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Abstract
Friction stir welding (FSW) and laser hybrid welding (LHW) are two relatively new

welding technologies, which are gaining importance in industrial applications. The
focus of this master thesis lies in studying the basics of the FSW technology. A
literature study provides an overview about welding, aluminum and its alloys, as
well as the FSW and LHW processes. The practical part describes experiments,
which were carried out, including the manufacturing of FSW tools, parameter
variation during FSW welding, and the testing of FSW and LHW welds according
to relevant standards. The base material used in the experimental part is the alu-
minum alloy AW-5747.

Zusammenfassung

Ruhrreibschweiflen (FSW) und Laser-Hybrid Schweil’en (LHW) sind zwei relativ
neue Schweillverfahren, die zunehmende Bedeutung in industriellen Anwen-
dungen finden. Der Schwerpunkt dieser Diplomarbeit, liegt in der Erforschung der
Grundlagen des RUhrreibschweiRens. Eine Literaturstudie bietet eine Ubersicht
uber Schweilten, beschreibt Aluminium und seine Legierungen und erlautert die
FSW und LHW Prozesse. Im praktischen Teil werden die durchgefuhrten Ver-
suche beschrieben. Diese beinhalten die Herstellung von FSW Werkzeugen, eine
Parameterstudie des FSW-Schweil3prozesses, sowie das Prufen von FSW und
LHW Schweilindhten nach gultigen Standards. Der Grundwerkstoff fur die
Schweildnahte, die im experimentellen Teil verwendet wurden, ist die
Aluminiumlegierung AW-5747 (AIMg3).
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LIST OF ABBREVIATIONS, UNITS AND SYMBOLS IN FORMULAS

A Cross section of a tensile specimen

A Tensile elongation

AC Alternating current

AlMg3... Aluminum alloy AW-5754

AlLOs ... Aluminum oxide

ASME ... American Society of Mechanical Engineers
B Breaking strength

CaF, ... Calcium fluoride

CNC Computer numerical control

CO, Carbon-dioxide

d Grain size

DC Direct current

DT Destructive testing

ds Shoulder diameter of friction stir welding tools
DXZ Dynamically recrystallized zone

EBW ... Electron beam welding

EN European standard

EY Welding energy

F Force

FRW ... Friction welding

F: Downward force

FSW ... Friction stir welding

GMAW... Gas metal arc welding

GSAW... Gas shielded arc welding

H.POs ... Phosphoric acid

HAZ Heat affected zone

HF Hydrofluoric acid

I Electric current
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LFW

Le

lp

LHW ...
LOM
MAG ...
MIG
Mg.Si ...
MMA ...
n
NasAlFe...
NDT
PA
PAW
PC
PCBN. ...
PE

PF

PG

R

Re

Rm

Ro

Rpo.2

o

Is

Metal constants

Original length of a tensile specimen

Laser beam welding
Laser focus
Linear friction welding

Laser power

Length of pinof friction stir welding tool

Laser hybrid welding

Light optical microscope

Metal active gas welding

Metal inert gas welding
Magnesium silicide

Manual metal arc welding
Rotation rate per minute

Cyrolite

Non destructive testing

Flat or downhand welding position
Plasma arc welding
Horizontal/vertical welding position
Polycrystalline cubic boron nitride
Overhead welding position
Vertical up welding position
Vertical down welding position
Resistance across weld

Yield strength

Tensile strength

Proof strength

0.2% proof strength

Radius of pin of friction stir welding tool

Radius of tool shoulder
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Q Thermal energy

SAW ... Submerged arc welding

SEM Scanning electron microscope

t Thickness of the base material

t Welding time duration

to Dwell time before start of welding

Ts Liquidus temperature interval

TiC Titanium carbide

TIG Gas tungsten arc welding

TEM Transmission electron microscope
TGM Das Technologische Gewerbemuseum
TMAZ ... Thermo-mechanically affected zone
TWI The Welding Institute

UsSw ... Ultrasonic welding

% Advance speed

VT Visual testing

WAZ Weld affected zone

WPS ... Welding procedure specification

wC Tungsten carbide

1.7 Specimen number of a friction stir welded specimen
Al Elongation of a tensile specimen

€ Strain

€ Maximum strain

o Stress

Oo Metal constant

oy Actual yield strength

V] Coefficient of friction between tool and workpieces
v Test passed

X Test not passed

- Test not relevant for specific welds
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1 INTRODUCTION

1 INTRODUCTION

Research today is state of the art of technology tomorrow. These words can be
applied to almost any invention made by humans throughout history. This master
thesis will take a closer look at a relatively new welding technique called friction
stir welding (FSW). Ever since its discovery in the early 90ies, in a laboratory at
the University of Cambridge UK, FSW welds have found their way to outer space
in a mere time lapse of little more than 15 years.

In 1993, NASA challenged Lockheed Martin Laboratories in Baltimore, to develop
a high-strength, low-density, lighter-weight replacement for the aluminum alloy Al
2219, used on the original Space Shuttle External Tank. A new aluminum-lithium
alloy, known as Al-Li 2195, was developed by Lockheed Martin, and the labora-
tories at Marshall Space Flight Center. The weight of the external tank, (shown in
Figure 1-1) was reduced by 3.500 kilograms. The lithium component proved to be
problematic, when welding the new alloy. Repair welds were difficult to make, and
the joint strength of the external tank had much lower mechanical properties.
Alternative welding techniques were thoroughly researched. The solution was
found in friction stir welding. FSW is a process, which transforms metals from a
solid state into a "plastic-like" state, using a rotating pin tool to soften, stir, and

forge a bond between two metal plates to form a uniform welded joint [1].

Figure 1-1: The dome of a space shuttle fuel tank produced using FSW
technology [1]
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1.1 History of welding

Nowadays, it would be hard to imagine our daily lives without products that use
welding in part of their manufacturing process. Almost every mean of trans-
portation, from a bicycle to a space rocket, household goods, as well as industrial
machines, and many more are produced involving at least some welding in their
production cycle.

Next to the use of adhesives, mechanical attachment, and fastening, welding is
one of the oldest methods for joining materials. Welding is an ancient art, which in
the old days was a challenging problem for our ancestors, as heat sources were
limited. The first welding, in the sense of its definition, was achieved by forming
small pieces of metal into larger assemblies, through the process of what has
been called adaptive metallurgy. Joining of larger assemblies required evolving of
joining processes, such as coforging or riveting. The first crude welds were also
produced. Forge welding took off, as first bracelets were crafted by hammering
nuggets of gold or silver into rods, which then were formed into rings by
connecting together the ends of the circle segments. As the complexity of shapes
grew, casting was preferred to forging, as large and intense heat sources were
needed for bigger and better welds. Nevertheless, the superiority of mechanical
properties, such as strength and toughness of wrought metals to cast metals, was
recognized even back in the Bronze Age [2].

The key discoveries that enabled welding to take off were made in the later half of
the 19" century. The physical properties of acetylene were examined, and the
knowledge applied in first gas arc welds. The advances in the exploration of
electricity led to the introduction of welding using an electric arc. In 1885, Nicolai
N. Benardos and Stanislav Olzewaski declared a British patent, which used
carbon dioxide (resulting from the oxidizing of a carbon electrode) as a shielding
gas in the arc welding process. This helped to avoid the unwanted brittle nature of
oxidized metal. The first patent for welding with a metal filler material was granted
to C. L. Coffin in 1890. In 1900, the first oxyacetylene torch was developed by E.

Fouch and F. Picard in France. Just three years later, the torch was already
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applied commercially. In the following years, further inventions led to coated
electrodes, thermite welding of aluminum, electroslag welding, as well as plasma
arc welding. During the Industrial Revolution and World War |, the new techno-
logies were extensively used. Inventions were made, and patents registered at a
never before seen rate. In 1911, a first attempt to lay 11 miles of pipeline, using
oxyacetylene welding, was undergone in the USA. Milestone achievements, such
as the first all-welded bridges, building frames, and ships, emphasized the impor-
tance of this relatively new crafting technique. Institutions such as the American
Welding Society were set up.

In the early 1930s, submerged arc welding was introduced and applied in
shipbuilding and fabrication of pipes. The German shipbuilding industry used
welding extensively to reduce the weight of warships and to increase their overall
size, as strict weight limitations were set up after World War |. A major develop-
ment was the patent of gas tungsten arc welding in 1942, which was specifically
designed for the aircraft industry. In the second half of the 20" century new
technologies, such as electron beam welding, friction welding, laser beam
welding, explosive welding, and friction stir welding (FSW) were invented. The
space exploration programs, by the USA and the Soviet Union, pushed the limits
for both materials and fabrication techniques [3].

The most actual developments, to present, have brought about processes, such
as magnetic pulse welding, diode laser welding, and conductive heat resistance
seam welding. These still might seem exotic at present, but as the preceding
overview of history of welding shows, they might become state of art technology

for future generations.
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1.2 History of aluminum and aluminum production

In 1787, the French chemist Antoine Lavoisier identified aluminum as an oxide, of
a still undiscovered metal, in alum. The name aluminum was assigned by Sir
Humprey Davy in 1807, originating from the Latin word 'alumen’, which literally
means 'bitter salt' [4]. The first isolation of aluminum was achieved by Hans
Christian Oersted in 1825. In a painstaking process, anhydrous aluminum chloride
with potassium amalgam was heated and then the mercury distilled away. For the
following 30 years aluminum remained a laboratory curiosity. During these years
Friedrich Wohler and Henri Saint-Claire Deville managed to improve the techni-
que by replacing potassium with the more abundant and less expensive sodium.
First commercial quantities of aluminum were produced in this manner. As often
seen in history, the potential of aluminum was initially recognized by the military.
Napoleon the Third foresaw its use in lightweight body armor and supported the
investigation in the production of aluminum. However the aluminum produced by
the Saint-Claire Deville's process was less than 95% pure, and the price proved to
be more expensive than gold at that time. It is reported that the only result of the
Emperors investment were just some decorative military helmets, an aluminum
dinner set, and some aluminum toys for children of the Imperial Court.

In 1886, a breakthrough in the production of aluminum occurred. Two young
scientists, Charles Martin Hall in the US and Paul L. T. Heroult in France, both 22
years old at that time, discovered and patented almost simultaneously a process,
in which aluminum is produced by dissolving alumina into molten cryolite, and
then decomposing it electrolytically. Known as the Hall-Heroult process, it has
proven to be the most efficient way of aluminum extraction and is still by far the
major source of aluminum at present [5].

With the production process in place, aluminum got affordable and more abun-
dant. At the same time the applications of aluminum took off. An example, where
this can be taken literally, occurred in 1903, when the Wright brothers introduced
aluminum in the engine of their first powered aircraft, the Flyer |. They

successfully proved to the world, that flying a device, which is heavier-than-air, is
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possible [6]. At the beginning of the 20™ century. aluminum was not yet widely
used, as the quantities smelted, compared to iron, were very small. Many
scientists set themselves the goal to solve the task of aluminum reinforcement.
Among them was Alfred Wilm, a German physicist, who achieved a remarkable
increase of strength by coincidence. During experiments with the chemical
composi-tion of aluminum, he discovered the favorable effect of aging. This
eventually resulted in one of the first aircraft alloys, called Duralumin (first
produced in Durener Metallwerke AG). It was successfully used in the military
aircraft planes Junk J1 by the German army during World War I. At this time, the
scientists in Soviet Russia were still ignorant of the secret of this high-strength
alloy. Their chance came about, when in 1922 a German plane was shut down. A
thorough chemical analysis revealed the trick, and by the end of the year Soviet
Russia started the production of Kolchougaluminum. This high-strength alloy was
also applied in military aircrafts. During World War II, aluminum played an
important role, as it was applied in airplane parts such as body, engines, chassis,
and fuel tanks. Aluminum powder was used for bombs, shells, and flares [7]. After
World War Il, both superpowers set up space exploration programs, which largely
depended on aluminum alloys. At present, 70% of the weight of modern civil
aircrafts, like the Airbus A330 or Boeing 777, is attributed to high strength
aluminum alloys. Research in producing new, even lighter, and stronger aluminum
alloys is never ending, as carbon reinforced polymer composites start to become
a serious competitor in the field of high-strength, low-weight materials [8].

At present, the favorable properties of aluminum, such as the low density, high
strength, excellent corrosion resistance, and other, have made this metal to be
first choice of engineers and designers. Aluminum is used in a wide variety of
applications, such as transportation, packaging, construction, household items

(cooking equipment, laptop shells,...), and many more [9].
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1.3 Friction stir welding (FSW)

Invented in 1991 by Wayne Thomas, at The Welding Institute (TWI) in Cambridge
UK, this relatively new welding technology has evolved impressively during the
last 20 years. The first patent in the US, with the No. 5.460.317, was filed in
November 1992, and assigned to TWI, with W. H. Thomas et al. as inventors. The
TWI is one of the world's foremost independent research and technology organi-
zations, with a specialty in welding, and has a long history of innovation and
knowledge transfer. After its invention, the FSW process found its way quickly out
of the laboratories of TWI into industry. The first production application was
initiated already in 1995, by Marine Aluminum in Norway. FSW welds were
applied on 6xxx aluminum extrusions to make large panels for decking of fast
ferries [10]. Since this time, the FSW process has made its way into many other
applications, one of the most spectacular being a five-meter diameter fuel tank,
used by NASA. The dome of the tank is shown in Figure 1-1. The first spacecraft,
with a fuel tank manufactured using the FSW technology, flew into space in 2009,
and further research aims to implement the process into the new generation of
NASA's Space Launch System [11]. More recently the process has expanded into
fabrication of more complex assemblies for the automotive, medical,
semiconductor, and oil and gas industries. To date, most of the applica-tions have
involved welding of aluminum. In the last couple of years however, FSW welding
of copper and steel have been initiated and implemented. Currently, the FSW
technology is researched at facilities throughout the world, as publications of

different character are reaching the public at a never before seen rate.
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1.4 Laser hybrid welding (LHW)

The combination of laser light and an electrical arc into an amalgamated welding
process has existed since the 1970s, but has only been used recently in industrial
applications. First attempts of combining a laser and an arc for welding, were
performed by a group, led by William Steen, at Imperial College, London. The
advantages of the process, such as increased welding speeds and process sta-
bility were immediately shown. Practical applications had to wait for the laser
technology to mature, as the early process was not viable on an industrial scale.
As advances in the laser technology made the equipment more reliable and cost
effective, possibilities and limitations of the hybrid laser-arc welding technique
were investigated all over the world by both, public and private sector. The driving
forces behind the innovations were, among others, the need for higher production
rates for military equipment. The manufacture of modern submarine vehicles in-
volves the production of tailored blanks, which require wide, high quality welds
made at high speed. The automotive, ship building, and the pipeline industry
became interested in this relatively new welding technology, and it was just a
matter of time, before the first industrial applications emerged.

One of the first companies to adapt the hybrid laser-arc welding technique was
Meyer Werft shipbuilding company, in Germany, in 2000. The new panel produc-
tion line proved to be so successful, as to replace the conventional panel line by
2002. The amount of laser hybrid welds account for approximately 50% of total
weld length, which for a large cruise ship total to a length of up to 500 km.
Innovations, such as integrated hybrid welding heads (by Fronius) have made this
welding process attractive for the automotive industry, as hybrid welds are applied
in the production of higher class models of companies, such as Volkswagen and
Audi.

The outlook of the laser hybrid welding technology is to increasingly weld high
strength alloys and the introduction of the process into pipeline construction [12],
[13], and [14].
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Welding is commonly described as a fabrication or sculptural process, in which
materials of the same type, usually metals or thermoplastics, are joined causing
coalescence. Different definitions exist, but there seems to be a common core in
all of them. The central aspect is that multiple entities are made one by estab-
lishing continuity. This does not imply homogeneity of chemical composition but a
continuation of similar atomic structure. A second essential point is that welding
applies not just to metals but also a wide variety of materials, such as polymers,
ceramics, inter-metallic compounds, and glass. Furthermore, a third important as-
pect of welding is, that it is the result of combined action of heat and pressure.
This is often neglected, as the classical idea of welding is the melting up and
joining of materials. Last but not least, it is important to realize, that welding is
used to join parts, which it does by joining materials. The joining of materials is
mainly a challenge of creating chemical bonds, through the combined action of
heat and pressure, using the knowledge, obtained through the study of metallurgy.
The joining of parts adds additional constraints, such as shape restrictions, critical
energy input levels to avoid intolerable levels of distortion, residual stresses or
disruption of chemical composition, and microstructure. The key point is to under-
stand, that welding is a secondary manufacturing process to produce an assembly
or structure from parts or structural elements [2].

When looking at the definition of welding, it is clear that a wide variety of proces-
ses can lead to obtaining material continuity. Therefore, it is essential to classify
the processes in order to clarify fundamental differences and identify technology
gaps. For complex entities, such as welding, there can be many bases for clas-
sification for creating a taxonomy.

Commonly, when classifying a welding technology, the first distinction is made
between fusion and non fusion welding processes. Most welding processes rely
on heat more than on pressure to accomplish joining by creating atomic bonding
across the joint interface. When significant melting is involved and necessary for

welding, and pressure is mainly used for fixing the workpieces position, the
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processes are called fusion welding processes. If, however, melting does not
occur or is not principally responsible for the bond creation, the term non fusion or
pressure welding processes applies. A schematic overview of the most common

welding methods is shown in Figure 2-1.

I
Fusion welding (Pressure welding)
(Friction welding)—
|Arc welding) (Radial friction welding)—

—(Metal arc welding) (Orbital friction welding)—

ﬂ_inear friction weldin@—
(Friction stir welding}—

(Ultrasonic welding)—

Gas shielded
l arc welding \ @old pressure weldingD—
Gas metal arc
welding MIG/MAG

Gas tungsten
arc welding TIG

Manual metal
arc welding

Submerged
arc welding
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—Q:'ower beam welding)

4(Electron beam welding)
Laser welding

Figure 2-1: Schematic overview of the most common welding methods [2], and
[15]
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2.1 Fusion welding processes
In fusion welding processes the workpiece material is heated up to a temperature
above its melting point or liquidus line for alloys. The atoms are brought together
in the liquid state to establish material continuity and create a large number of
primary bonds across the interface, after solidification has taken place. Depending
on the welding method, filler material also has to be melted and added to com-
pletely fill the joint gap. The energy, mainly in form of heat is generated by one or
a combination of the following energy sources:
» Electric arc employing an non-consumable or a consumable electrode,
* Heat generation through resistance or Joule heating of the workpiece,
which is subjected to direct or alternating current,
* High intensity radiant energy source, such as a beam, where the heat is
generated by conversion of the kinetic energy of fast-moving particles, or
* A chemical energy source, such as the heat generated by combustion of a
fuel, or an highly exothermic reaction between the solid workpiece and a

solid or gaseous reactant.

