
single rotation. Geometric and microstructural differences within the
refined weld nugget are caused by asymmetrical flow process that
occur around the weld  centreline . The metal flow can be described
using either Nunes Kinematic Model or Arbegast Metalworking model
[1-1].

% Microstructural features
In the joint material f our visually distinct microstructural zones can be
distinguished.

Unaffected parent (base) material

This zone is located furthest from t he weld, which has the same
microstructure and mechanical properties as it had before the FSW
process. In this zone there are possible temperature variations, but they
are not enough to modify the microstructure and/or mechanical
properties. The interface between the stir zone and base material is
relatively diffused and smooth on the retreating side of the tool, while it

is quite sharp on the advancing side.

Heat affected zone (HAZ)

Moving towards the weld  centre , we will find heat affected zone. In this
zone microstructure and mechanical properties are affected by the
heat generated by FSW process, while there is no plastic deformation.

Thermo-mechanically affected zone (TMAZ)

The TMAZ undergone mechanical deformation the material in TMAZ is
plastically d eformed and the process is comparable to hot -working of
metallic material. TMAZ zone is often defined to be without
recrystallization. This is true for aluminium , which is one of the most
commonly applied materials in friction stir welding, but other mater ials
can experience recrystallization in this zone. These materials include
titanium and its alloys, austenitic stainless steel and copper. There is a
generally a distinct boundary between weld nugget and TMAZ.

Stir zone (SZ) or weld nugget

Stir zone is the region, where intense plastic deformation and frictional

heating during the FSW process, lead to recrystallized fine -grained

microstructure. This zone was previously occupied by the tool pin. The

term stir zone is often -used term in friction stir process ing, in which large

volumes of material are processed.

Central nugget contain fine, equiaxed grains and displays layers of

varying thickness, l' i ke o0onion ringsoé6é (al s
bandd) . Thi s macroscopi cal pagern orothe ceabl e r e
transverse and lateral section of the weld is unique feature occurring

during FSW and related processes.

As the result, fine grain microstructure offers excellent mechanical

properties, fatigue properties, enhanced formability and exceptional

super plasticity [1-3, 1-5, 1-1].
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e o S LR T e

Figure 1-3: () Micrograph illustrating different zones in afri  ction stir welded
aluminium alloy. (b) Retreating side. (c) Advancing side 0 Courtesy of [1 -1]

% Weld zone phenomena

The weld nugget is bounded by the two adjacent zones 0 HAZ and
thermomechanical  affected zone. The size of the nugget depends on
generated heat. Hotter welds are reported to have a larger nugget

than colder welds. The onion ring pattern is not always apparent in the

weld macrostructure. Patterns are more likely visible in colder weld S
than in hotter welds. The origin of the onion ring structure has not been
firmly established yet.

Generation of the onion structure can be explained as follows. Layered
(onion) structure has been observed in the surface layers of ductile
metals in slidin g. The structure is generated during successive shear of
thin layers when shear stress from friction force exceeds the yield
strength of the material. The sliding is realized between the base metal

and plunged FSW tool. An assumption can be made that the
interaction in this case if od adhesion nature, because a substantial

amount of metal becomes involved in the plastic flow and aluminium
sticks to the instrument during welding. The deformation incompatibility
between the weld metal and the adjacent base ma terial results in

formation of such a structure in FSW. Deformation incompatibility also is
the reason behind the weld flaw generation between the base metal

and the deformed layer.

Flow of metal is not by a crystallographic mechanism  and occurs as a
result of mass transfer, which is characterized by the movement of
fragments of different scale levels that represent the basic plastic flow
carriers. The plasticized layer has an ultrafine  sub grain structure being
inherent to the severely deformed material. T his structure can be also
found in weld zone [1-1, 1-10].
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Thermal management system include: the tool (and connection to
spindle), workpiece and backing anvil. Proper thermal management
should concentrate sufficient heat in friction st ir region to allow efficient
thermomechanical deformation while dissipating heat from unwanted
regions in the friction stir machine like spindle and bearings. Depending

on the type of material to be welded, the FSW tools and anvil can be
heated or cooled. Cooling of tool may be realized by ambient air,
forced air, or a circulated coolant. Heated tools use resistance heating.

The same methods of cooling and heating are applied to anvil. Besides,
high thermal conductivity materials used for anvil and tool can affect
the heat input into the workpiece, because they will tend to act as heat

sinks[1-1].

Conduction to tool shank/tool

« Vortex cooling/chilled water spray (+)

« Finned tool to increase surface arca (+)

« Shoulder groovesto retard conduction e.g.: (-)

« Copper fins in conjuction with forced air/argon (+)

« High/low conductivity tool material inserts (+/-)

$ I e e e

» | oVortex cooling/chilled water spray (+)
» | #Liquid nitrogen bath cooling (+)

—» | *Use copper chilling bars (+)

#Use of flame torch for preheating (—)

#Use heated backing plate (+)

sIncrease/decrease diffusivity of backing plate (+/-)

+ = Increase of heat transfer out from the stystem
== Decrease of heat transfer out from the stystem

—=Conduction
~=Convection

Figure 1-4: Thermal management methods that can be used in friction
stir welding process. Arrows indicate heat transfer 0 Courtesy of [1 -11]

Preheating of workpiece can be implemented using resistance
heating, laser, arc and ultrasonic energy. Cooling of workpiece is done
using cooling medium like water, liquid CO2, and liquid nitrogen.

Aluminium and magnesium alloys can
cooled tools and anvils. Coolant cooling of the tool provide equilibrium
temperature for the entire tool, especially it can be used for long welds

and rapid tool changes.

be welded with ambient air

Cooling the anvil has a minimal impact on the friction stir weld, the
more important parameters are tool rotation rate, travel speed, and

tool depth. The shape of workpiece affects quality of the weld.
Complex shapes (e.g. extrusions) can be difficult to w eld, because they
have complicated cross sections, with features that quickly dissipate

heat from the friction stir weld. As a

result, the tool heat input necessary

to create a quality friction stir weld is much higher than for flat plates.
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Steel, titaniu m, stainless steel and higher -temperature alloys are friction
stir welded with coolant -cooled tools. FSW process during welding
mentioned materials produce large temperature and load gradients.

The main concern during FSW of the higher temperature aluminiu m
alloys is that the tool governs heat flow which is opposed to the lower -
temperature aluminium alloys, where the workpiece governs heat flow.
Cooling of the FSW tool is necessary to produce a consistent heat flow

at the tool and to prevent thermal energy from moving into the FSW
machine spindle and away from the workpiece. Passive cooling, which

mean cooling of only the spindle bearings or nor no liquid cooling, can
produce excessive heat of the spindle and steady -state FSW condition
was not achieved.

In contrast to cooling, the tool or workpiece can be heated during
welding. The heating can minimize tool wear (especially the plunge)
and increase the tool travel speed. Proper heating require to not input

too much thermal energy to allow surface melting to o ccur and to
localize the thermal input to the FSW region. Workpiece surface heating
during FSW for improved tool travel speed can be realized with flame

or arc/plasma and lasers. The benefit of preheating can reduce of
thrust, side and normal load and also the tool torque. The current
passing between the tool and anvil can reduce the normal forces
during tool plunge and increase travel speed in comparison to
conventional FSW [1-1].

Cooling enhanced FSW

Cooling enhanced FSW is a hybrid method in which workpi ece is
welded under the effect of different cooling mediums such as water,

liquid CO2, and liquid nitrogen. The superior fine grain microstructure

can be obtained only using the cooling enhanced FSW. Additional
benefit of this hybrid method is significant restriction to the formation of
intermetallic compounds due to cooling effect. Underwater FSW
requires special purpose fixture to keep the workpiece under water.
Cooling enhanced FSW is used for dissimilar welds with reduced
formation of intermetallic comp ounds.

Heating
Electrically assisted FSW

Electrically assisted FSW is a technique in which workpiece is subjected

to resistance heating through electrical current. The Joule effect
causes electro plastic heating and leads to the additional material
softening to the workpiece. In contrast to arc assisted FSW and laser
assisted FSW, the electrically asupisted FSV
This hybrid method can reduce forces generated on tool due to
softening effect, which lead to improved wear resistance and longer
life of the tool. Because of initial preheating of the workpiece it is
possible to increase welding speed. During welding dissimilar materials

it is possible to rise temperature at single workpiece and obtain
improved dissimilar joint. Only electrically conductive materials can
provide resistance heating effect.
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FSW Tool

/Plates to weld
Base plate

Copper core

Copper insert

Figure 1-5: Specially designed FSW tool to allow a high intensity
electrical current to flow into the weld root aiming to improve the
local energy effi ciency of the process . d Courtesy of [1 -12]

Laser assisted FSW

Laser assisted FSW use laser as preheating source. The laser beam is
flexible and precise source of heating, which focus heat at the specific

point. Laser assisted FSW can improve properties of dissimilar joints
utilizing flexible laser source.