2.1.1 Gas welding

Gas welding used to be the most widely used welding method for many years, but
it is less common today. Gas welding is versatile, uses simple and relatively
cheap equipment and is used, where there is no access to power sources. By
adjusting the levels of acetylene and oxygen, the welder can influence the type of
flame. Depending on the level of oxygen a flame can be carbonizing (reducing),
neutral or oxidizing. The heat is generated by two steps of combustion. In the first

step acetylene is combusted in oxygen, as described in the following formula:

C:H. + O,==> 2CO + H, (2.1)

The first step of combustion occurs in the smaller inner flame cone. It has a typical
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light blue color and can reach a temperature of up to 3500°C. The second step of
combustion, takes place immediately afterwards in the outer envelope of the
flame. During this process, carbon monoxide, resulting from partial combustion of
the carbon, which is dissociated from the acetylene (or other fuel gas), reacts
further with oxygen, this time from the surrounding air to form carbon-dioxide. The
hydrogen from the primary combustion (or the fuel gas) also reacts with oxygen to

form water, as can be seen in the following formulas:
4CO + 20, == 2CO; (2.2)
2H, + O =) 2H.0 (2.3)
Figure 2-2 shows a schematic view of the gas welding flame with the correspond-

ing temperatures and a schematic overview of welding in progress.

Oxygen/acetylene

mixture
Filler rod
Protection
Inner envelope Primary
cone combustion
Metal Slag
Outer droplet

envelope Weld
metal

Base metal Weld pool

Figure 2-2: Schematic overview of gas welding [16]

The benefits of gas welding include:
* The ability to influence the temperature by slow heating and cooling to
avoid hardening of the weld,
+ The ability to weld metal with a thickness of up to 6 mm with a [-joint
configuration,

* The independence of electrical supply and portability of the equipment,
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* Gas welding processes can also be used for metal cutting, gouging or
piercing. Here the molten base metal is blown away with a jet of oxygen or
air from a compressed source.

The drawbacks of gas welding are mainly the limited source of energy, which can
result into a rather slow welding velocity, and a high total energy input. The nature
of the pro-cess limits the amount of protective shielding provided to the weld, so
welding of the more reactive metals (e.g. titanium) is generally impossible. To
offset this shortcoming, oxyacetylene welding may employ a flux or fluxing agent
to provide additional protection to the weld, to prevent oxidation during welding,
and/or to clean the workpiece of oxide, and to promote flow and wetting by any
filler metal [15] and [16].

2.1.2 Arc welding processes

Fusion welding technologies that employ an electric arc as a heat source are
called arc welding processes. Arc welding processes are the most commonly
used welding processes, as the energy source can be effectively generated,
concentrated, and controlled. The arc, in arc welding, is created by an electric
current, which flows from an electrode to the workpiece, both subjected to differ-
ent polarities. The arc itself is an electric breakdown of a gas, which produces an
ongoing plasma discharge. The electrons and positive ions, from the electric
breakdown, are accelerated by the potential field between the electrodes and
produce heat, when converting their kinetic energy upon collision with the
workpiece. The arc welding processes can be separated, depending on whether
the electrode of the welding apparatus is permanent, serving solely as a source of
electrons, or is being consumed providing filler material to the weld. Non-consum-
able electrodes are usually composed of tungsten or carbon (graphite), because
of their very high melting temperatures. A shielding gas must be provided in order
to protect the electrodes from oxidation. Consumables are composed of the metal

or alloy, needed in the filler, and come as rods or continuous wires [15].
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Manual metal arc welding

Until the beginning of 1980s, manual metal arc (MMA) welding was the predomi-
nant form of fusion welding, using consumable electrodes. The process is versati-
le and the equipment required fairly simple. A MMA welding kit is depicted in Fi-
gure 2-3 and consists of an electrode holder, a power source, a welding cable,
which is attached to the electrode holder, and a return cable, which has an electric
contact to the workpiece. A wide range of electrodes is available, depending on
the requirements for the particular welding tasks. Shielding is provided by the
coating of the electrode, which forms a slag upon the weld, and needs to be

removed after the weld is finished.

Electrode Electrode holder

Power source

Workpiece AC or DC

Figure 2-3: Schematic diagram of MMA welding [15]

Depending on the metal type, welding position, the current range used or
particularities of the welding environment, the welder has a wide variety of
electrodes to choose from. Electrodes are divided into four groups, depending on
the chemical composition of the slag: acid, basic, rutile and cellulose. While the
metal rod of the electrode is of a similar alloy, as the workpiece, the coating of the
electrode consists of various mixtures of finely powdered chemicals and minerals,
held together by a suitable binder. The functions of the electrode coating include,
among others, the protecting of the weld pool from the surrounding atmosphere,
improving the stability of the arc, increasing the yield by providing additional metal
powder, cleaning of the weld pool of sulfur and phosphor, and shaping the upper
surface of the weld [17].
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Acid electrodes are coated by iron- and manganese oxides as well as silica and
produce a viscous and easily removable slag. Smooth and shiny weld beads are
characteristic to these electrodes, yet a lower yield- and ultimate tensile strength
can be expected compared to other types of electrodes.

Rutile electrodes contain titanium-oxide (TiO,) in their coating. Large amounts of
H. is generated during welding, which acts as a shielding gas, but also increases
the risk of hydrogen embrittlement and cracking [2]. Rutile electrodes are easy to
strike and re-strike and produce neat welds with an easily removable slag.

The coating of basic electrodes is mainly composed of calcium fluoride (CaF,).
The slag reacts as a base, leaving low sulfur and oxygen contents in the weld
metal, resulting in high-strength and high-toughness welds with a good resistance
to hot cracking.

Using cellulose electrodes produces excellent penetration, by providing a high
hydrogen content in the arc. Cellulose electrodes are mainly used for the
construction of gas and oil pipelines, and are applied in all welding positions [15]
and [17].

The advantages of the MMA include the versatility of the method and the simple,
and relatively cheap equipment. The main drawbacks are increased operating
costs due to time consumed by slag removal and changing of the electrodes. As
MMA is limited in terms of mechanization, weld quality and reproducibility largely
depends on the skill of the welder [15] and [17].

Submerged arc welding

Submerged arc welding (SAW) is a high-productivity welding method, which
usually is mechanized and uses one to three continuous wire consumables.
Similar to manual metal arc welding, the shielding of the weld is provided by a
solid substance in form of flux powder, which is supplied to the welding head,
while welding is in progress. As can be seen in Figure 2-4, the excessive flux is
sucked up, returned, and reused. The flux has the same functions as the coating

of the MMA electrodes. The excessive flux also serves as a cover for light, and
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there is no smoke or splatter from the weld. However due to the fact, that the flux
powder is not bounded, only horizontal flat welding position can be carried out.

Excess flux
powder Welding head

Flux powder
Slag

Base material

Figure 2-4: Principle of submerged arc welding [15]

If the welding parameters are properly set, the appearance of the weld is often
very uniform and bright, merging smoothly into the workpiece material. Welding
can be carried out with both DC or AC power supply. The advantages of the
submerged arc welding include a high deposition rate, deep penetration, and high
and reproducible weld quality. The SAW method is used for both butt and fillet
welds and is most commonly applied for large items such as plates in shipyards,

longitudinal welding of large tubes, or large cylindrical vessels [15].

Gas shielded arc welding

Whereas the previously described electric arc processes use solid material to
protect the weld, gas shielded arc welding (GSAW) processes rely on a contin-
uous flow or a sealed atmosphere of shielding gas in order to prevent oxygen and
nitrogen from the air to come in contact with the melted metal. Oxygen is very
reactive at elevated temperatures and oxidizes the alloying elements, creating
slag inclusions in the weld pool. Nitrogen is solved in the melted material, yet as
the temperature decreases, so does the solubility of nitrogen, which results in

pores of the evaporating gas. Nitrogen can also be the cause of brittleness of the
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workpiece. The shielding gas influences the welding properties, the penetration,
and weld bead geometry [15].

The most commonly used shielding gases are argon (Ar), helium (He), carbon
dioxide (CO,), and, for some applications, small additions of hydrogen (H), oxygen
(O2), and nitrogen (N.) have a favorable effect. Argon is the most widely used
shielding gas. Being an inert gas, it does not chemically react with other materials
and can be applied for sensitive materials such as aluminum, and stain-less steel.
Helium is also an inert gas, but more expensive and less dense than argon.
Compared to argon, the heat input into the weld is higher, which is advantageous
when welding materials with a high heat conductivity such as aluminum or copper.
CO; is much less expensive than argon and helium. A disadvantage is the spatter
resulting from the welding process. Hydrogen, when used properly, increases the
heat input into the weld and can be used in root gases. However, the risk of
cracks only makes it suitable for austenitic stainless steel applications. Oxygen, in
small doses, has a stabilizing effect on the arc when used in the MIG welding
process. Small additions of nitrogen in the shielding gas composition compensate

for the losses of alloying nitrogen when welding austenitic steels [15].

Gas metal arc welding MIG/MAG

Gas metal arc welding (GMAW) has emerged as the leading welding method in
most industrial countries today. Depending on which shielding gas is used, the
GMAW method is most commonly known as metal inert gas (MIG) welding or
metal active gas (MAG) welding. The MIG welding process uses chemically inert
gases such as helium or argon. The shielding atmosphere, used in MAG welding,
has an active component, such as CO,. The gas metal arc welding process is an
all-position welding process. However, each of the variations has its own position
capabilities, depending on the electrode size and the metal transfer. The most
popular method of applying is the semi-automatic method, where the welder pro-
vides manual ravel and guidance of a welding torch. The principle of operation

and the equipment are shown in Figure 2-5. The arc is struck between the work-
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piece and a continuous, consumable metal wire electrode that is fed forward into
the arc. The wire is supplied on a reel and is fed to the welding gun by drive
rollers. These push the wire through a flexible conduit, through the hose package
to the gun. Electrical energy for the arc is passed to the electrode through the
contact tube in the welding gun. The workpiece is connected to the power source,
which most commonly operates on DC. The gas nozzle that surrounds the contact
tube supplies the shielding gas for the stabilization of the arc, and protection of
the weld pool. Welding parameters, such as wire feed speed and current,
electrode diameter, voltage, welding speed, inductance, electrode stick-out, as
well as the type and flow rate of the shielding gas influence the MIG/MAG welding
process. They need to be matched with each other, for optimum welding perform-
ance. The main advantages of the MIG/MAG process include a high deposition
rate and operator factor, elimination of slag and flux removal, reduction of fumes
and smoke, but most of all, the extreme versatility and its broad application ability.
The skill level in the semiautomatic method is also slightly lower, compared to

manual metal arc welding [15].

Wire
reel

alier Gas nozzle
rollers Hose Contact tube
package Welding Elestrode

gun
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Figure 2-5: Schematic overview of an MIG/MAG welding unit: [15]
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Gas tungsten arc welding TIG

TIG welding uses a non-consumable tungsten electrode, shielding gas, and if
needed, a manually supplied filler rod. Stability of the arc and the excellent control
of the welding process make TIG welding suitable for joining of stainless steels,

and light metals, such as aluminum. The equipment is depicted in Figure 2-6.
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Figure 2-6: TIG welding process [18]

The electrode must fulfill requirements such as low electrical resistance, high
melting point, good emission of electrons, and good thermal conductivity. These
are best met, using tungsten as the base electrode material. In order to improve
the stability of the arc, and ease the arc striking process, small proportions (up to
3%) of thorium oxide, zirconium, lanthanum or cerium may be included. The elec-
trode is subjected to a high temperature, and might break due to the brittle nature
of tungsten. In order to maintain a sharp tip of the electrode, which is needed to
produce a stable arc, the welder needs to grind the electrode in-between the
welding cycles [15]. Filler material for TIG welding comes in form of a wire, which
is fed into the joint by hand or mechanically. The deposition rate is comparatively
slow (0.5 — 1 kg per hour) [2], but can be enhanced using a 'hot wire' variation,

where the wire is resistance-heated prior to its introduction into the weld pool. The
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shielding gases used are similar to those of the MIG process, with argon being the
most widely used. When welding materials, which are easily oxidized, a root gas
can be applied in order to protect the root side of the weld.

TIG welding is usually carried out, using DC, with the negative pole connected to
the electrode. This constellation generates more heat in the workpiece. However,
when welding aluminum or magnesium the problematics of the oxide layer require
an AC power source. The oxide layer is only broken down, when subjected to the
negative pole, yet this would result in excessive temperature of the electrode, so
AC is used. In order to prevent the arc from extinguishing, square wave AC power
sources are applied. These enable the variation of the proportions of the positive
and negative polarity currents and empower the welder to control the penetration,
and oxide breakdown. The main advantages of the TIG welding process are the
excellent control of the welding, resulting in precise, high quality welds, absence
of slag, and versatility of the process. Little amounts of spatter, and the good
visual appearance of the weld requires very little post treatment. The drawbacks
are the relatively slow welding speed and the need for skilled welding personnel,

which increases the costs compared to MIG/MAG welding process [2], and [15].

Plasma welding

Similar to TIG, plasma arc welding (PAW) also uses a non consumable tungsten
electrode. The main difference lies in the fact that the electrode is positioned
within the torch, and two separate gas orifices are provided for the plasma and the
shielding gas. The plasma gas and the shielding gas are usually identical, but can
be of different composition for certain applications. As the plasma arc is more
concentrated than a TIG arc, advantages such as higher welding speeds, smaller
distortion rates and heat affected zones, as well as higher metallurgical quality
compared with TIG welds exist. The PAW welding is less sensitive to arc length
variations, enables deep penetration, and can be used for very thin and thick
materials. On the contrary, the equipment for PAW is more complex, expensive,
and bulkier compared to a TIG welding set up [2] and [15].
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2.1.3 Power beam welding

Processes that employ a source of high-intensity electromagnetic radiation to
cause fusion and produce welds are called power beam welding processes. The
better known of these are the high-energy-density beam processes, including
electron-beam welding (EBW) and laser-beam welding (LBW). These processes
are employed, when the density of the energy source is more important than the
total energy input into the weld, for example when deep penetration is needed.
Another advantage of power beam welding processes is their relatively fast
welding velocity. Laser beam welding can reach speeds of up to 50 m/min, when

welding thin materials [15].

Laser-beam welding

The rays of the laser light are parallel and highly concentrated, which enables
them to be conducted by mirrors or glass fibers to a welding position that is re-
mote from the laser unit. During the welding process, the beam is focused by a
lens or mirrors to a point with a diameter of few tenths of a millimeter, resulting in
high energy density. This enables small heat-affected-zones and high heating-
and cooling rates. The focus point is arranged to fall on, or slightly below, the
surface of the workpiece. The base material is immediately melted and to some
extent evaporated. The metal vapor forms a plasma, which is a good absorber of
incident light. When appropriate process parameters are used, energy-absorption
and efficiency are improved. A shielding gas is used in order to prevent air from
reacting with the melted metal and protect the lens from spatter and vapor. The
most common types of lasers used for laser-beam welding are the CO, laser and
the Nd:YAG laser. Diode lasers are rapidly evolving, to reach the high outputs
needed for most industrial applications [15]. A schematic view of the LBW process
can be seen in Figure 2-7. The main advantages of laser-beam welding are deep
and narrow penetration, high welding speeds, supreme quality of welds, and the
low distortion levels of the workpiece. The LBW process is also very clean and

quiet during operation. The drawbacks include the increased danger of thermal
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cracking and unwanted local hardening due to the low width/depth ratio of the
weld geometry and rapid cooling rates. The LBW process is very tolerance-
sensitive, and hence requires high precision of the welding equipment and
fixtures. Investment costs are high and require skilled personnel for operation.
Additional care must be taken to protect the operator from laser light [2], [15] and
[19].

Advance
Laser beam
Shielding gas
Melted metal
Keyhole

Transmitted laser beam
Figure 2-7: Schematic view of laser-beam welding [19]

Hybrid welding

Hybrid welding refers to a combination of two welding methods, usually laser
welding and an arc welding method, such as MIG or plasma welding. The filler
wire from the MIG/MAG welding process provides molten material for filling the
joint gap and thus reducing the requirements for workpiece and fixture tolerances.
When welding fillet joints, this combination provides reinforcement of the joint, and
also reduces the risk of undercutting, which seriously reduces fatigue strength. In
comparison with ordinary MIG/MAG welding, the welding speed is considerably

higher, due to use of the laser [15].
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Electron-beam welding

Electron-beam welding (EBW) uses a high-energy electron beam to produce the
deepest and most narrow weld penetration among all known welding technolo-
gies, as can be seen in Figure 2-8. Compared to the LBW, the energy content and
density is higher, resulting in very low distortion levels of the workpiece. Electron
beam welding is used for advanced materials, complicated, critical parts, such as
turbine rotors, and is particularly competitive for welding thick welds up to 250
mm, but is limited to materials with a low vapor pressure at melting point (this
constraint excludes zinc, magnesium, and most non-metals), and nonmagnetic

materials, as interference with the electron beam may occur [15].

LBW absorbed LBW reflected

7=

MMAW GMAW

Figure 2-8: Schematic comparison of penetration of various welding processes

[2]

In the EBW process, the electrons are supplied from a high-voltage power source
(30 — 175 kV), with a low current (less than 1 A). Magnetic coils accelerate and
focus the electrons in a similar manner, as used in older cathode ray tube
displays. As the electron beam interferes with air, the welding needs to be carried
out in a vacuum environment and the vacuum chamber needs to be opened,
closed, and evacuated with each new workpiece. As the electron beam hits the
workpiece, energy in form of x-rays is emitted. For most of the applications, the
electron gun is stationary and the workpiece is moved according to the weld
geometry. Similar to LBW, the EBW equipment needs to operate with extreme

precision, due to the narrow nature of the electron beam [15].
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2.2 Pressure welding processes

Pressure welding accomplishes material continuity, forming atomic bonds by
applying pressure and temperature below the melting point of the base materials.
This is achieved either by pressure and gross deformation, by friction and
microscopic deformation or by the means of diffusion.

The major advantages of pressure welding methods in comparison to fusion
welding processes include the retainment of the structure of the workpiece, as no
melting and solidification takes place. Furthermore, a lower heat input results in a
smaller HAZ, and the micro-structure of the workpiece material is much less
affected. A wide variety of pressure welding processes exist, which can be used to
weld materials of different material classes. The general shortcomings are ex-
tensive joint preparation and the complicated, elaborate, and very specialized
tooling required for some processes. Additional drawbacks are the challenging
inspection of joint quality, as well as the difficult, or even impossible repairing

processes of pressure- welded joints [2].

2.2.1 Friction welding

Friction welding (FRW) processes convert mechanical energy into heat at the joint
to be welded. As two contacting surfaces move relative to each other, atoms at
the interface are set into motion, resulting into heat. The heat causes the temper-
ature of the material to rise, having a softening effect on the material. The Young
modulus decreases, making it easier for the material to be deformed. Friction
welding processes use this physical characteristic to deform and forge the
workpieces together, creating material continuity and, hence, a weld. FRW pro-
cesses are usually designed to function without any melting of the workpieces
and, therefore, are called solid-state processes. The friction welding technology
has been further developed, so that the necessary friction can be applied by an

external tool, as in friction stir welding.
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Orbital friction welding
During the orbital friction welding one part is rotated against another, while an
axial force is applied. As the heat, resulting from friction, softens the workpieces to
desired extent, the axial force is increased in order to form a solid-state joint [15].
Orbital friction welding is the conventional form of friction welding and is
schematically shown in Figure 2-9. The main process parameters are:

* Rotational speed,

» Duration of rotation or friction burn-off distance for direct drive processes,

« The moment of inertia of flywheel for inertia-drive processes, and

* Axial force.

Weld flash
Axis of 0 Welding Lt
rotation _"“((}_ T B R force 8 q
\-‘ Completed weld

Figure 2-9: Principle of the orbital friction welding process [15]

Advantages of orbital friction welding include the excellent weld quality and
reproductivity, with low requirements for operating personnel, as the process is
highly mechanized. For large series of production, the FRW process is very cost-
effective. Little preparation of workpieces prior to welding is needed, as FRW
disrupts and removes surface films. Wide range of similar and dissimilar metal
combinations are weldable and no filler material is required. Last but not least, no
fumes, spatter or radiation are produced during welding process. The limitations
of friction welding are that at least one part of the workpiece needs to be

rotationally symmetrical and it must be of plastically deformable material.

Radial friction welding
Faced with the challenge, to successfully weld hollow sections, such as tubes or

pipes, in 1975 a new FRW process, known as radial friction welding, was devel-
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oped. The radial friction welding process adopts the principle of rotating and com-
pressing a solid ring around two stationary pipe ends. The pipes to be welded
are butted together and then securely clamped, to prevent axial and rotational
movement. A solid, internally beveled ring of compatible material is positioned
around the pipe ends with a supporting mandrel positioned inside the pipes at the
weld position to prevent both the flow of metal into the bore and the collapse of
the pipe ends. The ring is then rotated and subjected to radial compressive
loading, in order to obtain the friction between the rubbing surfaces. After a
predetermined heating duration, the ring rotation is terminated. The level of
compressive load is then either maintained or increased to consolidate the bond.

After the welding, the ring remains as a part of the weld [15].

Linear friction welding

Unlike the formerly described FRW processes, linear friction welding (LFW) uses
linear motion to generate heat from friction. As one part is securely clamped and
fixed stationary, the second is rubbed against it in an oscillating manner. As soon
as the desired temperature has been reached, the oscillation is decayed to zero
and the axial force is then increased in order to forge the workpiece together. As
with FRW and radial friction welding, LFW welds usually expel a flash, which
secures the quality of the weld, as contaminations are pushed outside of the weld.
In recent years, the LFW process has been introduced in the production of aero-
space engines. Gas turbine blades are attached to disks using the LFW process
enabling longer life cycles, as well as lowering the overall weight of the

construction [15].

2.2.2 Ultrasonic welding

Ultrasonic welding (USW) is a quasi-solid-state process that produces a weld by
introducing high frequency vibration into the weld area, as it is held together by
suitable clamping. The USW does not require any filler material and is commonly

used for joining plastics and especially dissimilar materials.
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An ultrasonic welding system consists of an ultrasonic stack, a fixture to hold the
workpieces under pressure, a nest or anvil, where the parts are placed, an
electronic ultrasonic generator, delivering a high power AC signal with frequency
matching the resonance frequency of the stack, and a controller, which monitors
and sets the movement of the press, as well as delivers the ultrasonic energy.

The weld is produced by oscillating shear forces at the interface between the
workpieces. The resulting internal stresses cause elastoplastic deformation while
the highly localized slip at the interface tends to break up oxides and surface
films, permitting a metal-to-metal contact at many points. As the oscillation con-
tinues, the points are smoothened out and the contact area grows, enabling
diffusion processes to take place. The finished weld has similar structure to that of
a diffusion weld. USW is used for spot-, line-, seam-, and ring welds. The USW
process has many advantages. The joining of thin and thick materials of dissimilar
nature is possible. The weld preparation is fairly simple, because welding through
the oxide layer is possible. USW joints generally have a good thermal and
electrical conductivity. Ultrasonic welding is environmentally friendly, as it is
energy efficient, and no arc, sparks, gases, or fumes are produced during the
process. No filler material, or shielding atmosphere is needed. As the process is
mechanized, the required skill level of the personnel is comparatively low.

The UWS process is relatively new, yet numerous applications in the automotive,

electrical, aerospace, and military industries, exist [20].

2.2.3 Cold pressure welding

Cold pressure welding is carried out, entirely without the heating of the work-
pieces at ambient temperatures. As pressure is applied at the interface of the
workpieces, severe deformation causes any residual oxides or contaminants to be
expelled from the weld area. A metallic bond is created across the interface,
producing the weld, without requiring any further recrystallisation or diffusion
processes. For most cold pressure welding applications, degreasing and cleaning

of the interface surfaces is needed, prior to welding. Cold pressure welding is
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frequently used for welding nonferrous metals and is suitable for cold-formable
metals with a brittle cover layer, such as aluminum. Cold pressure welding is an
excellent method to join copper terminals to aluminum conductors, as fusion
welding processes would produce brittle intermetallic compounds. Further
dissimilar metal combinations include aluminum-titanium, aluminum-nickel,
copper-titanium, copper-zinc, and many other. Different process variations of cold
pressure welding exist, as welds can be carried out as lap or butt welds. Some
applications involve cold pressure welding during drawing, extrusion, and rolling
processes. In general, cold pressure welds are best examined by destructive
techniques, as nondestructive testing methods fail to generate reliable results
[15].
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Aluminum is the third most abundant element and the most abundant metal in the
earths crust. The low density and ability to resist corrosion, as well as advances in
the research of aluminums metallurgy, have made it the material of choice for
uncountable applications, from the food container to aerospace industry. In the
pure state, aluminum is a relatively soft, ductile, malleable metal, with an appear-
ance ranging from silvery to dull gray. Its density and stiffness is approximately
one third of the one of steel [21]. Further chemical and physical properties of pure

aluminum are summarized in Table 3-1.

Properties of elementary aluminum
Phase Solid Electrical resistivity (20°C) 28.2 nQ'm
Density 2.7 g/cm?® Thermal conductivity 237 W/(m-K)
Melting point 660.32 °C Thermal expansion (25°C) 23.1 um/(m-K)
Boiling point 2519 °C Youngs modulus 70 GPa
Heat of fusion 10.71 kd/mol Shear modulus 26 GPa
Heat of vaporisation 294.0 kdJ/mol Bulk modulus 76 GPa
Molar heat capacity 24.2 kJ/(mol-K) Poisson ratio 0.35
Electronegativity Pauling 1.61 Mohs hardness 2.75
Crystal structure Face-centered-cubic |Vickers hardness 167 MPa
Magnetic ordering Paramagnetic Brinell hardness 245 MPa

Table 3-1 Properties of elementary aluminum [9]

In the pure state, aluminum is too chemically reactive to occur in its native form. In
the earth's crust it is found combined in over 270 minerals. The main ore, from
which aluminum is extracted, is bauxite, which usually contains 40 to 60% of
hydrated alumina, together with impurities, such as iron oxides, silica, and titania.
Currently, China, Russia, Australia, Canada and the United States are among the
major suppliers of primary aluminum. It is foreseeable, that high grade bauxite
reserves will be depleted in near future, which will evoke the need for new refining
methods, as well as increase the importance of recycling of this valuable com-

modity.
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3.1 Production of Aluminum

Aluminum forms strong chemical bonds with oxygen. It is very difficult to extract
from ore, due to the high reactivity and the high melting point of most of its ores.
The first commercial preparation of Aluminum occurred in France, in 1855, when
H. Sainte-Claire Deville reduced aluminum-chloride with sodium. However, this
process was not efficient, as the purity of aluminum was below 95% and the huge
costs of production made it more expensive than gold at that time. Due to its light
weight and good mechanical performance, further investigations in the production
of aluminum were made, and by the end of the century two subsequent proces-
ses, known as the Bayer- and Hall-Heroult process, were established. These pro-
duction methods still are the only ones, used for aluminum smelting on an
industrial scale today.

The first step of production, in which alumina (aluminum-oxide) is produced from
bauxite, is known as the Bayer process. It was invented and patented by Karl
Josef Bayer in Austria, in 1888. In the Bayer process, bauxite is crushed and
digested in strong sodium hydroxide solution at temperatures as high as 240°C.
Most of the alumina is dissolved, leaving an insoluble residue, known as 'red
mud', which mainly comprises iron oxides and silica, and is removed by filtration.

This first stage of the Bayer process can be expressed by equation (3.1):

Al;03.xH20 + 2NaOH == 2NaAlO; + (x+1)H20 (3.1)

In the second, decomposition stage, conditions are adjusted, so that the reaction

is reversed, as can be seen in equation (3-2):
2NaAIO; + 2H:0 ==>  2NaOH + Al,03.3H.0 (3.2)
Decomposition is achieved by cooling the liquor to a temperature around 50°C

and seeding it with crystals of the trihydrate Al.O3.3H,0, to promote precipitation.

This step may take up to 30 hours, and afterwards the alumina is obtained by
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calcining the trihydrate in rotatory kilns or fluidized beds. Calcination is carried out
in two steps, with most of the water being removed, at temperatures between
400°C and 600°C. The product is alumina in the chemically more active y-form.
The alumina is then converted to the relatively inert a-alumina, at temperatures as
high as 1200°C. The white, chemically inert powder is now ready for the next
production step, known as the Hall-Heroult process.

Due to its high melting point and poor electrical conductivity, the key to a success-
ful production of aluminum lies in dissolving the oxide in molten cryolite (NasAlFs)
and then running of an electrical current through the cryolite/alumina mixture. A di-
rect current with a voltage of just 5.25 V and a very high amperage, around 250

kA, is needed. An electrolytic reduction cell is shown in the Figure 3-1. It consists

Alumina
Anode
busbar
Cover
Crust
Bath
Anode
Freeze
Metal Side carbon

Cathode carbon block Ramming mix

Insulating brick Collector bar

Figure 3-1: Hall-Herault cell for production of Aluminum [22]

of consumable baked carbon anodes, the molten cryolite/alumina electrolyte, a

pool of liquid aluminum, a carbon-lined container to hold the metal and a electro-
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lyte- and gas collection system, to prevent fumes from the cell escaping into
atmosphere [21]. The overall reaction can be summarized in the following equa-
tion (3.3):

2A1,0; + 3C == 4Al +3CO; (3.3)

Some 1800 kg of aluminum are produced by a single cell, on a daily basis.
Usually around 150 cells are connected in a series, to make up a potline. The
production of aluminum is very energy- and cost intensive, so alternative methods
of aluminum production have been researched. A chloride-based smelting pro-
cess was introduced by the US based company Alcoa, in 1976, with a potential to
achieve 30% cost savings. However, it was discontinued after 10 years, as the
aggressive chlorine, involved in the production process, proved to be too big a
challenge for the construction materials, over a large period of time [21]. Several
other companies have investigated carbothermic methods for producing alumi-
num with cost-saving potential, yet, no commercially viable process so far has
been introduced on a industrial scale. The long range research efforts focus on
increasing the current efficiency (currently at 95% in modern cells) and reducing
the distance between the cathode and anode, which is the major component of
ohmic resistance [23].

The secondary production of aluminum is a key factor to reduce costs, both for
raw materials and especially energy. The production of one ton of aluminum from
bauxite requires about 17.000 kWh of electricity. Modern state of the art cells
achieve 13.000 kWh energy per ton [23]. The same amount of recycled aluminum
consumes approximately 750 kWh, therefore, resulting in a net gain of 95% [24].
Even though some high performance aluminum alloys, still need pure aluminum
as a source material, aluminum can be recycled repeatedly, without losing its
mechanical properties [25]. Recycled aluminum offers obvious energy and envi-
ronmental benefits, as it only requires 5 % of the energy consumed and emis-

sions, associated with primary production [23].
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3.2 Aluminum alloys

For most technical applications, pure aluminum is too soft to be of practical use,
so instead, alloys are used. Most aluminum alloys contain 90% to 96% aluminum,
with one or more other elements added, to provide a specific combination of
properties and characteristics. The typical alloying elements are copper, magne-
sium, manganese, silicon and zinc. Two principal classifications of aluminum al-

loys exist namely the wrought aluminum alloys and cast aluminum alloys [26].

3.2.1 Wrought aluminum alloys
The term wrought aluminum alloys is applied to alloys, which are primely pro-
duced in ingot or billet form and are further worked by other processes, such as
rolling, extruding, forging, and drawing, in order to get semi-finished products [26].
The basic characteristics of wrought aluminum alloys are listed below:

» Corrosion resistance: Aluminum is very eager to react with oxygen in order

to produce aluminum oxide according to the equation (3-4):

4AI + 20, == 2AL,0; (3-4)

Even tough, oxidation is usually an unwanted process, in aluminum a very
thin oxide film is produced, which then provides a shield for further oxida-
tion, without harming the material. This process is known as passivation
[21]. Alloys of the 1xxx, 3xxx, 5xxx, and 6xxx systems are especially
favorable in this respect.

* Thermal conductivity: Aluminum and its alloys are good conductors of heat
and slowly reach high temperatures during fire exposure.

* Electrical conductivity: Pure aluminum and some aluminum alloys have an
exceptionally high electrical conductivity.

» Strength to weight ratio: Its relatively high strength and low density has

made aluminum the popular material, it is today. It is used for light weight
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structures, especially for transportation means.

Fracture toughness and energy absorption capacity: Some special alloys,
such as 2124, 7050, and 7475, are exceptionally tough and make excellent
choices for applications, where resistance to brittle fracture and unstable
crack growth are necessary, such as in aircraft applications.

Cryogenic toughness: Aluminum alloys of the 3xxx, 5xxx, and 6xxx series
have the remarkable feature that their strength, ductility, and toughness are
higher at subzero temperatures than at room temperature.

Workability: Wrought aluminum alloys are workable by a great variety of
metalworking technologies. This property enables aluminum to be pro-
duced in a wide range of geometries and shapes.

Ease of joining: Soldering, brazing, welding, riveting, bolting, and even
nailing are just a few possibilities to join of aluminum parts with aluminum
or other materials. When joining aluminum to other materials, galvanic cor-
rosion properties must be considered. Special care needs to be taken,
when dealing with carbon fiber reinforced construction materials [27], and
[28].

Recyclability: Aluminum can be easily and efficiently recycled [9].

Among other standards, the Aluminum Alloy and Temper Designation System of

the Aluminum Association is the most widely applied system for aluminum alloys.

It enables the user to understand the chemical composition, characteris-tics, as

well as the way, in which the alloy has been fabricated. The Aluminum Association

Wrought Alloy Designation System uses four numerical digits, sometimes

including alphabetical prefixes or suffixes [29]:

The first digit defines the major alloying element of the series starting with
that number (see Table 3-2).

The second digit defines variations in the original basic alloy, which are
typically defined by differences in one or more alloying elements of 0.15 —

0.50% or more. A zero indicates the original composition, a one the first
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variation, and so forth.

* The third and fourth digits designate the specific alloy in the series.

Wrought aluminum alloy systems
Alloy |Main alloying element
1xxx_ |Pure aluminum, no major additions
2xxx__ [Copper
3xxx  |Manganese
4xxx_|Silicon
5xxx  |Magnesium
6xxx_|Magnesium and silicone
7xxx__|Zinc
8xxx |Other (iron, tin, titan,...)
Ixxx |Unassigned

Table 3-2: Wrought aluminum alloying elements according to Aluminum
Association [29]

* The 1xxx series are pure aluminum and its variations. The last two of the
four digits indicate the minimum aluminum percentage, specified for the
designation. The second digit indicates modifications in the impurity limits
or intentionally added elements. Compositions of the 1xxx series do not
respond to any solution heat treatment, but may be modestly strengthened
by strain hardening.

» 2xxx series alloys have copper as their main alloying element and respond
well to heat treatment, as copper is soluble in aluminum. The alloys of this
series are often referred to as heat treatable.

* 3xxx series alloys are based on manganese and are strain hardenable.
They do not respond to solution heat treatment.

* 4xxx series alloys are based on silicon. Depending on the silicon content,
heat treatment may be applied.

* b5xxx series alloys are based on magnesium. Strain hardening is possible,
while heat treatment is not.

* 6xxx series alloys, having both magnesium and silicon as their main

alloying elements, are heat treatable. Magnesium silicide (Mg.Si) will go in
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solid solution with aluminum.

7xxx series alloys have zinc as their main alloying element, often with
significant amounts of other elements, such as copper and magnesium.
The alloys of this series are heat treatable.

8xxx series alloys have other alloying elements, such as iron or tin in their
composition. The characteristics largely depend on the major alloying

component [26].