Arc assisted FSW

Arc assisted FSW can be used either with GTAW or plasma preheating
for dissimilar combinations. The external torch of GTAW or plasma
welding is attached in front of FSW tool . Arc and shielding gas is
supplied to a material which Is harder than the other material. The role

of shielding gas is to prevent atmospheric contamination during
preheating. Materials like cooper affected by oxidation at higher
preheating current can pro  duce weak aluminium -copper joint. Arc
assisted FSW can be appliedto  non-metallic materials too.

Ultrasonic energy assisted FSW

Ultrasonic vibrations can be applied to preheat workpiece. This hybrid
process is considered as a sustainable hybrid FSW proces  s. Itis used to
weld dissimilar materials and similar materials.

%  Microstructural tailoring

Microstructure affect the physical properties and behaviour of a
material, and we can tailor the microstructure of a material to give it
specific properties.

FSW microstructure consist of fine grains and superplastic properties are
not degraded. Microstructural tailoring can be done by controlled

heat input during FSW, which lead to varied grain size. It is possible to
make the superplastic flow stress of the F SW region lower, higher or
equal to the parent sheet. This opens new possibilities of sandwich
structures using aluminium alloy sheets [1-13].
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Advantages and disadvantages of FSW

The benefits of the FSW process can be divided in three categories:
metallurgical benefits, environmental benefits and energy benefits.

Metallurgical benefits

i solid phase joining process;

i small distortion;

T high dimensio nal stability and repeatability;
T noloss of alloying elements;

T excellent mechanical properties in joint;

T fine recrystallized structur e;

T non-occurrence of solidification cracking.

Environmental benefits

i no shielding gas required;

T requires minimum surface preparation;

T eliminates grinding w astes;

I eliminates solvent cleaners and degreasers;
T savings in consumable materials;

i absence of harmful emissions.

Enerqgy benefits :

T reduced energy consumption compared to laser welding,

T minimized weight of joint lead to decreased fuel consumption in
automotive, ship and aircraft applications;

T reduction in weight results from improved material use.

Disadvantages of FSW process include:

T As it is a solid-state process, a great amount of tool wear takes
place during the plunging stage as t he work piece material is cold
at this time .

T Weld speeds in FSW are slower and lead to poor productivity

I Equipment used for FSW is massive and expensive, because of high
welding forces .

I High melting temperature materials, such as steel and stainless steel
are known to have welding tool limitations

T Absence of a filler wire means that the process cannot easily be
used for making fillet welds

T Presence of an exit hole after conventional FSW process [1-4, 1-15,
1-16].
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Main applications of FSW

1 Aeronautics and aerospace industry

FSW process reducing manufacturing costs and offers weight savings.
Typical joints include skins to spars, ribs and stringer. This process can be
used to manufacture wings, fuselages, empennages, floor panels, and
aircra ft landing gear doors, cryogenic fuel tanks for space vehicles and
aviation fuel tanks.

T Shipbuilding

The FSW process can be used to weld panels for decks, sides, bulkheads
and floors, hulls and superstructures, helicopter landing platforms, off -
shore accommodation, mast and booms, refrigeration plants.

i Railway industry

In railway industry FSW is used to manufacture high speed trains, roll ing
stock of railways, underground carriages, trams, railway tankers and
good wagons, container bodies, roof and floor panels.

Automotive industry

The FSW process is currently being used in manufacturing of automotive
mechanical components, because it is s uitable to produce different
welds, long, straight and curved. The following component can be
made using FSW: trailer beams, cabins and doors, spoilers, front walls,
closed body or curtains, drop side walls, frames, floors, bumpers, chassis,
fuel and air ¢ ontainers, engine parts, air suspension systems, drive shatfts,
engine and chassis cradles.

I Construction industry

FSW can be applied in the construction of alumin ium bridges, facade
panels, window frames, alumin  ium pipelines and heat exchangers.

T Other in dustries

In last few years FSW has expanded in other application fields like the
electrical (e.g. motor housings), oil and gas (e.g. land and offshore
pipelines) and nuclear industry  [1-17].

Variants of the process and their systems

Friction Stir Dovetai ling (FSD)

During FSD process, mechanical interlocks are formed at the alumin ium -
steel interface and are reinforced by metallurgical bonds in which
intermetallic growth has been uniquely suppressed.

FSD plastically deforming the lower melting point materia | into dovetalil
grooves machined into higher melting point material to form
mechanical interlocks while simultaneously forming an intermetallic

bond to further strengthen the joint [1-18, 1-19].
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Aluminum

Steel

Aluminum -

e I :
Figure 1-7: Joins made by friction stir dovetailing & Courtesy of [1 -20]

| iy

Friction Crush Welding (FCW)

Friction Crush Welding (ger. ReibquetschschweilRen) is type of friction
welding, which is distinguished by a relative motion between the tool
and work -piece.

Before FCW process, the edges of the work -piece to be joined  must
prepared with flanged edges and then placed against each other.
Welding process begins, when non -consumable friction disc tool will
transverse with a constant feed rate along the edges of th e work -piece.
The weld joint is created by the action of crushing a certain amount of
additional flanged material into the gap formed by the contacting
material. As during friction stir welding, grain refinement takes place
during FCW process. FCW allows t o use a welding wire, which offers the
opportunity to use a higher -alloyed additional material and to precisely
adjust the additional material volume appropriate for a given material
alignment and thickness  [1-21].

Disc

/ contour

Disc | Joint

shoulder ~3

Flanged
sheetmetal

Friction Crush
welded line

Thermomechanically "\ flected
sffected zona eat alfected zone

Crushing zone

Figure 1-8: Friction crush welding process & Courtesy of [1 -22]

Friction stir diffusion process (FSDP )

Friction stir diffusion process (FSDP) promotes joining only by the rapid
diffusion of heat generated between the tool and one of the metals,
which differentiates it from FS W that joints both metals by diffusion and
plastic strain [1-23].
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1.2.  FSWequipment

% Essential components
Basic system components include:
1 Spindle.
1 Motors.
1 motor drive mechanism.
1 FSW tool [1-25].

Spindle
Belt Drive

Vertical
Head

Plate and
Clamps

Transverse String
Potentiometer

Vertical
Motor
(enclosed)

Figure 1-9: Example of FSW system configuration 0 Courtesy of [1 -24]

The differences between machines are mainly due to type of
machine: robotic or conventional FSW machine.

Additional features, that can be incorporated into a machine,

include:

¢ CNC control - full CNC process control, typ ically comprising
advanced touchscreen interface, data acquisition and weld
monitoring systems.

¢ Production monitoring - the operator can select the type of control
to perform the weld. Possible options include position, force or
height control. Camera -fed visual monitoring can provide safe
viewing of the weld production environment.

¢ Weld temperature monitoring - remote |10 stations around the FSW
machine allow features such as non  -contact 'spot’ measurement
of the weld to be constantly relayed back to the ma chine control
system in real time.

¢ Joint tracking @ the tracking system is used to automatically follow
the seam of the weld - the FSW control software monitors the
tracking system and moves the Y axis to ensure the welding tool
stays on the weld seam.
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¢ Gas shielding - gas shielding protects the welding area from
atmospheric gases to create an inert gas atmosphere when
working with parent materials that produce high temperature
welds (e.g. steel and titanium).

¢ Machine Fixturing - special machines fixtures, | ike side clamps,
mandrels and supports, can be incorporated into the machine
design.

¢ Data Acquisition System - machines can be equipped with data
acquisition system to measure and record all available weld data,
which is archived to the local hard disk. Re  corded process variables
includes: axial down force, traverse forces, rotation speed of
spindle and tool traversing speed and direction.

¢ Height Sensing - non-contact measuring heads can continually
measure the relative position of the tool to the component , holding
it within the narrow tolerance band [1-26].