The chemical composition of selected wrought aluminum alloys according to the

Aluminum Association Designation System is listed in the following Table 3-3.

Wrought aluminum alloys: percent of alloying elements
Aluminum and normal impurities constitute remainder
Aloy | SiJCul[Mn]mMg] cr|[ Ni|lzn] T

1050 ... 199.50% min Aluminum

1060 ... | 99.60% min Aluminum

1100 ... 10.12] 99.0% min Aluminum

1175 ... | 99.75% min Aluminum

2014 084408 05| ..

2018 ... |40 ... |07 ] ... | 2.0

2124 ... | 44106 |15

3003 ... 1 01]12

3105 ... |06 ]05]| ..

4032 122109 | ... | 10| ... | 0.9

4145 ]110.0] 4.0 | ...

5005 ... 1 0.8 ..

5056 ... 1011501 01
5356 ... | 01150101 ... | 01
5556 ... 10115101 ... | 01
5654 ... | 35103 ... ... | 01
6003 0.7 | ... Lo 12 ] ..

6053 0.7 | ... ... | 1.2 ] 0.3

6101 05| ... ... | 06| ..

6253 0.7 | ... ... 112103 ... 120
7008 ... 110102 ... 150
7049 ... |16 ] ... 124102 ... | 77
7178 .. 120 ... | 28|02 .. |68
7475 ... |16 ] ... 122102 ... |57
8017 ... 1021 .. 100 .. [*Iron0.7

8030 .. 0.2 | .. ... |*Boron 0.02

Table 3-3: Wrought aluminum alloys [28]
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3.2.2 Cast aluminum alloys

The designation system for cast aluminum alloys is in some respect similar to the
one for wrought aluminum alloys, yet some important differences exist. The cast
alloy designation system has also four digits and the first digit indicates the major
alloying constituent(s), as can be seen in Table 3-4. A decimal point is introduced
between the third and fourth digit, to indicate that these are designations used to
identify alloys in the form of castings and foundry ingot.
* The first digit indicates the alloy system, as shown in Table 3-4. Note that
the 6xx.x series is designated as the unused series.
+ The second and third digits for the 1xx.x series indicate the aluminum
purity, and for the other alloys, they identify the specific alloy.
* The fourth digit indicates the product form: 0 is used for castings, 1 is used
for ingots, and rarely a 2 indicates, that the use of tighter limits on certain

impurities apply [26].

Cast aluminum alloying systems
Alloy [Main alloying element
1xx.x  |Pure Aluminum
2xx.x_|Copper
3xx.x [Silicon, with added Copper and/or Magnesium
4xx.x |Silicon
5xx.x  [Magnesium
7xx.X_|Zinc
8xx.x |Tin
9xx.x |Other elements
Oxx.x |Unassigned

Table 3-4: Cast aluminum alloying elements according to Aluminum Association
[29]
The characteristics of the wrought aluminum alloys can also, generally, be applied
to the cast alloys. The three following properties play an additional role, which de-
termine the limits of cast aluminum alloy application:
* Ease of casting: The alloys of the 3xx.x series feature good flow and mold-

filling capability, due to their high silicon content. Consequently, the alloys
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of the 3xx.x series are chosen for large and very complex castings.
Strength: The 2xx.x alloys offer the highest strength, which comes at the
cost of ease of casting and usually lacks good surface characteristics. The
alloys of the 2xx.x series are used in applications, where expert casting
techniques can be applied and strength and toughness are a priority, such
as in the aerospace industry.

Finish: The 5xx.x, 7xx.x and 8xx.x series offer fine finish, but are more
difficult to cast than the 3xx.x series. Their use is limited to applications,

where surface quality is paramount [26].

3.3 Temper designations of aluminum alloys

Besides the chemical composition, it is the condition, which determines the

mechanical properties of aluminum alloys. There are five basic designations,

identified by a single letter, which may be followed by one or more numbers to

identify the precise condition [26]:

F : as fabricated. Applies to wrought products, where there is no special
control of the amount of strain hardening or the thermal treatments. No
mechanical properties are specified for this condition.

O : annealed. This is used for products, which are annealed to produce the
lowest strength (and improved ductility for cast alloys).

H : strain hardened. Applies to products that have their strength increased
through cold working. The H is always followed by two digits, which indi-
cate the amount of cold working or a specific heat treatment.

W : solution heat treated. This is applied to alloys, which precipitation-
harden at room temperature (natural aging) after a solution heat treatment.
It is followed by a time, indicating the natural aging period, e.g. W 1h.

T : thermally treated. Applies to products, which are thermally treated to
produce stable tempers, other than F, O or H. The 'T' is always followed by

one or more numbers to indicate the specific heat treatment.

3.12

Ugis Groza



3 ALUMINUM AND ALUMINUM ALLOYS

The following digit(s) after the letter represent the specific condition [26]:

H1 : strain hardened only.

H2 : strain hardened and partially annealed to reduce the strength back to
the desired level.

H3 : strain hardened and stabilized. Stabilization is a low temperature heat
treatment, applied during or on completion of fabrication. Ductility is impro-
ved and unstable strain hardened alloys are artificially aged to a stable
condition.

H4 : strain hardened and painted or lacquered. This indicates a low-
temperature heat treatment, as part of paint baking or adhesive curing

operation.

A second digit after 'H' represents the amount of strain hardening in the alloy. The

digit 8 as in 'HX8' is used for the hardest available temper, resulting from the most

heavily cold worked condition. A temper with the designation 'HX4' has a strength
halfway between the fully hard HX8 and the fully annealed condition, the 'HX2'

halfway the strength between 'HX4' and fully annealed and so on.

The 'T' designations are applied to those alloys, which are age hardened, with the

first digit identifying the condition [26]:

T1 : cooled from elevated temperature shaping process and naturally aged
to a substantially stable condition,

T2 : cooled from elevated temperature shaping process, cold worked and
naturally aged to a substantially stable condition,

T3 : solution heat treated, cold worked and naturally aged to a substantially
stable condition,

T4 : solution heat treated and naturally aged to a substantially stable
condition,

T5 : cooled from elevated temperature shaping process and artificially
aged,

T6 : solution heat treated and artificially aged,
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* T7 : solution heat treated and overaged or stabilized,
» T8 : solution heat treated, cold worked and artificially aged, and

* T9: solution heat treated, artificially aged and cold worked.

3.4 Strengthening mechanisms for aluminum alloys
Five general strengthening mechanisms may be applied to aluminum and its
alloys, namely grain size control, solid solution strengthening, second phase

formation, strain hardening, and precipitation hardening [28].

3.4.1 Grain size control

The role of grain size control is not as essential for the general strength of
aluminum alloys, as it is for reducing the risk of hot cracking during welding ap-
plications [28]. Generally, increased grain size leads to reduced yield- and
ultimate tensile strength, as can be seen in Figure 3-2. The relationship between

grain size and yield strength is described in the Hall-Petch equation (3-5):

k

o= (TO-I——\/;;, (3-5)
with:
Oy ... actual yield strength
Oo, Ky ... metal constants
d... grain size

As grain growth occurs in the heat affected zone (HAZ), toughness and strength
are reduced. Larger grains are also more subtile to hot cracking. To avoid this,
titanium, zirconium, and scandium may be introduced in the base or filler material,

acting as nuclei for a fine grain growth [26].
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Strength
Ductility

Toughness
Mechanical g

properties

Increasing grain size

Figure 3-2: The influence of grain size on mechanical properties [26]

3.4.2 Solid solution strengthening

Metals in their pure state are very rarely used, as their strength is insufficient for
the most engineering purposes, which is the reason, why they are alloyed. An
alloy is a metallic solid, formed by dissolving in the liquid state, one or more solute
metals — the alloying elements, in the bulk metal — the solvent [28]. A limit of solid
solubility, which depends on the elements involved, exists and determines,
whether the solution is homogeneous (single phase). If the solubility limit is
reached, a second phase emerges. This second phase may be a secondary solid
solution, an inter-metallic compound or the pure alloying element. In solid solution
alloying, the alloy element is completely dissolved in the bulk metal and, depen-
ding on the ratio of the atom size of the elements involved, an alloying element
may be an interstitial or a substitutional alloying element (see Figure 3-3) [30].
Both, the substitutionional and interstitial, alloying atoms distort the lattice, due to
atom size differences. The resulting strain increases the tensile strength, but
reduces the ductility. The most important alloying elements for aluminum in this

respect are si-licone, which increases strength and fluidity. Copper and
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magnesium also improve

Main alloy or

Main alloy or solvent atom

solvent atom

Substitutional Interstitial or
or solute solute alloying
alloying atom atom

Figure 3-3: Substitutional and interstitial alloying elements [26]

corrosion resistance. Manganese increases the strength and ductility, whereas

zinc assists in regaining some strength lost during welding [26].

3.4.3 Strain hardening

Also known as cold working, strain hardening is a mechanism, which increases
the strength and hardness of metals. Deformation of the metal structure is
provoked by input of mechanical energy during processes, such as forging or
rolling, resulting in a stronger and harder metal, but a loss of ductility has to be
accepted in most cases. The cold working can be done, until the metal has be-
come so brittle that further additional deformation leads to fracture. Another side
effect of strain hardening is the elongation and orientation of the grains, which
leads to a high level of internal stress. Further effects include a small decrease in
density, a decrease in electrical conductivity, an increase in the coefficient of
thermal expansion and a decrease in corrosion resistance, particularly corrosion
stress resistance [26].

A counter-mechanism of strain hardening can be achieved through heat treat-
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ment. Depending on the temperature and heating time, it can provoke recovery,
recrystallisation and grain growth. Recovery starts to take place at lower
temperatures. The deformations and dislocations are reorganized, resulting in a
reduction of the internal stresses, but retaining the original grain structure. If the
temperature is elevated, recrystallisation begins. Recrystallisation is a process,
during which the old cold worked and deformed grains are replaced by a new set
of strain free crystals. An increase of ductility but a decrease in strength is
observed. At temperatures, above the recrystallisation temperature, grain growth
is initiated. The new grains begin to grow in size, by absorbing each other and
resulting in a coarse grain structure, which is not desired regarding its mechanical

properties and weldability.

3.4.4 Precipitation (age) hardening

Precipitation hardening is based on the principle of increased solubility of one
phase into another at elevated temperatures. To precipitation harden an alloy, the
temperature is raised, making the second phase go into solution. A rapid cooling
of the metal, which can be achieved by quenching the alloy in water, oil bath or
air, results into retention in solution. A metastable, super-saturated solution is
obtained. A controlled heating to a low temperature of the metal then acts as
activation energy for a diffusion process of the second phase. A very fine
precipitate begins to form, resulting into a very distorted lattice with extremely high
strength, but a poorer ductility. If the heating is continued, over-aging might take
place. Over-aging is undesired, as the fine precipitate recrystallisis back into
coarse grain, matching the properties of the annealed structure.

A summary of mechanical properties for some aluminum alloys with varying

condition is shown in Table 3-5.
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Mechanical properties of aluminum alloys
Alloy | Condition —Re2 Ry | €
[N/mm?] | [N/mm?] |[%]
1060 0 28 68 43
1060 H18 121 130 6
5083 0 155 260 14
5083 H34 255 325 5
6063 @) 48 89 32
6063 | TB (T4) 100 155 15
6063 | TF (T6) 180 200 8
2024 @) 75 186 20
2024 | TB (T4) 323 468 20

Table 3-5: Mechanical properties of selected aluminum alloys [26]
(Roz: proof strength; R : ultimate tensile strength; € : maximum strain)

3.5 Problems associated with welding of aluminum
3.5.1 Porosity

Porosity in aluminum welds occurs, when hydrogen gas is entrapped during
solidification of the molten pool. This is due to the solubility differences of
hydrogen in aluminum in the liquid and the solid state. The solubility of hydrogen
in aluminum is shown in Figure 3-4. Upon solidification, hydrogen forms gas bub-
bles in the molten pool, resulting in extremely fine pores, causing micro-porosity
to coarse pores with a diameter of 3 — 4 mm. The porosity of an alumin-um weld
depends on the following factors:

* Welding velocity: If the solidification front is moving at a lower velocity than
the pore's buoyancy velocity, gas pores may escape. Lower welding
velocities result in slower solidification fronts and are beneficial for a pore-
free weld.

* Welding position: In general, vertical up welding of aluminum produces the
least porosity, as the solidifying pool provides easy escape of gas pores.
Overhead welding produces the largest amount of pores as the gas
bubbles are entrapped in the root weld.

* Amount of hydrogen present: Sources of hydrogen can be of different
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origin. It can be present in the base metal, the filler metal or within the
shielding gas. Regarding the filler material of the conventional fusion
welding processes, TIG has lower levels of porosity than MIG, due to
possible hydrogen contamination of the MIG wire. The shielding gas plays
an important role, as for low porosity levels shielding gas with a high purity
is to be used. Ideally, a gas with a low dew point, of less than -50° C (39
ppm water), should be used, guaranteeing low levels of moisture contamin-

ation. Another source of moisture can be porous gas hoses [28], and [31].
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Figure 3-4: Hydrogen solubility in pure aluminum [19]

3.5.2 Crack Sensitivity during Welding

Due to aluminum's relatively high thermal expansion, large change in volume
upon solidification, and wide solidification-temperature range weld cracking is a
major issue, when welding aluminum and aluminum alloys. Because of the detri-
mental effect of weld cracks on joint properties, the weldability of aluminum alloys
is defined as its resistance to weld cracking. Weld cracking in aluminum alloys

may be classified into two primary categories based on the cracking mechanism
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and location:

Solidification cracking: Also known as hot tearing. It takes place within the
weld fusion zone and typically appears along the center of the weld or at
termination craters. These types of cracks occur, when high levels of ther-
mal stress and solidification shrinkage are present, while the molten pool is
undergoing the solidification process. Hot tearing is affected by weld-metal
composition and welding parameters, such as heat input and the joint
geometry. The primary method for eliminating hot tearing is through filler
alloy additions, which are determined experimentally. The crack sensitivity
of the AL-Mg system is shown in Figure 3-5. Another mean to reduce hot
cracking is, obtaining a fine grain structure by adding titanium, zirconium,
or scandium to the filler material. These act as forming nuclei for the new
grains [28].

Liguiation cracks: These occur adjacent to the fusion zone in the partially
melted region. This region is produced, when eutectic phases or
constituents with a lower melting point melt at grain boundaries during
welding and, accompanied by thermal stresses, may tear. Higher heat
input enlargens the partially melted region and increases the risk of

liquiation cracks.

Crack sensitivity —

0 1 2 3 4 5 6 7
Magnesium content wt%

Figure 3-5: Crack sensitivity of Al-Mg alloys versus magnesium content [31]
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3.5.3 Oxide film entrapment

Aluminum oxide (Al.Os) is a very tenacious, rapidly forming layer, acting as a
shield to corrosion. The high melting point of Al.Os; (2060°C) compared to
aluminum (660°C) cause difficulties for the welder, if the aluminum oxide layer is
not removed, prior to welding, by mechanical, chemical or physical means. The
molten aluminum is enclosed in a thin skin of oxide, which eventually bursts and
ruins the weld. During welding, the strategies differ among the conventional
welding processes. Processes using flux material, such as brazing or soldering,
use a very aggressive flux, which is needed to dissolve the oxide layer. The flux
material has to be thoroughly removed after welding, as corrosion and porosity
might occur. The gas shielded welding processes, such as MIG, use the pheno-
menon of cathodic cleaning. Basically, this means, connecting the electrode to the
positive pole and using direct current. The electrons flow from the workpiece to
the electrode and ions travel the opposite direction, bombarding the workpiece
surface, , breaking it up, and dispersing the oxide layer. TIG welding, however,
uses alternating current with one half of the cycle used for oxide removal and the
other for electrode cooling, as the positive pole generates 60 — 70% of the total
heat [28].

3.5.4 Degradation of the heat affected zone (HAZ)

The heat affected zone (HAZ) is created during welding, adjacent to the fusion
zone. Elevated temperatures can cause degradation of the material properties
and are associated with micro-structural modifications of the base material. The
impact of welding on the HAZ very much depends on the history of the material.
The cold worked aluminum alloys experience a loss in strength, as recrystal-
lisation begins to take place, when the temperature in the HAZ exceeds 200°C.
Full annealing can be expected at 300°C. Within heat-treatable aluminum alloys,
the HAZ can be distinguished, due to the dissolution or growth of precipitates. A

common method for determining the width of the HAZ is measuring the hardness
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across the weld, which is proportional to the strength of the material [30]. The

effect of welding on strength in a cold worked alloy can be seen in Figure 3-7.

Weld

Figure 3-7: Effect of welding on strength in a cold worked alloy [28]
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4 FRICTION STIR WELDING

4.1 Description of the friction stir welding process

Friction stir welding (FSW) is a solid-state process, of the non-fusion welding
processes. Non-fusion welding can be defined as the process of joining materials
through plastic deformation, due to the application of pressure, at temperatures
below the melting point of the base material(s), with the assistance of solid-state
diffusion. FSW was invented and developed at The Welding Institute (TWI) in
Cambridge, UK. It allows metals, including aluminum, lead, magnesium, steel,
and copper, to be welded without melting of the workpieces. Essentially, the pin of
the rotating tool is plunged into the abutting faces of the workpieces, while the tool
propagates along the joint generating frictional heat. The heat creates a softened,
plasticized region around the immersed probe and at the interface between the
shoulder of the tool and the workpiece. The shoulder provides additional frictional
treatment of the workpiece and prevents plasticized material from being expelled
from the weld region. As the temperature rises, the strength of the workpiece
material falls below the shear stress. Plasticized material is extruded from the
leading side to the trailing side of the tool. The tool is then steadily moved along
the joint line, resulting in a continuous weld [32]. The basic principle of FSW is

shown in Figure 4-1.

FSW tool

Workpiece

Figure 4-1 Principle of FSW [32]
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The following lists the key advantages and disadvantages of the FSW process at
present [32], [33], and [34]:

» Technological advantages:

(0]

(0]

(¢]

)

(0]

The process is semi-automatic or fully automated, and is user friendly.
High integrity welds are produced for an increasing range of materials.
Welding can be carried out in all positions, including vertical and over-
head position.