Welding Tool

25mm

This part fits into the
machine too holder

Shoulder

Probe

Replacable and adjustable probe
made from a thread burnishing tool

Figure 1-20: The welding tool 9 Courtesy of [1 -27]

The tools used in FSW process compromising three generic features, a
shoulder, a pin (or so -called probe) and external features. The
differences between tools can include various shape of features and
materials. The material used should have characteristic, which include:
¢ wear -resistant;
¢ no adverse reactions with the parent materials ;
¢ high strength, dimensional stability and creep resistance at
ambient and elevated temperatures ;
¢ ability to withstand repeated thermal cycles without fatigue ;
¢ good fracture toughness needed during plunging and holding
phases;
¢ low thermal expansi on coefficient ;
¢ good machinability to allow manufacturing of external features
on the shoulder and the pin ;
¢ acceptable tool life
Possible tools materials, which are similar or same to that of used in
specialist machining applications, and include: tool -steel, silicon nitride,
molybdenum -based alloys, polycrystalline cubic boron nitride (PCBN)
and tungsten -based tool materials [1-4].
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High hardness of tool is desired mostly for welding wide range of

materials. PCBN, which is characterized as super hard material, is
suitable for FSW of high -strength materials, like titanium and steel. PCBN
have excellent mechanical and thermal performance, but it ha s poor

machinability, which makes forming of FSW tool geometry very difficult.
Problems with machinability a ffects also tungsten carbide, for which
machining of complex pin geometry is very difficult [1-28].

Table 1-1: Characteristic of selected FSW tool materials 0 Courtesy of [1 -28]

TOO.I Advantages Disadvantages
material
Easy machinability, good Severe tool wear forhigh -
H13 elevated temp strenath strength materials or metal
P g matrix composites (MMS) .
Good thermal fatigue Tool wear with complex pin
SKD16 - )
resistance profiles
HCHCr High hardness compared to Difficult to machine in
other tool steel harden ed condition.
High hot hardness and Poor machinability, expensive,
Tungsten | strength. Suitable for high - low coefficient of friction with
strength materials. aluminium.

The FSW tool geometry can be divided into three categories: fixed,
adjustable a nd self-reacting.

The fixed probe tool is a single -piece tool, consisting of the shoulder and
probe. Fixed probe tool, which is characterized by fixed probe length,
is used only to weld components with specific and constant thickness.
Adjustable tools co mprise the shoulder and the probe as independent
elements. It thus makes it possible to adjust the probe length to make
up different configuration of shoulder/probe and weld of a large
number of various components. In adjustable tools it is possible to
man ufacture the pin and the shoulder using different materials, the
probe can be easily exchanged, or its length modified.

Self-reacting tools have three different components, which are the top

and bottom shoulders and the probe. The self-reacting tools can only
operate perpendicularly to the workpiece surface, contrary to fixed

and adjustable tools that can be tilted longitudinally and laterally to

the workpiece [1-5].

Tool shoulder

The tool shoulder h as three main functions

¢ generating heat due to friction, which is necessary for softening the
base material being welded

¢ forging the material, which is be  ing stirred behind the tool pin.

¢ restricting material from extruding outside the shoulder

Design of to ol surfaces include flat, concave, scrolled, concentric

circle etc. [1-5]

Pin
The functions of pin are:

¢ the primary source for material deformation.
¢ the secondary source for heat generation in the nugget
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The tool can have additional features on the pin , Which discontinuously
displacing the material  [1-29].

Advantages and Disadvantages of different types of welding tools

Design of tool should surfaces include flat, concave, scrolled,
concentric circle etc.

Flat shoulder

Flat shoulder is simplest in desi gn and easy to make. It can be used for
welding aluminium alloys, excluding cases where enhanced stirring
action and material consolidation are required [1-28].

Concave shoulder

Concave shoulder was the first and most common shoulder design in
FSW, which is also referred to as the standard -type shoulder. They are
designed to restrict the stirred material within shoulder, which lead to
minimized flash formation.

The shoulder concavity is determined by a small angle between the

edge of the shoulder and thep  in, typically from 6 to 10 degrees. During
plunging phase, material displaced by the probe is fed into the cavity

within the tool shoulder. This material is utilized for forging action of the
shoulder. Forward movement of the tool forces the new material i nto
the shoul derds cavity and pushes remaining
probe. This probe operating properly if the rear edge of the tool
shoulder produce a compression force on the forging welding. This is
usually achieved when the tool is tilted bet ween values from 2 to 4
degrees. Welds produces with concave shoulders are mainly linear. To
produce nonlinear welds, it is necessary to use machine design, which
can maintain the tool tilt around corners (i.e. multiaxis FSW machine).
Concave shoulders are characterized by simple design and for this
reason they are easily machined. This shape allows to produce good
quality friction stir welds.

Convex shoulder

Early designs of convex shoulders experience problem with pushing the
material away the probe. Addi tion of scroll to convex shape cause
movement of material from the outside of the shoulder in toward the

pin, thus making welding thicker materials possible. A major benefit of
convex shoulder is that the outer edge of the tool need not be
engaged with the  workpiece, so the shoulder can be engaged with

the workpiece at any location along the convex surface. Therefore, a

sound weld is produced when any part of the scroll is engaged with

the workpiece, moving material toward the probe. The design of profile

of the convex shoulder can be tapered or curved. Advantages of
convex shape include greater flexibility in the contact area between

the shoulder and the workpiece, (amount of shoulder engagement

can change without any loss of weld quality), improvement the joint
mismatch tolerance, ease weld creation between different -thickness
workpieces and improvement the ability to weld complex curvatures

Scroll shoulder

Scrolled shoulder tool compromises flat surface with spiral channel cut
from the edge of the shoulde  rtoward the centre . Spiral channel directs
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the material flow from edge of the tool to the pin, which eliminate the

use of high tool tilt, reduce thinning of weld region, eliminate undercut
produced by concave shoulder and prevent expelling of material
outside the shoulder. Removing the tool tilt en sure simply friction stirring
machine design and made possible to produce complex nonlinear

weld paths. Spiral groove promotes plastic deformation and frictional

heat, because material within the channels is continually sheared from

the plate surface.

Tendency to lift away tool from the workpiece surface occurs when the
tool travel speed is increased, which is typical for concave shoulder
tools. Scroll shoulders reduces tool lift and increase welding speed in
comparison to concave shoulders.

Scrolled shoulder tools does not allow to weld complex curvatures and

fail to accommodate workpiece thickness variation in the length of

weld line. Scroll shoulder is not suitable for welding materials with
different thickness, because some amount of material from t hicker
plate is expelled in the form of flash. Combining of convex shoulder
design with scroll end surfaces offers greater flexibility in the contact
area between the shoulder and the workpiece, which enables
improved mismatch tolerance of the joint, abili ty to weld complex
curvatures, welding of different thickness

materials and reduce tool lift during high speed welding processes. The
scrolled shoulder tools work normal to the workpiece and the normal
forces are lower than for concave shoulder tools. In concave shoulder
tools load is applied in both normal and transverse direction to keep

the shoulder in sufficient contact [1-1, 1-5, 1-28].

)

a. C. d.
Figure 1-31: Different shoulder features. - Courtesy of [1 -30]
Table 1-2: Summary of major welding tool design features [1-17]
Feature Intended effect
Threads on pin Compression of weld zone against anvil
Flats or other re - New mode of plastic work, thicker section welding,
entrant features higher heat input
L Improved TMAZ penetration, higher penetration
Flat pin tip . P P gherp
ligaments @ better robustness
Frustum pin profile Reduced lateral forces, thicker section welding
Flare pin profile Wider root profile
Elimination of tool tilt requirement, conta  inment of
Shoulder scroll . .
softened work piece material
Variable shoulder contact width, variable shoulder
Tapered shoulder .
penetration
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Complex motion tool design focus on increasing the tool travel speed,
increase the volume of material swept by pin -to-pin volume ratio, and/or
increase weld symmetry.

Skew- Stir tool

Skew-Stir tool can process larger volume of material by offsetting the axis

of the pin from the axis of the spindle, thus producing an orbital motion.

The orbital motion creates more deformation at the bottom of the pin
and decreasing the incidence of root defects.

Com - Stir tool

Com -Stir tools maximize the volume of material swept by combining
rotary motion (tool shoulder) with orbital motion (tool pin). Effect of
orbital motion include wider weld and increased oxide fragmentation

on the interfacial surfaces. It also produces lowe r torque than typical
rotary motion FSW tool, thus reducing the amount of fixturing necessary

to securely clamp the workpiece.