Plain low carbon steel and 12% chromium alloy steel can be welded in
a single pass with thickness ranging from 3 to 12 mm. Steel with a
thickness up to 25 mm can be welded from two sides.

The surface appearance approaches to that of a rough machined sur-
face. Costs for post-processing and finishing are reduced.

No special edge preparation is required (only nominally square edged
abutting plates are needed for a butt joint), so it saves consumable
material, time, and money.

Distortion levels are comparatively low.

Equipment is simple with relatively low running costs.

Once established, optimized process conditions can be preset, and
subsequent in-process monitoring can be used as a first line check of
weld quality maintenance.

The workpiece can be loaded right after welding and is cooler in com-
parison to fusion weldments.

Like most friction techniques, FSW can be operated underwater.

Metallurgical advantages:

The process is solid-phase. Problems, associated with the liquid phase,
such as alloy segregation, porosity, and cracking, are avoided.

Welding of dissimilar alloys and materials is possible.

FSW results in fine, recrystallized microstructure.

Parent metal chemistry is retained without any gross segregation of al-

4.4

Ugis Groza



4 FRICTION STIR WELDING (FSW)

loying elements.
o No loss of alloying elements takes place.
Environmental advantages:

o Welding is carried out without spatter, ozone formation, or visual radia-
tion, associated with fusion welding techniques.

o Low energy input required: compared to a laser weld only around 2.5%
of the energy is needed for a weld.

o FSW is relatively quiet.

o For most materials, the process does not require a shielding gas.

o No harmful emissions are produced.

o No solvents are needed for degreasing the workpieces.

o FSW is associated with lightweight applications, leading to decreased

fuel consumption in transportation applications.

Disadvantages:

During welding, it is necessary to clamp and fix the workpieces materials
firmly. Suitable jigging and backing bars are needed to prevent the abutting
plates moving apart, or material breaking out of the root of the joint.

At the end of the weld a keyhole is left as the probe is withdrawn, which
can serve as the starting point of crack propagation.

The costs of the FSW equipment and licensing are relatively high.

At present, no complete set of norms, covering the FSW specifications,

exist in the EU, which is why the application of the FSW process is limited.

4.2 FSW variables

In order to achieve a weld that suffices the requirements set, certain parameters

need to be looked at and inspected, during the FSW process. The joining of two

parts involves the transport of material of one side to another. Regarding the

specifications of the FSW process, the terms advancing side and retreating side

have emerged. They describe the tool rotation direction, compared with the tool
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travel direction (see Figure 4-2).

" Semicircular tool
shoulder marks

Advancing side

Figure 4-2: Schematic drawing and terminology of the FSW process [35]

The following parameters influence the FSW process [32]:
* Welding tool geometry and material,
* Welding velocity: can be split up in tool travel velocity and tool rotation
(angular velocity),
* Tool tilt angle, and

 Downward force of the tool.

4.3 Friction stir tools

The FSW process is not possible without a non-consumable tool. The tool pro-
duces the thermo-mechanical energy and consists of a pin and a shoulder. Both
can have a wide variety of geometries, optimized for the specific weld type. The
typical sequence of steps, which a tool undergoes in order to produce a weld, are
as follows: during the tool plunge, the rotating tool is forced into the workpiece.
Contact of the pin with the workpiece creates frictional and deformational heating

and softens the workpiece material. As soon as the shoulder touches the work-
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piece, heat generation increases, and the zone of softened material expands.
Typically the tool dwells (undergoes only rotational movement) at the starting point
of the weld, in order to expand the softened volume of the workpiece. After the
dwell period the tool begins the advance along the predetermined path, leaving a

fine-grained recrystallized microstructure behind [32].

4.3.1 Tool materials

During the FSW process, the tool is loaded with a normal and a transversal force
and its temperature approaches the solidus temperature of the workpiece. Regar-
ding such conditions, the right selection of the tool material is essential, in order to
produce a high quality weld. The tool material should have the following charac-
teristics [32]:

* Ambient- and elevated-temperature strength: The tool material has to with-
stand the compressive loads during tool plunge, as well as it has to have
sufficient compressive- and shear strength at elevated temperatures, to
prevent tool fracture or distortion during the friction stir welding process.

* Elevated-temperature stability: The tool must maintain its dimensional and
strength stability during the time of its use. Material creep has to be con-
sidered for long weld lengths. Tool materials that have been precipitation-,
work- or transformation-hardened, experience a loss of their mechanical
properties, if used above their maximum-use-temperatures. This is due to
overaging, annealing, and recovery of dislocations or reversion to a weaker
phase.

* Wear resistance: Excessive tool wear changes the tool shape, thus chan-
ging the weld quality and increasing the probability of defects. During the
FSW process, tool wear can occur by adhesive, abrasive or chemical wear,
or by a combination of those.

* Tool reactivity: Tool materials should be inert with the workpiece and the
environment, in order to prevent a change of the surface properties of the

tool. Especially, when welding titanium, which is reactive at elevated tem-
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peratures, a shielding environment needs to be considered in order to pre-
vent oxidation of the workpiece or the tool.

* Fracture toughness: The tool material should have sufficient fracture tough-
ness, in order to withstand the loads during tool plunge and dwell time,
which are considered to produce the most damage to the tool.

+ Coefficient of thermal expansion: Especially, when using bi-metal tools,
large differences of the coefficient of thermal expansion between the shoul-
der and pin material should be avoided, as elevated temperatures might
cause internal stresses, which could lead to tool failure.

« Last but not least, the tool material should be machinable, in order to
achieve the required or desired design.

At present, depending on the workpiece, different materials are used for FSW
tooling. A summary of current friction stir welding tool materials is shown in Table
4-1. The most common tool material are tool steels. This is due to the fact that, at
present most of the FSW welds are performed on aluminum and its alloys, which
are easily friction stirred with tool steels. The advantages of tool steels include low
cost, availability and machinability, as well as established material characteristics.
The most cited tool material of the tool steel group is AISI H13, which is a
chromium-molybdenum hot worked air-hardening steel, known for good elevated
temperature strength and wear resistance. Besides welding aluminum alloys,
tools made of H13 tool steel have proved themselves in friction stirring coper
alloys. The maximum temperature of use of tool steels is between 500°C (oil- and
water-hardened tool steels) and 600°C (secondary-hardened tool steels) [32].
The second group of tool materials are nickel- and cobalt-base alloys, which were
developed to have high strength, ductility, creep resistance, and corrosion resis-
tance. As these alloys derive their properties from precipitates, the temperature
applied must be kept below the precipitation temperature, which typically lies
between 600 and 800°C.

When stirring materials, such as titanium and steels, working temperatures above

1000°C occur and demand tool materials, which still perform well at such condi-
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FSW tool materials
Alloy t [mm] Tool material
Aluminum allovs <12 Tool steel, WC-Co
y <26 MP159
Magnesium alloys <6 Tool steel, WC
Nickel alloys, PCBN
Copper and <50 tungsten alloys
copper alloys
<11 Tool steel, WC
Titanium alloys <6 Tungsten
Stainless steels <6 PCBN, tungsten alloys
Low-alloy steel <10 WC, PCBN
Nickel alloys <6 PCBN

Table 4-1: Currently used FSW tool materials (t - thickness of the base material;
WC — tungsten carbide; Co — cobalt; MP 159 — cobalt-nickel-based super alloy ;
PCBN - polycrystalline cubic boron nitride) [32]
tions. Refractory metals including tungsten, molybdenum, niobium, and tantalum
are used for their high-temperature capabilities. Many of these alloys are
produced as a single phase, so strength is maintained to nearly melting point
temperature. Disadvantages of refractory metals include high solubility of oxygen
at elevated temperatures (especially for niobium and tantalum [32]), which quickly
degrades ductility. Also, powder processing is the primary production method for
refractory metals, which can result in density differences within the tool, leading to
premature failure. Furthermore, high costs, limited material availability, and diffi-

cult machining limit the application of refractory metal tools.

A whole different group of FSW tool materials are the carbides and metal-matrix
composites. Carbides, such as tungsten carbide (WC), offer superior wear resist-
ance and reasonable fracture toughness at ambient temperatures and are often
used as machining tools. Metal-matrix composites with TiC as the reinforcing
phase are used for stirring copper alloys. However, the brittle nature of this
material is reported to have caused fracture during the tool plunge [32].
Polycrystalline cubic boron nitride (PCBN) was originally developed for the ma-

chining of tool steels, cast irons and superalloys. The excellent properties of
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PCBN have led to the introduction of this material for FSW tools, especially for
high-temperature alloys. As the size of producible PCBN is limited, by the
extremely high temperatures and pressures applied in the manufacturing process,
PCBN is only used for the pin and the shoulder. The tool shank is made from
tungsten carbide. Both phases are held together by a superalloy locking collar.
Besides the high tool costs, the relatively low fracture toughness of PCBN
demands for special care, when using PCBN tools. A spindle with low eccentricity
is required to minimize tool fracture. Among other base materials, PBCN tools
have been successfully applied in the welding of ferritic-, austenitic-, and dual-

phase steels, nickel-base alloys, ultrafine-grained steels, as well as nitinol [32].

4.3.2 Tool geometry

Each of the friction tool parts (pin and shoulder) has a different function. There-
fore, the best tool design may consist of the shoulder and pin constructed with
different materials. When selecting the shoulder and pin design, workpiece and
tool materials, joint configuration (butt or lap, plate or extrusion), welding param-
eters (tool rotation, travel speeds, and tool loading), and the user’s own experi-
ence and preferences are factors to consider. New designs of FSW tools emerge

constantly, as new applications and challenges drive the innovation [32].

Design of tool shoulder

Tool shoulder is designed to produce heat through friction and material defor-
mation to the surface- and subsurface regions of the workpiece. The tool shoulder
produces most of the frictional- and deformational heating in thin sheets, while the
influence of the pin is increasing with the thickness of the workpieces. Further-
more, the shoulder produces the downward forging action necessary for weld con-
solidation. The first shoulder design was the concave shoulder, and still is the
most common shoulder type, used in FSW applications. The simple design is
easily machined, as a small angle, usually between 6° and 10°, is milled between

the edge of the shoulder and pin. The cavity, which emerges from this design,
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serves as a reservoir for the displaced material during tool plunge. Forward
movement of the tool forces new material into the cavity of the shoulder, pushing
the existing material into the flow of the pin. Proper operation of this shoulder
design requires tilting the tool 2 to 4° from the normal of the workpiece, away from
the direction of travel. The tool tilt is necessary, in order to maintain the material
reservoir and enable the trailing edge of the shoulder to produce a compressive
forging force upon the weld. When dealing with non-linear welds, a multi-axial
FSW machine is needed to obtain satisfactory results at the turning points of the
weld. For certain applications a convex shoulder geometry is preferred. The first
attempts, using convex shaped tools, were not successful, as material was
pushed away from the pin. The solution to this problem was achieved, as a scroll
feature was added to the convex shape, which moves material from the outside of
the shoulder towards the pin. The advantage of the convex shape is that the outer
edge of the tool needs not be in contact with the workpiece. Thus, a sound weld is
produced, when any part of the scroll is engaged with the workpiece, moving
material toward the pin. This shoulder design allows for a larger flexibility in the
contact area between the shoulder and workpiece, improves the joint mismatch
tolerance, increases the ease of joining workpieces with different thickness, and
improves the ability to weld complex curvatures. Depending on the application, a
flat shoulder geometry is also possible, but similar aspects, as with the convex
form, need to be taken into account [32].

For higher-quality FSW welds the shoulder may contain features in order to
increase the amount of material deformation. Such features include scrolls,
ridges, grooves or concentric circles and result in increased workpiece mixing
(see Figure 4-3 and Figure 4-4). The choice of the correct diameter of the shoul-
der is essential, as the shoulder generates most of the heat, and its grip on the
plasticized materials establishes the material flow field. The heat is generated by

both, sliding and slipping, while the material flow is caused only from sticking [32].
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Shoulder

features
Pin \

Figure 4-3: Different shoulder features used to improve material flow [32]

Figure 4-4: Scrolled shoulder tool on the left and convex shoulder with curved
features on the right [32]

Experimental investigations have shown, that the sliding torque increases with the
tool diameter, while the sticking torque experiences a maximum at a certain diam-
eter, and then decreases, due to the decreasing flow stress with rising temper-
atures. Therefore an optimal shoulder diameter can be obtained by calculating the

maximum torque [36].

Design of tool pin

Friction stirring pins are responsible for the heat generation within the workpiece
along the joint surfaces. Additionally the pin is designed to disrupt the faying, or
contacting, surfaces of the workpiece, shear material in front of the tool, and move
material behind the tool. The design of the pin largely influences the depth of the
deformation, as well as the achievable travel speed of the tool. The most simple

pin design is a cylindric shape, yet in the original FSW patent by TWI a threaded
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cylindrical pin was used. The threads are used for material transport from the
shoulder down to the bottom of the pin [32]. A clockwise tool rotation requires left-
handed threads and vice-versa. When operating under extreme conditions, such
as high temperatures or highly abrasive composite alloys, the threads are subjec-
ted to excessive tool wear, so a threadless tool geometry with a simple design and
robust features needs to be chosen. Furthermore, investigations have shown that
a round or domed end of the pin reduces the tool wear during tool plunge and
increases the quality of the weld root directly underneath the pin [32]. On the con-
trary a flat bottomed pin increases the ability of the pin to affect and deform the
metal right underneath the pin, due to larger maximum velocity. Both designs are

shown in Figure 4-5.

zmm 2E
Figure 4-5: Cylindrical threaded pin with a round tip on the left and a flat tip on the
right [32]

In order to increase the travel speed of the tool, as well as the thickness of
weldable workpieces, truncated cone pins were introduced. When compared to a
cylindrical pin, truncated cone pins have lower transverse loads, and the largest
moment load on a truncated cone is at the base of the cone, where it is the
strongest. A variation of the truncated pin is the stepped spiral pin (see Figure 4-
6), which enables friction stir welding at elevated temperatures, where threaded
pins suffered from excessive tool wear, and threadless tools do not produce
sufficient material flow. A threaded design is not possible, when using ceramic
tools, such as PCBN. A stepped spiral design offers a solution, in order to in-

crease the volume of material deformed and moved by the pin, as the spiral steps
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Figure 4-6: Threaded truncated cone pin with concave shoulder on the left, and a
stepped spiral pin design on the right [32]
can be ground into the tool material. Further innovations in FSW tools include the
addition of machined flats on the edges of the pin (see Figure 4-8 a and 4-8 b),
which act as 'paddles' and create a local turbulent flow of the plasticized material,
increasing the size of the weld nugget area. Further functions of the machined
flats are reduced transversal and torque on the FSW tool. An extreme of this
particular de-sign is the triangular tool, which can be seen in Figure 4-8 c.
The Whorl™ pin is the next generation of friction stir welding pin geometries. It
reduces the displaced volume of a cylindrical pin of the same diameter by 60%.
Reducing the displaced volume, decreases the trans-verse loads, which enables

faster tool travel speeds. The downward material flow is achieved by the helical
ridge, which is more effective than a thread (see Figure 4-7) [32].

Progressive
change in
pitch and
angle

Figure 4-7: Variations of the Whorl™ pin [32]
New tool designs are introduced (and patented) constantly, so in this thesis only a
fraction of them are presented. Aiming for higher welding speeds, scientists at the

TWI used two-dimensional computational fluid dynamics simulations to examine

material flow and to determine the profile that produced the minimum transversal
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force. The result was the Trivex™ tool (see Figure 4-8 d). The Triflute™ (schematic
drawing is shown in Figure 4-8 f) pin, also developed by the TWI, proved to be
suitable for lap joint configuration, as the flow pattern around the bottom of the pin

changes, improving the lap joint quality.

Figure 4-8: Commonly used tool pin geometries: a ... pin with machined flats;
b ... three flat threaded; c ... triangular; d ... Trivex™; e ... threaded conical; e ...
Triflute™ [36]

The pin length is determined by the workpiece thickness, the tool tilt, and the
desired clearance between the tip of the pin and the bottom plate. The diameter of
the pin needs to be sufficiently large to avoid failure by fracture, being subjected
to the welding forces during tool plunge (axial pressure), rotation in the workpiece
(torque), and transversal tool motion (transversal forces). On the contrary, the pin
diameter needs to be sufficiently small to allow consolidation of the workpiece
material behind the tool before the material cools. With increasing thickness the
workpiece, less thermal energy from the shoulder-workpiece interaction is
reaching the lower layer of the weld. Thus a larger pin diameter needs to be
chosen. There is no such thing as a universal FSW tool, as different materials and

process parameters demand specific tool designs [32].
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4.3.3 Special tool designs

Complex motion tools

Recent research at TWI has focused on tools that increase the tool travel speed,
the volume of material swept, and enhance the weld symmetry. The result of the
investigation were the complex motion tools. Complex motion tools focus on tool
motion, rather than on tool design, and mostly require specialized machinery or
specially machined tools. As an example the Skew-Stir™ tool is shown in Figure
4-9. The axis of the pin is offset from the axis of the spindle, producing an orbital
motion, and increasing the volume of material swept by pin-to-pin volume ratio. As
a result, the weld nugget produced by the Skew-Stir™ tool is greater than the pin

diameter.

Swept region

Figure 4-9: Principle of Skew-Stir™ FSW tool [37]

A symmetrical weld is achieved by using the Re-Stir™ tools. By constantly chan-
ging the tool rotation, alternating regions of advancing and retreating sides are
achieved. Asymmetrical issues, such as lack of deformation on the retreating side,
associated with rotatory FSW welds, are thus eliminated. The principle of this
technology is shown in Figure 4-10 [38]. The Dual-Rotation™ tool allows different
rotation speeds and directions of the tool shoulder and the pin. Using this tech-
nology enables to influence the thermal energy, induced by the shoulder and pin
separately, as workpiece overheating due to too high shoulder velocity proved to
be a problem within certain applications. In order to increase the speed and

efficiency of the FSW process, variations, using two or more FSW tools simul-
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taneously, have emerged. These tools can be arranged on the opposite (see
Figure 4-11 left) or same side of the workpiece, rotating in the same of different
directions, and can be arranged in a parallel-, in-line- or overlapping direction.
Counter-rotating tools reduce the forces needed to fix the workpieces, while
parallely arranged tools increase the material stirred, which is of significant
importance for lap joints. Currently, the two-FSW-tool concept is being developed
at TWI in several variations and is referred to as Twin-Stir™ (see Figure 4-11 right)
[37].