Re-Stir tool

The Re-Stir tool avoids the inherent asymmetry produced during friction
stirring by alternating the tool rotation . It can be done either by angular
reciprocation (direction reversal during one revolution) or rotary reversal
(direction reversal everyone revolutions). The effect of alternating the
tool rotation, is eliminating the asymmetry issues like lack of defo rmat ion
on the retreating side.

Dual-Rotation tools

Dual -Rotation tool consist of the pin and shoulder, which rotate
separately at different speeds and/or in different directions. Dual
rotation allows the pin to be rotated at a high speed without the
corresp onding increase in shoulder velocity, therefore reducing
possibility of overheating. The decrease In workpiece temperature can

lead to increased microhardness after natural aging and re duced
corrosion susceptibility .

Two or more FSW tools

Two or more FSW tools can improve speed and efficiency of FSW

process. Thick plates can be welded with two counterrotating FSW tools

on either side of the plate. Counterrotating tools offers reduction of the

pbxturing required t o secur e t he wor kpi ece
de creased torque. The main advantages include thinning defects

between the two tools, reduction in workpiece fixturing, improving the

welding speed, increasing deformation and fragmentation of the faying

surfaces oxide layer. The motion of counterrotating ta ndem Twin -Stir is

similar to the Re -Stir toll, but the Twin -Stir allows faster travels speeds [1-1].
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1.3.  Welding processes

Design implications of FSW
Mechanical limitations

The process forces generated during FSW are typically too high to allow
hand operation. Even during welding very thin materials, where the
forces may be low, the tool path should be controlled by mechanical
means. Such control is needed to ensure the accur acy. The forces
along the tool axis and the travel direction can be very high, e.g. during
welding 25 -mm thick 5083 aluminium plate it is possible to achieve
force over 44 kN in axis and 15 kN in travel direction. It is also worth
mentioning that the requi  red torque in this situation will be around 360
N-m . As a result, it is often necessary to run machine in near continuous
production operation, thus maximizing the economic value of goods
produced by the process.

Fixture limitations

FSW requires that the workpiece be rigidly held in position during
welding. It is important that joint does not separate under the force of

the welding tool. To achieve smooth weld, itis necessary to ensure that
the workpiece stays in intimate contact with the anvil during we Iding.
Special fixture requirements cause economic costs and restrict on the

size of workpiece that can be produced. It is difficult to restrain the thin

and very large workpieces against the anvil. Requirement to restraint
lateral separation of the joint  can be hard to comply with very thick
workpieces.

Joint design limit ations

It is impossible to make a typical fillet weld, where a significant amount

of material is added to fill a transition between two workpieces.
However, it is possible to form a small fillet during FSW of plates at some
angle, because it can be achieved at the expense of material from

the joint. FSW is suitable to produce butt welds, corner welds and lap
welds.

FSW lap weld needs to be differentiated from all other lap welds,
because of its unigueness. Conventional FSW is an asymmetric process,

for example one side of the weld is heated more than the other side.
Another example of asymmetry during FSW process is the difference in
strength between the advancing side and retreati ng side of the weld.
Depending on whether the advancing side or the retreating side of the

weld is near the edge of the sheet, then the stronger or weaker side of

the joint should be placed on the stressed side of the weld . Below are
described the limitati ons of typical joint types.

Full-Penetration Butt Weld
This type of joint requires the h ighest relative level of force.
Partial - Penetration Butt Weld

This type of joint requires less force than a full -penetration butt weld in
the same thickness. Increased  sensitivity of the process may necessitate
increased intelligence or sensing requirements. The range of force over
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which quality welds can be produced may be smaller than for a full -
penetration weld.

Lap-Penetration Weld

This type of joint typically requir es less force than a butt weld. The lap -
penetration weld is insensitive to the location of the FSW tool with
respect to the joint line and thus decreases intelligence and stiffness
requirements.

Dissimilar - Thickness Butt Weld

The dissimilar-thickness butt weld has many limitations during welding.

The concerns are:

I The FSW tool must be tilted backward (travel angle) and sideways
(work angle) in a dissimilar -thickness butt weld application. The

yexibility requirements of the mwachine ai
require usage of five -axis machine. It is also possible to employ
compl ex pxturing that allows for tilting

geometry of the joint, but the disadvantage include limited ability
to optimize the work and travel angles.

I High stiffness or intelligence requirements (e.g., seam tracking) on
the machine.

T With the increase the thickness difference or work angle, the more
chance there is that flash will be generated. It can be caused by
an off -seam condition or a small differencei  n work or travel angle.
Increased thickness differences also require more flexible
machines, which have better control over the work and travel
angles.

Lap Fillet Joint

This type of joint has similar requirements to the dissimilar  -thickness butt
weld, due to the need for both a work and travel angle. Additional
design limitations include:

Weld path

The weld path mainly affects the flexibility required from the machine,
which is related to the number of axes the machine must possess. The
welding paths can b e divided into:

T One-dimensional (1 -D) pat hs, whi ch require t he I
(fewest axes of motion)., but sometimes 1 -D path can still require a
b v-axis machine. Example of 1 -D path with such high requirements
is welding of tailor -welded blanks, where dissimilar thickness butt
welds are required. One of the most typical 1 -D applications
requiring the fewest number of axes is the joining of long extrusions

I Two-dimensional(2 -D) paths require signipcantly mc
is caused by the needtoma intain work and travel angles along the
pat h, i n most applicati onsaxisniathime, r esul t i s
unless the FSW or FSP tool is held perpendicular to the path.
Example of 2 -D application with 2 -D paths is an FSP application on
a yat surdastioge of a

i Three-dimensional (3 -D) paths require the most Vyexi
al ways require the machine to have at | e
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Example of applications requiring 3  -D paths are FSP of castings on
a complex surface or FSW on complex surfaces.
I Circumferential paths, like tank ends, require a moderate level of

yexi bil i t-axis makhing,iwithgHe aid of an external rotary
positioner, can be used for circumferential welding.
I Multiple wel ds in mul tiple orientation

requirements of the FSW machine. In most cases a machine with six

axes is often the most suitable for economic and technical reasons,

although machines with fewer axes still can be used in speci al

cases where external positioners could be used. Using a machine

with fewer than six axes requiring multip
affects productivity in a negative manner.

Part size and weld lengths

Weld length and/or part size affects the requir ed workin g envelope for
the FSW machine.

Lack of access to back side

Applications, where there is not possible to access to the back of the
part, require the use of a self -reacting tool (bobbin tool).

Keyhole limitations

FSW produce keyhole during process and as a result, in some
applications it is necessary to consider how the welded joint will be
started and finished to result in expected product characteristics, such

as in the construction of cryogenic fuel tanks and in welding ma rine
structures. The starts and stop ends should be cut away from main
portion of the assembly and discarded. Alternative method uses run -
on/run -off tabs to reduce the loss of base metal. It is possible to use

friction tapered plug welding, arc welding or even a sealed fastener to
eliminate keyhole after FSW process, especially for structures like sealed
tanks.

There is possibility that the presence of an exit hole does not affect

structur al integrity and th€i hbbecmadi thieonl
Howev er, careful engineering analysis should be conducted and

appropriate non -destructive testing should be used to confirm the

absence of flaws in this area  [1-31, 1-32].

Workpiece and base material thickness limitations

The maximum thickness capability of FSW is limited to around 65 mm  [1-
33]. As the thickness increase, the force requirements also increase. Thin
materials, below 1mm, needs special considerations like:

I increased stiffness requirements, because FSW process sensitivity
during thin materials is hi gher.

T increased intelligence or sensing requirements to overcome
increased sensitivity of the FSW process [1-1].

Material

Higher -melting -point materials and highly abrasive metal matrix
composites require the use of more advanced tool materials [1-31, 1-32].
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1.4. Parent Materials

Basics of Al and other FSW materials

Friction stir welding can be used in joining a number of different
materials, ranging from aluminium up to materials like copper,
magnesium, steel, thermoplastics and titanium. It is also possible to
perform dissimilar material welding. However, welding of high melting

point materials is more difficult, because the welding tool material is
working in harsh operating conditions. It is worth remembering that
performance and economic justification must be developed in order to
make practical use of the process.

Some general rules, based on the nature of the friction stir welding of
aluminium, can be defined for welding of other materials.

Thermal softening of the workpiece material is necessary for the welding
process to commence and the welding process will take place at a
temperature that is near the melting point of the workpiece material.

It is necessary that heat be generated with sufficient inten