Downward force

Leading edge

Pin
Figure 4-10: Principle of Re-Stir'™ FSW tool [38]

=3

=

Figure 4-11: Principle of FSW using two tools: both-sided friction stir welding on
the left and Twin-Stir™ technology, applied on lap joints, on the right [38]
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Bobbin tools

Bobbin tools consist of two shoulders, one on the top surface and one on the
bottom surface of the workpiece, connected by a pin, which is fully contained with-
in the workpiece. The principle of the bobbin tool is shown in Figure 4-12. The
main advantage of this tool is eased fixturing of the workpieces (no bottom-plate is
needed), elimination of root flaws, and increased travel speeds, as the heat is
generated by two shoulders. Two concepts of the bobbin tool have emerged. The
first is a fixed shoulder-to-shoulder distance bobbin tool. In this design both
shoulders and the pin are fixed to each other, and no relative movement is pos-
sible. Hence, a specific tool is needed for a specific application, and thermal
stresses, occurring during welding, need to be taken into account, in order to pre-
vent tool fracture. When using the fixed shoulder-to-shoulder distance tool, con-
vex and scrolled shoulders are necessary, so the tool needs not to be tilted. The
second concept is the retractable pin technology. The second shoulder is attached
to the retractable pin, and the bottom shoulder is drawn toward the top shoulder,
until the desired downward force is reached. When using the bobbin tool tech-
nology, the heat cannot escape as easily, as using conventional FSW tools, where
the bottom plate acts as a heat sink. Also, the forging forces need to be less than
with conventional FSW tools [32].

: Upper NS
Tool rotation tool  Welding direction

Workpiece body
Upper Tool rotation
Pin tool Welding direction
body Forces
Lower
tool Pin Workpiece
Lower tool shoulder body

Isometric view

Lower tool shoulder

Lower tool body Side view Tool rotation

Figure 4-12: Principle of the bobbin tool technology [39]
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Retractable pin tools

As with the Dual-Rotation™ tool, the retractable pin tool also consists of a
shoulder and pin that can move relatively to each other. The main function of this
tool configuration is to adjust the pin length during the friction stir process. This
enables to retract the pin, at a prescribed rate, in order to close the exit hole,
which is at the end of each conventional FSW weld. The exit hole proves to be the
weakest part of the weld at certain applications. Another feature is the possibility
to control and ensure full penetration welds, in workpieces with known thickness

variations. A schematic overview of this technology is depicted in Figure 4-13.

Pin Rotation of: o
Tool body pin shoulder Welding direction
f’/ 5 ’
T = 'i( T -— - -—
-+ <> <> <>
{ : ' 4 ' )
i L | = ) P
1 / \
Unwelded Pin moving Welded  Welding Welded Pin moving  Unwelded
workpiece downward workpiece position workpiece  upward workpiece

Figure 4-13: Retractable Pin tool [39]

4.4 Influence of FSW welding parameters

Friction stir welding presents a multiphysics modeling challenge. Closely coupled
heat flow characteristics, plastic deformation at high temperatures, as well as
microstructure and property evolution contribute to the processability of a material
and to the subsequent properties of the weld. During the early stages of develop-
ment, the main focus of FSW studies was on the heat generation from the tool
into the workpiece. As the FSW tools evolved, increased attention was given to
the metal flow properties of the various configurations. At present numerical meth-
ods dominate the research field, due to the power and ease of use of modern

workstations [32].
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In order to understand the basics of the FSW process, equation (4.1) expresses a
value for welding energy per length unit. Welding energy per weld length is a
value, which is widely used for process analysis of conventional welding methods,
such as arc welding. Equation (4.1) includes all important FSW parameters, such
as the tool geometry, welding velocity and the downward force. When using
suitable machinery, these parameters can be adjusted, measured, and serve as
the main reference, when welding specifications are introduced [39]. The equation

is applicable for simple tools with a cylindrical pin geometry.
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Several studies have examined the effects of variation of welding parameters on
the mechanical properties of the finished welds. The results show that the welding
energy has a major impact upon the quality of the weld. Yet it is not possible to
specify any general limits on the welding velocity or the downward force, as the
effects vary among the different material groups. Within the material groups major
differences occur among the different alloy systems. Among similar alloys, the his-
tory of the material also has an impact on the effect of the mechanical properties
of the finished weld [32]. This is due to the specific nature of each material, which
is unique in its chemical composition and treatment history, which, when sub-
jected to FSW processing, may undergo microstructural changes, such as an-
nealing, hardening, solution-strengthening, and other. On general terms, the wel-
ding energy has to be sufficiently high, as to produce a sound weld, yet not too

high in order to prevent local material melting.
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4.5 Microstructure of FSW welds

For all material types, the microstructure has three distinct zones, which result
from the FSW welding process. The area, which contains all three zones and is
modified by the stirring, is called the weld affected zone (WAZ). The center of the
weld seam is the dynamically recrystallized zone (DXZ), and, due to its round
shape and layer-like structure, often is referred to as the weld nugget. This zone is
bordered on both sides by the thermo-mechanically affected zone (TMAZ) and the
heat affected zone (HAZ). The WAZ with its constituents is shown in Figure 4-14.

HAZ TMAZ Flow arm TMAZ HAZ

Base == e — Base
material ' : _— T : material

acn side Retreating side

DXZ also referred to as
the weld nugget

Figure 4-14: Macroscopic view of weld affected zones [32]
(HAZ: heat affected zone; TMAZ: themo-mechanically affected zone;
DXZ: dynamically recrystallized zone)

Dynamically recrystallized zone (DXZ)

The DXZ is directly affected by the stirring action of the revolving pin. The extreme
strain and elevated temperature cause recrystallisation of the weld material and
result in fine, equiaxed grains in this area. Low stirring results in less dynamic re-
crystallization and, therefore, larger grains. Excessive stirring may also cause
large grains, due to grain growth. Depending on the material, the DXZ can have
properties that differ from the base material. Due to the elevated temperatures,
secondary phases may occur, as solution-strengthened alloys may dissolve the
strengthening particles. Generally, a fine grain structure is preferred, due to its

superior mechanical properties [32].
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Thermo-mechanically affected zone (TMAZ)

The TMAZ is subjected to severe plastic deformation, as well as elevated temper-
atures. Recrystallization does not occur, however the resulting grains differ form
the base material, due to the deformation by the FSW tool. The temperatures can
be high enough, as to dissolve precipitates, and thus weaken this particular area
of the weld [32].

Heat affected zone (HAZ)

The HAZ is not plastically deformed, but is still affected by the thermal energy of
the FSW process. Precipitation strengthened alloys might experience a degrada-
tion of their mechanical properties, due to overaging. The size of the HAZ
depends on the total thermal energy input into the workpiece and can be mea-

sured using thermocouples to mark temperature boundaries [32].

4.6 Possible welding flaws during FSW process

If the welding parameters are not set correctly, welding flaws are indispensable.
Welding flaws can be of purely optical nature (surface finish) or flaws that dete-
riorate the weld performance (such as cracks). For industrial application, it is im-
portant to analyze the occurring welding flaws, detect their origin, and adjust the
welding parameters accordingly to avoid them. Following is a summary of welding

flaws that can be found in friction stir welded joints [40].

Voids

Voids are hollows that occur on the advancing side, at the edge of the weld nug-
get. Voids often occur directly beneath the surface of the weld, which makes them
particularly dangerous, as they cannot be detected by visual testing. The hollow
represents a weak point of the weld and can cause failure due to strain peaks.
Possible causes for voids are insufficient welding force or a momentary variation
of the downward force during welding. Voids are also the result of a excessively

high advance speed, which prevents sufficient material flow. A third possible

4.22 Ugis Groza



4 FRICTION STIR WELDING (FSW)

cause for voids is the failure of workpiece clamping. If the plates are not clamped
close enough together or slip apart during welding process, hollows may occur
[40]. A surface breaking void, which was caused by insufficient clamping, is

shown in Figure 4-15.

Figure 4-15: Void caused by insufficient clamping

Joint line remnants

Joint line remnants are produced, when the oxide layer is not removed prior to
welding. The result is finely dispersed oxide particles along a wave-like path
around the center of the seam. Joint line remnants cannot be detected by non
destructive testing methods and can serve as the starting points of crack propaga-
tion. Even tough studies show that the mechanical properties are only slightly af-
fected by joint line remnants, thorough machining of workpieces is advised, to
avoid these. Excessive welding speed and tool shoulder diameter may also be the
cause of this kind of welding flaw [40]. An example of a joint line remnant in a
FSW weld of AW5754 is shown in Figure 4-16.

Figure 4-16: Joint line remnant in an FSW weld
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Root flaws

A root flaw is the result of insufficient penetration or misalignment of the FSW tool.
Root flaws occur at the root of the weld and run into the weld nugget. Similarly to
joint line remnants, root flaws are very hard to detect with NDT methods and are
dangerous, as they serve as starting points for crack initiation. The main reason
for root flaws is the use of a too short tool pin or incorrect tool plunge depth ad-
justment. As a result the tensile strength is reduced, as well as a loss in fatigue
strength is observed. The best method to detect root flaws is a destructive bend

test with the root on the tension side [40].

4.7 Applications of FSW

Ever since its introduction in 1991, FSW has evolved rapidly and is used in

various applications. An overview of the possible joint types is shown in Table 4-2.

FSW in maritime applications

The first commercial application of the FSW process was introduced in 1995 by
Marine Aluminum, Norway. FSW welds were applied on 6xxx aluminum extrusions
to make large panels for decking of fast ferries [10]. The cost per mass of material
rises and the tolerance quality decreases with increasing size of the extrusion
[41]. FSW process allows smaller extrusions to be joined to generate larger
extrusions, resulting in lower distortion rates, and the ability to prefabricate the
panels outside the shipyard. This reduces the required amount of manual arc
welding, saves labor costs, decreases fume pollution in the shipyard, and enables
faster ship production rates. Also the smooth surface of the root side of the weld

eliminates post-treatment to surfaces, which are exposed to view [42].

FSW in the aeronautic industry
The first company to implement FSW in aeronautic industry was Boeing. They
used this process for their Delta Il and Delta IV space launch vehicles, to apply

longitudinal and circumferential welds to the fuel tanks. In 1993, NASA challenged
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Various weld joint designs possible using the FSW process
Joint type Before welding After welding

Lap joint

Butt joint single pass

Butt joint double pass

Combination of a butt joint
and lap joint

T-joint

Corner joint

But joint performed on a
tube

Table 4-2: Various examples of weld joint designs before and after FSW
processing [08627]

the Lockheed Martin Laboratories to find a better performing alloy for the external
fuel tanks of the Space Shuttle program. The solution was found in the aluminum-
lithium alloy Al-Li 2195, which proved to be unweldable with fusion welding
techniques. The use of FSW resulted in a net weight loss of 3.402 kg and proved
to produce stronger joints than previous fusion arc welded joints. The first friction
stir welded tank flew into space in 2009, and further research was done to imple-

ment the process in the next generation spacecraft [1]. Eclipse Aviation used
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FSW lap welds to replace riveting, for joining longitudinal and circumferential inter-
nal stiffeners to the aft fuselage section of their Eclipse 500 business-class jet.
With welding speeds exceeding 0.5 m per minute, the FSW technology reduced
the production cycle time significantly and resulted in lighter and stronger welds
[32].

FSW in the automotive industry

Ford Motor introduced FSW in several thousand Ford GT cars, where FSW welds
ensured a rigid and stiff assembly of the central tunnel. An improved dimensional
accuracy, as well as 30% stronger joints, compared to GMAW were achieved.
Mazda used friction stir spot welding technology for the rear door structure for the
Mazda RX-8 model. Production costs were reduced significantly, and since 2003
more than 100.000 vehicles were manufactured using this technique [32]. The
Japanese company Hitachi applied FSW welds in their new high speed A-Train
concept, using aluminum extrusions to form a double skin vehicle car body. The
aluminum extrusions were joined by the FSW process resulting in smaller distor-
tion rates, stronger joints and remarkably increased fracture strength, compared
with the previously used MIG technology [43] and [44]. FSW has gained impor-
tance in the production of tailored blanks, which nowadays are increasingly used
in the automotive industry. A tailored blank is a sheet of steel or aluminum, that
combines several alloy types with various thicknesses, different coatings or a
combination of the former. The different constituents can be joined using the FSW
process [41], and [45].

Other FSW applications and future outlook

In 2004, MegaStir Inc. completed a prototype oil field pipeline FSW demonstration
program. X-65 steel pipe segments with a diameter of 32 cm and a wall thickness
of 6 mm, were successfully joined using an automated internal mandrel and an
external FSW tooling system [46]. Other research groups have produced full-

thickness, single-pass welds in 19.1 mm thick steel, with portable machines being
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developed for field applications [47]. The implementation of the FSW process in
the pipeline construction still awaits ASME qualification requirements, before it
can be used in field operations. FSW applications have been also considered in
the nuclear energy field. Nuclear fuel plates, consisting of an low enriched
uranium in monolithic uranium-molybdenum alloy plates, coated with an aluminum
6061-T6 alloy, can be bonded together using FSW technology [48].
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Laser-hybrid welding (LHW) combines a high-energy laser beam with a conven-
tional GMAW process, usually MIG, to create an optimal welding pool. The main
function of the laser is to provide deep weld penetration and stabilize the GMAW
arc, by the means of cathodic stabilization. The GMAW process provides filler
material and excellent gap-bridging capability, which is a major shortcoming of
LBW processes. Combining the laser and the GMAW process results in advanta-
ges, such as higher welding speeds, lower distortion rates, and single-pass wel-
ding of large thicknesses [15]. A hybrid welding head, developed by Fronius

International, can be seen in Figure 5.1.

Figure 5.1: A LHW welding head developed by Fronius International [49]

5.1 LHW process

Along with a MIG or MAG welding torch, a laser head is introduced either ahead
or behind the torch. The CO; laser and the Nd:YAG laser are the most commonly
used lasers for LHW applications. A schematic view of the LHW process can be

seen in Figure 5.2.
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Laser beam
Welding direction

/—’>

Figure 5.2: Schematic view of laser-hybrid welding process [15]

The CO; laser

The CO; laser generates its light in a tube, through which a mixture of gases, in-
cluding CO; flows, producing a wavelength of 10.6 um. The energy input is achie-
ved by means of an electric discharge through the gas. It can produce a high
power output and, therefore, is popular for welding and cutting applications. The
light is usually conveyed to the welding head and focused by mirrors. A shielding
gas, usually helium, is used to protect the lens and the weld. It helps to control the
amount of energy-absorbing plasma, formed above the surface of the joint.

CO; lasers, available today, have much higher powers than Nd:YAG lasers. As
welding speed is proportional to output power, CO; lasers offer higher welding
speeds. However, one problem is that a considerable portion of the beam energy
is reflected by certain materials, which makes laser-welding of aluminum, mag-

nesium, and copper rather difficult [15].

The Nd:YAG laser
The active substance in this laser is neodymium. It is provided in the form of a

dopant in a transparent rod of yttrium aluminum garnet. The energy is supplied by
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a flash tube as can be seen in Figure 5.3. The light output wavelength is 1.06 ym,
which is considerably shorter than that of the CO. laser, but still within the invisible
infra-red section of the spectrum. An important difference is that the shorter
wavelength enables the light to be carried by fiber optics, and focused with ordi-
nary lenses. This enables the use the laser for robot welding. Nd:YAG laser is
particularly suitable for welding otherwise poorly weldable materials, such as
tantalum, titanium, and zirconium. The main drawback of the laser is that it is not
available with such high power outputs, as the CO; laser, and so tends to be limi-

ted to metal thicknesses up to 6 mm [15].

Total Flash lamp Output coupler
reflector

Nd:YAG crystal
Laser
output

Flash lamp

Power
supply

Figure 5.3: The functional principle of the Nd:YAG laser [2]

5.1.1 LHW process parameters

Laser power

Nowadays, the power of lasers is in the range of 5-10 kW (25 kW for certain
applications) for CO; lasers, and 0.3-3 kW for Nd:YAG lasers. The energy is very
concentrated, resulting in welds with a very high depth-width ratio. An increase in
laser power will, generally, increase the weld penetration. This effect further
enhanced, when coupled with an electric arc, as the reflectivity of the workpiece

metal is generally reduced, when melting occurs [50].
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Welding speed

The welding speed determines the power input into the weld. Slower welding
speeds result in higher power input, increased penetration and better gap-filling
capabilities of the process. The wire feeding speed has to be carefully adjusted to

the welding speed in order to achieve good process stability [50].

Relative arrangement of the laser and the MIG torch

To get the maximum weld penetration, the laser is positioned perpendicularly to
the direction of welding. The leading or trailing position of the arc torch is a deter-
mining factor for the weld characteristics. For mild steels the arc leading config-
uration is preferred, since an increase in penetration is obtained in this way. Also,
the distance between the laser and the wire tip is one of major importance, when
controlling hybrid laser-arc welding performance. A short distance, typically 2 mm
between the laser spot and the filler wire tip has been shown to be favorable for a

steady keyhole and for maximum penetration [50].

Focal point position
To achieve the maximum weld penetration, the focal point of the laser needs to be
adjusted below the top sheet surface. Values between 0.5 and 4 mm have been

shown to yield the best results [50].

Angle of the electrode

The penetration of the weld increases with the angle of the electrode to the work-
piece surface up to 50 degrees. The gas flow along the welding direction, provid-
ed by the MIG torch, deflects the plasma induced by the laser and reduces the
absorption of the laser beam by its plasma, when CO, lasers are employed.
Therefore, the angle of electrode to the top surface of the workpiece is often set at
around 40-50 degrees [50].
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Shield gas composition

The shielding gas prevents the weld pool from reacting with the surrounding
atmosphere. The choice of the shielding gas also has an impact on the metal
transfer, arc length, chemical composition of the weld pool, weld energy input, as
well as the weld penetration geometry. The main constituent of the shielding gas-
es, used in the LHW process, are inert gases. Helium is preferred to argon due to
its higher ionization potential, which causes less interference with the laser beam,
compared with argon. The addition of reactive gases, such as oxygen and carbon
dioxide, has an influence on the weld pool wetting characteristics and bead

smoothness [51].

Power source of the MIG/MAG welding unit

For LHW applications, the arc welding source uses a DC mode, rather than an AC
mode. The the energy input and density are higher in the first case. The arc
source is often operated in a pulsed mode, since this reduces the amount of
spatter, whilst maintaining a deep penetration of the weld. The welding voltage
does not influence the weld penetration depth greatly, which mostly depends on
the laser power. However, the weld bead gets wider if the welding voltage in-
creases, giving a lower depth to width ratio for a same laser power. The welding
current is generally matched to the filler wire diameter (higher welding current for
higher wire diameter). Considering a given wire diameter and voltage settings, it
has been shown that an increase in welding current will give a deeper weld, with a
higher depth to width ratio [52].

Weld geometry and preparation

The additional use of the MIG/MAG unit allows the welding gap to increase from
0.2 mm to 1 mm without weld defects, such as incomplete weld bead, and under-
cut being observed. This enables higher tolerances for joint edge preparation and
decreases thermal distortion rates of the workpiece during welding. For material

thicknesses higher than 8 mm, a grove is usually machined, prior to welding. The
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LHW process is less sensitive to the presence of oxides at the joint edges
compared to the LBW process, yet a removing of the oxides result in higher

quality welds [53].

5.1.2 LHW advantages and applications
Ever since its introduction, the LHW process has been implemented in various
industrial applications. The main advantages of LHW, compared to laser welding,
are [15], [50], [52], and [54]:

* Lower capital costs, compared to laser alone, due to reduction in laser

power requirement,

* Higher welding speeds,

* Larger tolerances of edge preparation,

» Control of seam width,

» Control over metallurgical variables by addition of filler material,

* Less material hardening,

» Higher process reliability and stability, and

* Higher energy efficiency.
The advantages of LHW compared with GMAW are [54]:

* Higher welding speeds,

* Deeper penetration at higher welding speeds,

* Higher energy intensity, resulting in lower total energy input,

¢ Lower distortion rates, and

* Narrower weld joints possible.
Currently the limiting factors of LHW for a wider use in the industry are [15], and
[19]:

* The high investment costs and

* High complexity of the process due to the large amount of process variab-

les. Skilled personnel needed to set up a LHW unit and determine the cor-

rect process parameters.
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LHW in the automotive industry

The German car manufacturers, Volkswagen, Audi, and Daimler, have introduced
LHW in the production lines of their high-end vehicles. The doors of Volkswagens
limousine, Phateon, have 48 LHW welds each, with a total length of 3570 mm.
The use of LHW has enabled a stiffer structure, with a lower mass [54]. Audi uses
the method, for the spaceframe design of the Audi A8 model, to join materials of
different thicknesses. Daimler has implemented laser-hybrid welds in the axles of
their C-Class vehicles. In these applications, lasers from 2 to 4 kW are used and

welding speeds, exceeding 4 m/min, are possible [55].

LHW in the maritime industry

Similar to FSW, LHW welds are applied to join stiffeners to large panels, which
make up the hull and body of modern ships. The LHW process has replaced SAW
in several shipyards around the world. The production line at MEYER Werft, Ger-
many, includes 4 CO, lasers with 12 kW power output each, combined with MIG
welding heads, producing around 400 km of weld length per year. Hybrid welding
permits significant time and cost savings, by the elimination of multi-pass require-
ments [56]. Also, valuable post-treatment labor hours can be saved, due to the

smaller distortion rates of the welded structures [57].

LHW in pipeline construction

Laser-hybrid welding has been investigated to improve weld quality and reduce
manufacturing costs of pipelines. Higher welding speeds and a reduced number
of passes make LHW a prospective alternative to the currently used GMAW tech-
nologies. The amount of filler material needed, per day of operation, can be re-
duced from 780 kg, when using the conventional GMAW process, and to 60 kg,
when laser hybrid welding is implemented [58]. Stainless steel pipe lines are now
welded with a pore free structure and no significant hardness increase, at a
welding speed of up to 1.2 m/min, for a wall thickness of 5 to 8 mm [59]. The LHW

process can also be used for the root pass of longitudinal welds of large pipelines
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[58]. Another study on the economical factors of using the LHW method on pipe-
line construction, determined that the cost of the equipment pays back after 1.5
years of operation. Also, it was shown that using the LHW technology results in a

time saving factor of 6.6 compared with the conventional arc welding method [60].
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6 WELDING OF THE SPECIMENS
6.1 Welding of the FSW specimens

The welding and the testing of the specimens were carried out in the laboratories
of TGM in Vienna. The scope of the project included a feasibility analysis, manu-
facturing of FSW tools, and manufacturing of FSW welds, while varying the
welding parameters. Testing of the welding samples using both, non-destructive

and destructive, methods was also performed.

6.1.1 Selection of the workpiece material

Due to the wide application possibilities and knowledge base of existing studies, it
was clear that an aluminum alloy would be chosen for carrying out the FSW
experiments. Most studies of the FSW technology, focus on the heat treatable
aluminum alloys of the 2xxx, 6xxx, and the 7xxx series, which mainly have poor
weldability characteristics [32]. With a comparison of weld characteristics of FSW
and LHW welds in mind, a compromise was found in the AW-5754 alloy. AW-5754
is widely used in shipbuilding applications and the automotive industry. Its
excellent corrosion resistance enables the use of AW-5754 in food processing
applications, as well as in chemical and nuclear structures. The chemical compo-
sition of this alloy is shown in Table 6-1. The temper of the base material plate is
H26, which means that after the strain hardening process by rolling, partial
annealing is imposed by thermal treatment, in order to soften the material, so that
further processing is possible. AW-5754 has excellent weldability properties, as it

can be welded by both arc and gas processes.

Chemical composition of AW-5754
Si | Fe | Cu| Mn Mg Cr| Zn | Ti | Other Al
04(04)]01]105]|26-36|0.3] 0.2 |0.15| 0.15 | Balance

Table 6-1: Chemical composition of AW-5754 [61]
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6.1.2 Selection of the FSW welding equipment

As no special FSW welding equipment was available, the universal milling ma-
chine GUK-260, by Prvomajska, was chosen for carrying out the FSW welds. The
technical data of the machine can be taken from Supplement S-1. The advan-
tages of a universal milling machine are the wide range of welding velocities
adjustable, the sufficient machine power for generating a FSW weld, as well as
the availability, which reduced the costs of the experiments. The main drawback
was the lack of measuring equipment to determine the downward forging force

during welding.

6.1.3 Designing and manufacturing of FSW tools

The shoulder diameter has a major impact on the total energy input into the weld,
so it was designed to be one of the process parameters. Comparing values from
literature [32], shoulders with 10 mm, 12 mm, and 16 mm diameter were chosen.
Due to the reasons explained in tool design section in Chapter 4, a concave form
of tool shoulder was implemented. Keeping simplicity and machinability in mind,
no features were added on the shoulder surface.

The length of the pin was designed to be 3.8 mm long, being slightly shorter than
the thickness of the workpiece material with 4 mm. This was to ensure thorough
penetration, without the danger of the pin eroding the backing plate. A truncated
conical pin was chosen, as truncated pins are less sensible to transversal loads
and enable the welding of thick workpieces as well as the application of high
welding speeds. The pin was designed with a flat threadless surface. Three FSW
tools were used in the experimental procedure with the shoulder diameter varying
from 10 to 16 mm. The FSW tools, as well as the blueprints, are shown in
Appendix A-1 to A-4. The tool material 1.2080 is an oil hardening, high carbon/
chromium type tool steel with very high wear resistance. It hardens with a mar-
ginal change in dimension. The alloy possesses very high compressive strength
and is deep hardening [63]. The relevant technical data, chemical composition,

heat treatment, and applications of tool steel 1.2080 are summarized in the Sup-
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plement S-2. The tools were machined using the CNC lathe CTX 210 by Gilde-
meister AG. The relevant technical data of the lathe are summarized in Supple-
ment S-3. The machining of the tools is shown in Appendix A-5. The hardening of
the FSW tools was carried out by a heat treatment procedure, which is explained
in Supplement S-2. In order to get a smooth surface, the tools were polished after

the heat treatment.

6.1.4 Experimental setup

Prior to welding, a small hole was introduced, using a file, on either side of the
joint edge of the workpieces. The hole served as the starting point for the welding
procedure and was positioned directly beneath the plunge spot of the FSW tool
pin. The cavity strongly decreased the stress on the tool tip, as in penetrated the
cold and hard workpiece. The aluminum plates were put upon a backing plate,
made of steel, in order to prevent damage to the milling machines table during
welding. The workpieces were fixed using clamping equipment, as can be seen in
Appendix A-6. The secure clamping of the specimens was very important, in order
to prevent the aluminum plates from drifting apart during the welding process, and
resulted in welding flaws. In order to secure the path of the pin protruding along
the joint edge, the plates were aligned parallel to the advance direction of the
milling machine. The tool tilt angle, between the rotational axis of the FSW and
the perpendicular of the plates, was set to 3° in a leaning backward position.
Combined with the concave shoulder this setting enabled the material to be
pushed into the stirring area. The plunge depth, the rotation rate, and the travel
speed of the FSW tool were adjusted on the panel of the milling machine. The
dwell time at the start of the weld was varied between 15 and 30 seconds. During
the dwell time, the FSW tool was introduced into the weld with full forging force,
yet no advance took place. The heat, produced by shoulder-workpiece friction,
softened the material and eased the advance of the pin, as the welding set off. A
picture of the welding process can be seen in Appendix A-7. The specimens were

marked right after welding.
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6.1.5 Variation of FSW parameters

The parameters, which were varied during the experimental set-up, were:
* Advance speed: Using the knowledge, obtained by the literature study, the
advance speed was varied between 90 mm/min and 200 mm/min. The

interval was predetermined by the capabilities of the milling machine, so

the values 90, 112.5, 160, and 200 mm/min were chosen.

* Rotation rate: The rotation rate was set with the values 1000, 1250, as well

as 1600 rpm.

« Shoulder diameter of the FSW tool: All three FSW tools with the differing

shoulder diameters of 10, 12 and 16 mm were used in the experimental

process.

* Dwell time at start of weld: The dwell time was chosen either to be 15 or 30

seconds.

A total of 7 specimens were welded using the previously described setup. A

summary of the parameters used for the specific specimen can be seen in Table

6-2.
Variation of the FSW parameters
during experimental setup
Rotationrate | to ds | Advance speed [mm/min]
[rpm] [sec] | [mm]| 90 |112.5| 160 | 200
1000 10 1
15 12 2
1250 16 4
12 3
30
1600 12 6 7
Table 6-2: Variation of the FSW parameters during experimental setup
(to : dwell time before start of welding; ds: shoulder diameter;
1...7 : specimen number)
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The Supplements S.4 to S.10 summarize the experimental data and include
pictures of the specimens. The specimens were welded in three batches. Spec-
imen 1 was welded to make sure, that the experimental set up was adequate.
After revising and adjusting the clamping device, specimens 2, 3, and 4 were
welded. Tensile tests were performed, to determine weld performance. After-
wards, specimens 5, 6, and 7 were welded. For the specimens 5 and 6, the joint
edges were cleaned prior to welding, with a grinding paper, in order to remove the
oxide layer. After welding, test samples, for the non-destructive as well as

destructive testing, were prepared from the specimens.

6.2 Welding of the LHW specimen
Welding of the LHW specimen was carried out by Matthias Michl at the Austrian

based Fronius International research laboratories. 4 Workpiece plates of the same
charge, as the FSW specimens, were sent to Fronius. After adjusting the welding
parameters on the first test plate, the welding was carried out using a laser-MAG
hybrid welding unit, developed by Fronius. A Nd:YAG laser with an output power
of 3200 W was used in the process. The focus of the laser beam was adjusted to
lie 1.5 mm beneath the surface of the base material. The advance speed was set
to 25 mm/sec, which is 1.5 m/min and approximately 10 times as fast as the
welding velocity of the FSW specimens. The welds were performed in the flat
position. The MAG unit operated with a current of 142 A and the potential was set
to 19.5 V. The filler material used in the LHW process was an AlMg4.5Mn wire
with a diameter of 1.2 mm. The chemical composition, as well as the mechanical
properties of the filler material are listed in the Supplement S-11. The feed rate of
the filler material was adjusted to the welding current and was set to 8 m/min. The

welding parameters are summarized in the Table 6-3.

Ugis Groza 6.7



6 WELDING OF THE SPECIMENS

Welding parameters for LHW welding

Laser power Lp 3200 W

Laser focus L +1.5mm
Welding velocity 25 mm/sec
Welding current 142 A
Welding potential 195V

Filler material AlMg4.5Mn, & 1.5 mm
Feed rate 8 m/min

Table 6-3: LHW welding parameters
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In order to evaluate the quality of welds, standardized systems of tests were
introduced by the responsible regulatory bodies. In the United States of America,
the American standard, ASME code, is applied, whereas in the European Union
the European standard (EN) provides rules and guidelines for welding procedure

specifications (WPS), as well as the relevant testing methods.

7.1 Testing methods for FSW and LHW welds

The testing can be classified in non-destructive testing (NDT) and destructive tes-
ting (DT) methods, depending on the fact, whether the specimen is usable without
any loss of function, after the method being applied. An example of an NDT
procedure would be visual testing (VT). After a visual inspection and
measurements taken, the specimen or the welded part can be used to fulfill its
original purpose. DT methods often involve the preparation of specimens, usually
by cutting, which then are subjected to the DT testing. An example of a DT
method is the Charpy pendulum impact test, which involves the measurement of
impact energy, absorbed by a standardized specimen during a fracture test. It is
obvious, that the workpiece will no longer be able to fulfill its original designation

after such a test had taken place [17].

7.1.1 Non destructive testing (NDT) methods
Visual testing (VT)

Visual testing is one of the most common and powerful means of non-destructive
testing. It requires qualified personnel, with adequate knowledge about the prod-
uct, the welding process, anticipated service conditions, acceptance criteria, and
record keeping. Additional equipment to ensure proper lighting, to enable remote
inspection, such as mirrors, boroscopes or cameras, and instrumentation to take
measurements may be applied in the process [65]. VT starts prior to wel-ding with

an examination of the joint preparation. The shape and dimensions of the weld,
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the condition of the joint surfaces, and the fixturing of the workpieces have to be
examined and compared with the WPS or other product standards. During the
welding process, VT has to ensure that correct process parameters are used. For
fusion welding processes, special care needs to be taken, when inspecting the
weld condition and cleanness, in between the weld passes. After the welding
process, the condition of the weld needs to be checked to fulfill the requirements,
specified by the corresponding standard.
For fusion welds, imperfections detected by eyesight may be as follows [17], and
[65]:

* Slag remnants,

* Tool impressions or blow marks,

* Grinding marks from cleaning process,

* Excessive or insufficient height of the weld, irregular welding pattern,

* Inconsistent width of weld,

* Incomplete penetration, burn-through or shrinkage groves, excessive root

concavity,
¢ Undercuts, and

* Cracks or porosity on the surface.

According to EN ISO 25239 draft for friction stir welding of aluminum alloys, part 5
quality and inspection requirements [66], VT has to be performed as described in
ISO 17637, Non-destructive testing of welds: VT of fusion-welded joints. However,
the standard does not provide a specific guideline for FSW welds. Therefore the
VT was performed according to a guide for approval of friction stir welding in
aluminum, by the American Bureau of Shipping, from October 2011 [67]. It has to
be noted, that the FSW technology still is very new, and, hence, there is a lack of
available and thorough welding procedure specifications and testing standards in

the European Union.
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7.1.2 Destructive testing (DT) methods

Destructive testing methods are used to determine the mechanical properties of
welds. Depending on the test strength, toughness, hardness, the microstructure,
as well as cyclical toughness features can be examined using a wide variety of
tests available. Destructive testing methods are best suited for products, designed
for mass production, as well as when a certain repetitive production process is

examined for approval, as for example, when examining a welder [17], and [30].

Tensile testing

The tensile test is one of the most widely used tests to determine the technical
capabilities of a material. It is of major importance for an engineer, to know the
strength of a material, when considering its use for any possible application, in
order to avoid over- or under-dimensioning. In engineering terms, the strength of a
material is described as a value of stress, which a material can withstand, before
irreversible damage occurs. Stress is a measurement of density of forces, defined
as force per unit area of the cross-section, as can be seen in Formula (7.1). The

unit of stress is N/mm? or MPa.

o= ; (7.1)
with:
0 ... stress [N/mm?]
F ... force[N]
A ... area of cross-section [mm?]

Another important value obtained by a tensile test is the strain. Strain is a value,
which describes the deformation of a material under influence of stress. It is
measured as an increase of length of a material, referred to its original length, as

can be seen in Formula (7.2).

e= 4l
with: Bt (7.2)
€ ... strain
Al ... elongation
lo ... original length
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Strain may be reversible or irreversible. The engineering terms are elastic and
plastic. Elastic strain disappears when the stress is removed. Stress and strain
are determined by a tensile test, and are usually displayed together in a stress-
strain curve, as can be seen in Figure 7-1. The stress-strain curve is individual for
each material, and provides the engineer with useful information about its
mechanical properties. Exemplary stress-strain curves of various material types
are depicted in Figure 7-2. The maximum strength of a material attained in a
tensile test is called tensile strength, and is represented with the abbreviation R.
Tensile strength usually is of subordinate importance to an engineer, as the
material may already undergoing plastic deformation, which may cause a failure in
repetitive loading cycles at lower loads than the tensile strength. Therefore the
yield strength is taken into account. Yield strength is the maximum stress, which a
material can withstand without undergoing any plastic deformation, and is marked
as R.. For materials of ductile nature, which do not have a well defined elastic
limit, a substitute value called the proof strength (R;) is given. Proof strength
indicates the stress level sustained by the tested material, which leads to a plastic
elongation of 1%, 0.1 % or 0.2% [17], and [30].

/.r‘

Stress
Stress

/) /

Strain Strain

Permanent deformation

Figure 7-1: stress-strain curves of elastic strain (left) and plastic strain [30]
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In order to perform a tensile test, a standardized specimen needs to be fabricated
from the existing material. Depending on the type of product, different specimen
geometries exist. For welded plates a specimen is cut and prepared according to
the relevant standard. A blueprint of a specimen geometry for a FSW weld tensile
test can be seen in Appendix A-8. The specimen is then elongated very slowly
until fracture, using a tensile test machine. Technical data of a universal testing
machine can be taken from Supplement S-12. During the process, a record of the
force and the elongation is kept. The according stress and strain pairs can be then

used to plot a stress strain curve [17], and [30].

B
/)] (7]
(7] (2]
o 2
N n
Strain Strain
B
B
@ ?
© 2
) 7))
Strain Strain

Figure 7-2: Representative stress-strain curves for various types of materials.
a) non-ductile material;, b) semi-ductile material; ¢c) and d) ductile materials [30]
(Rm: tensile strength; B : breaking strength; R.: yield strength; R;: proof stress)
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Metallography and macroscopic examination

In order to examine the physical structure and components of metals and welds,
metallography is an almost indispensable tool, to enable a view inside the mate-
rial. After preparation of the specimens, an etching method is applied to provide
the contrast needed for microscopic analysis. Light optical microscopes (LOM) are
most commonly used, yet for higher resolution rates scanning electron micro-
scopes (SEM), and transmission electron microscopes (TEM) can be applied [68].
The first step of metallography is to distinguish the area of interest, which is to be
examined. For welds, this usually is in the region of the weld pool or the area of
the heat affected zone (HAZ). Comparative examples of unaffected base material
may also be taken for reference purposes. The specimens are obtained by the
means of abrasive cutting. It is important to limit the heat input into the base
material during cutting, as this could affect the base material and result in false
conclusions. Low cutting speeds or water cooling can be applied. The specimens
are then mounted using a hot thermosetting resin, such as epoxy. Mounting a
specimen provides a safe, standardized, and ergonomic way for further handling
of the specimens. The cutting delivers an uneven edge, usually marked with
scratches from the cutting equipment, which is of little use for microscopical
analysis. In order to remove the cutting marks and obtain a planar edge, the
surface of the specimen is grinded, polished, and etched prior to examination.
Successively finer abrasive particles from the surface of a silicone carbide
abrasive paper or a diamond grit suspension are used for grinding, until the
desired surface quality is reached. The next step is to polish the surface. A
suspension, containing fine alumina, silica or diamond particles, is used with a
polishing cloth to remove the grinding marks, drag or pull-outs still present at the
specimens surface [68].

After polishing, certain microstructural constituents, such as inclusions, pores, and
secondary phases, may be already seen using a microscope. Yet to distinguish
grain boundaries, phase differences, and most metallurgical features, etching is

indispensable to create a contrast between the elements of the metals micro-
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structure. Chemical solutions, known as etchants, are used to selectively corrode
some of those elements, which show up as darker regions. Differences in the
composition, structure or phase of a metal will create electrochemical potentials
that alter the relative rates of corrosion, when exposed to an etchant [68]. The
resulting surface can then be inspected with a microscope in order to analyze:

* The grain size,

* Grain direction and deformation,

* Grain growth features,

* Inclusions and hollows,

* Phase segregations, and

*  Welding flaws.

7.2 Testing of the FSW specimens

VT of FSW Specimens

The guideline for the VT of the FSW specimens was taken from the guide for
approval of friction stir welding in aluminum, by the American Bureau of Shipping,
from October 2011 [67].

Inspection before welding

Before welding, it was made sure, that the machinery, the tool, the process
parameters, the base material, the joint design, the fixture of the joint, and the
joint pretreatment were adjusted according to the provided WPS. It has to be
noted, that specimens 1, 2, 3, 4 and 7 were not subjected to a joint edge prepara-

tion. For specimens 5, and 6, the oxide layer was removed using abrasive paper.

Inspection during welding
During welding, a continuous in-process monitoring was carried out. Due to the
limited capabilities of the milling machine, no data of the actuating welding forces

could be measured. The fixture of specimen 1 was not sufficient to withstand the
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welding forces. As a result, the base material plates slipped apart, resulting in a

welding gap. No other discrepancies, during welding of the remaining specimens,

were noted.

Inspection after welding

The guide for approval of friction stir welding in aluminum, by the American

Bureau of Shipping, defines the following quality criteria for VT of FSW joints [67]:

Exit hole uniformity: The exit hole is to be examined and the uniformity has
to be more than 75% complete.

Herring bone or chevron marking: This is occasionally observed when wel-
ding aluminum alloys of the 5xxx series. These markings have not repor-
ted to affect the mechanical or corrosional behavior of FSW welds, yet
they shall be noted and, eventually, removed prior to DT [69].

Flash: Prior to removal of flashes, regions within friction stir welds con-
taining excessive flashes shall be marked on the plate, and these areas
shall be inspected for dimensional conformance.

Dimensional requirements: It has to be verified that the thickness of the
weld and its adjacent base metal are to the satisfaction of the surveyor.
Weld concavity depth (face or root) shall not exceed 0.8 mm or 10 percent
of the adjacent base metal thickness, whichever is less.

Butt joint alignment: Height offset misalignment, extrusion to extrusion, is
to be less than or equal to 0.2 times the base material thickness or 2 mm,
whichever is less, unless specifically qualified.

Irregular width: Width variation of the welded assembly is to be within the
limits of the design specification.

Root reinforcement: Root reinforcement is to be less or equal to 10% of
the base material thickness.

Cracks, porosity, lack of penetration: No cracks, porosity, or lack of

penetration are allowed.

7.10
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The quality criteria are listed in Supplement S-13. The results of the VT are sum-

marized in Table 7.1. The measurements can be taken from Supplement S-14.

FSW specimens: summary of VT testing results

Specimen 1 2 3 4 5 6 7
Exit hole uniformity v v v v v v v
Chevron marking v v v v v v v
Flash v (v | v [ X3 X} X3 v
Thickness variation X'l v v v v | v v
Joint alignment X'| v v v v v v
Irregular width X' v v v v | v | v

Root reinforcement R e e .
Cracks, porosity, lack of penetration | y%¢' | %2 | %2 | X*| v | X2 | X3

Result of VT X1 %8| X% | X8| v X% | %7

Table 7.1: Summary of VT results of the FSW specimens

(v : test passed; X : test not passed (notes see below); --- : not relevant for

Notes:

x '

X2

specific weld)

The fixture of specimen 1 was not sufficient to withstand the welding forces
during welding. The base material plates slipped apart, resulting in a
welding gap, which did not produce a continuous weld (see Appendix A-9).

The first couple of centimeters of the weld were characterized, by irregular
welding pattern on the face side. On the root side material discontinuity
was visible (see Appendix A-10, and A-11).

Excessive flash alongside the weld (see Appendix A-12). The analysis of
dimensional requirements did not provide any reason for quality inferiority.

The first couple of centimeters of the weld were characterized, by irregular
welding pattern on the face side. Also a very small crack-like disruption
was visible at the start of the weld (see Appendix A-13).

A cavity could be observed 38 mm after weld start. Cavity was on both —
face and root side (see Appendix A-14 and A-15). The cavity resulted from
a previously existing hollow, which was filed into the edge of the specimen,
to ease the tool plunge.

The defects were only found at the start of the weld. Further testing
methods have to determine the effects of the quality of the remaining weld.

The cavity could be ignored for the further tests, as it was a foreseen de-
fect, is localized, and did not depend on the welding parameters examined.
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Tensile tests of FSW specimens

As the FSW specimen 1 clearly did not pass VT, one tensile specimen was
fabricated from FSW welds 2 to 7 each. For reference purposes, a specimen of
the base material was also tested. According to the existing ISO 25239, draft for
friction stir welding of aluminum and aluminum alloys, the position of the tensile
specimen needed to be sufficiently far away from the start and finish of the weld

[72]. The position of the tensile specimen can be seen in Figure 7-3.

100

<. :I @,

150

250

Figure 7-3: FSW weld; (A: tensile specimen, B: longitudinal macroscopic
specimen, C: transversal macroscopic specimen, D: diagonal macroscopic
specimen)

The specimens were tested using a Wolpert universal testing machine. The tech-
nical data of the tensile machine are summarized in Supplement S-12. All speci-
mens were tested until fracture. The maximum force, as well as the maximum
strain, were noted and are summarized in Table 7-2. A picture of a tested speci-

men is shown in Appendix A-16.
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FSW specimens: summary of tensile test results
Specimen AlMg3 2 3 4 5 6 7
Rm [N/mm?] [ 2914 2242 2222 165.3 241.3 208.3 | 2423
€ % 7.70% | 3.70% | 3.5% 3.20% 3.53% | 3.00% | 5.30%
Necking Yes No No No Minimal | Minimal| Yes
. Slightl Slightl
o [ Misse | SR 0% | STEee |58 ofsel o

Table 7-2: Summary of tensile test results
(Rm: tensile strength; €: maximum strain)

Macroscopic examination of FSW specimens

The specimens were cut out of the FSW samples 2, 3, and 4, according to Figure
7-3. In order to obtain a flat surface, the specimens were wet-grinded using abra-
sive paper with the the grit steps varying successively from 500, 800, 1000 to
1200. The water served as a heat sink and helped to transport the abrased mate-
rial away from the specimen surface. The mounting was done using an epoxy by
the name ClaroCit™. ClaroCit™ is a two component curing system, developed by
Struers, which is suited for universal applications and cures at room temperature
[73]. The specimens were positioned in the mounting caps, filled with resin, and
left to cure for 24 hours prior to further action (see Appendix A-17). The speci-
mens were then polished, using a suspension of fine alumina in alcohol, for ap-
proximately 10 minutes.

The chemical etchant, chosen for preparing the specimens, was Duralumin, which
is a mixture of water, hydrofluoric acid (HF), and phosphoric acid (H-PO.). After a
reaction time of 4 minutes the specimens were cleansed with running water.

The setup for the macroscopic analysis of the specimens consisted of a micro-
scope by Reichelt, type 363.716, and a Canon EOS 550D SLR camera. Two dif-
ferent objectives were used on the microscope, enabling two different magnifi-

cation levels. The setup is shown in Appendix A-18.
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Specimen 2

For specimen 2, three macro-etches were prepared. The combination of a longitu-
dinal, a transversal, and a diagonal sample, as shown in Figure 7-3, enabled
observing the effects of the stirring action, performed by the FSW tool. The long-
itudinal specimen was examined using the 0.08 objective. An exemplary picture is
displayed in Appendix A-19. The transversal macro-etches were examined using
two levels of magnification. The results can be observed in Appendix A-20. The
macroetch of the diagonal specimen is shown in Appendix A-21.

The images reveal that the FSW process resulted in a fine grain structure. No
weld nugget could be observed from any angle of examination. All three perspec-
tives showed material discontinuity by inclusion of phases. Through the process of
etching, the phases appeared as dark regions. Comparing the images with exam-
ples from literature [69] and [74] led to an assumption that the phase resulted
from oxide particles from the edges of the joint, which were dispersed in a wave-
like pattern by the stirring action of the pin. Appendix A-21 showed a gap, which

can be interpreted as a root flaw [69] and [74].

Specimen 3

Two macroetches were produced of specimen 3. A transversal and a diagonal
specimen were taken and examined using the 0.08 objective. Appendices A-22
and A-23 show the transversal probe. An example of the examination of the diag-
onal macroetch is depicted in Appendix A-24.

Similarly to the results of specimen 2, the etches revealed a wavelike inter-phase,
which could be interpreted as oxide particles. A root flaw can be seen in Appen-
dices A-22, and A-24.

Specimen 4
A transversal and a diagonal specimen were prepared of specimen 4. The trans-
versal macroetch is shown in Appendix A-25. The macroetch of the diagonal

probe can be seen in Appendix A-26.
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Appendix A-26 revealed a distinct brighter region, which could be interpreted as
the dynamically recrystallized zone DXZ [32] and [69]. Similar to specimens 2 and
3, a wavelike inter-phase could be observed. A root flaw was also present, as

shown in Appendix A-26.

7.3 Testing of the LHW specimen

The laser hybrid welded specimen is shown in Appendix A-27. The welded plate
had a length of 220 mm a width of 200 mm, with the weld extending for 200 mm.
The bright region along the side of the weld represented the heat affected zone.
The root side of the weld is depicted in Appendix A-28. A close-up of the root is
shown in Appendix A-29.

VT of the LHW specimen
When taking a first look at the LHW weld, the distortion of the specimen caught

the eye. Due to the high energy input, the workpiece was deformed by the action
of thermal stresses [17], as can be seen in Appendices A-30, and A-31. According
to EN ISO 15614, specification and qualification of welding procedures for metallic
materials - part 2: arc welding of aluminum and its alloys [74], visual testing was
carried out following the guideline specified in EN ISO 17637, non-destructive
testing of welds: VT of fusion-welded joints [65] and [74]. As the welding
procedure was carried out at the laboratories of Fronius Int., the visual testing was
limited to post weld inspection. It has to be noted, that EN ISO 17637, does not
provide any specific quality criteria but merely provides a guideline for VT. The
recommended standard to use is EN ISO 10042, welding - arc-welded joints in
aluminum and its alloys - quality levels for imperfections [71]. This guideline was
used, next to EN ISO 13919-2 electron and laser beam welded joints, guidance
on quality levels for imperfections, part 2: aluminum and its weldable alloys, for
visual inspection [70]. Within both standards three sets of quality levels are given:
D for moderate, C for intermediate, and D for stringent quality levels. The Sup-

plement S-13 shows the specific quality criteria alongside the figures for the
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quality criteria for both standards. As can be seen in Supplement S-13, the

tolerance levels decrease, as a higher quality level is attempted. The results of VT

of the LHW specimen are summarized in Table 7-3. The protocol of the exact

measurements can be found in Supplement S-14.

VT of LHW specimen
ISO 10042 |ISO 13919
Quality criteria Quality level |Quality level
D |C |[B |[D |C |B

Cracks vV vV V| Vv Vv VvV
Crater cracks v X X |v| v X
Porosity - -

Surface pore v |1 X | X -—-

Shrinkage cavity vV [V V|V V| Vv
Crater pipe X X | X [X|X|X
Lack of fusion vV [V | V|V V| V
Incomplete root penetration Vi iviviIiv iv| v
Undercut vV v X |v v X
Excess weld metal viv iv]iv X X
Excessive penetration viviv]iv X X
Overlap vV VvV VI Vv Vv VvV
Sagging vV iV V|V v Vv
Linear misalignment Vi ivVvivi v i v v
Shrinkage groove vV vV Vv v i v Vv
Test result X | X [ X |[X|X|X

Table 7-3: Summary of VT of LHW specimen
(D: moderate quality criteria; C: intermediate quality criteria; B: stringent quality
criteria; v : test passed; X: test not passed; --- : not relevant for specific standard
or not detectable with VT methods)
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8 SUMMARY AND DISCUSSION OF THE RESULTS
8.1 FSW results

The aim of this thesis was to study the friction stir welding process and determine
the influence of variation in FSW parameters. A total of seven welds were prod-
uced, each one using a different set of parameters. The NDT, as well as the DT

methods, served as a basis for judgment for the evaluation of the tests.

8.1.1 Influence of the welding tool shoulder diameter

The amount of welding energy, which is used to produce a FSW weld, is
proportional to the tool shoulder diameter Formula (4.1). Three different shoulder
diameters were tested in this study: 10 mm, 12 mm, and 16 mm. The first welding
attempt, using a 10 mm tool, was a failure, as the fixtures of the base material did
not withstand the welding forces and let the plates slip apart. The 12 mm tool was
used for specimens 2, 3, 5, 6, and 7. Specimen 4 was welded using the 16 mm
tool. The VT results showed, that the 12 mm tool did produce better results than
the other tools, as it produced the only specimen, which passed VT. Appendix
A.13 shows the start of the weld of specimen 4. The irregular welding pattern
might be caused because of increased sticking of the tool upon the workpieces
surface, yet other welds also displayed such pattern. The tensile tests delivered a
clear result in favor of the 12 mm tool, as specimens 2, 4, and 5 were welded
using similar welding speeds. The tensile strength of specimen 4 was 26% lower
than the tensile strength of specimen 2 and 32% lower than the tensile strength of
specimen 5 (see Figure 8-1). A possible cause for these significant differences
could be insufficient welding pressure, when using a large shoulder tool. Pressure
is calculated by dividing force by area, so the pressure decreases proportionally to
the square of the shoulder radius, when the same force is applied. Unfortunately,
the universal milling machine was not equipped with a force-measuring device, so

no certain conclusions could be made at this point.
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Figure 8-1: Summary of results of tensile tests of FSW specimens

8.1.2 Influence of the edge preparation
Although, it is stated in literature [32], [33], and [35] that no specific plate

preparation is required prior to welding, the oxide particles, visible in the macro-
etches, did prove the contrary. Specimens 1, 2, 3, 4, and 7 were welded without
any edge preparation. The plates for weldments 5 and 6 were cleaned prior to
welding, using abrasive paper and a file. The oxide particles formed a distinct
phase, and prevent material continuity, as can be seen in the macroetches in
Appendices A-19 to A-20, as well as A-22 to A-26. The effects on the mechanical
properties could be distinguished, when the specimens 2, 4, and 5 were com-
pared, as these specimens were welded applying similar welding speeds. The
ultimate tensile strength of specimen 5 was 8% higher than the ultimate tensile
strength of specimen 2, and 47% higher than the ultimate tensile strength of
specimen 4. Contrary to specimens 2, and 4, specimen 5 also showed a minimal
necking during the tensile test, and the fracture was slightly offset to the joint,
which was a sign of ductility. It could be assumed that the oxide layer caused

material discontinuity and was the main reason for the brittle nature of fracture.
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8.1.3 Influence of the dwell time prior to welding advance

The dwell time tp is the time, during which the tool has already penetrated the
base material, yet does not advance along the joint. The main reason for tp is to
cause energy input in form of friction heat into the workpiece. The heat softens the
base material, easing the following advance, the material flow, and avoiding the
danger of tool fracture [32]. During the welding experiments two different tp were
applied. Specimens 1, 2, and 4 experienced 15 seconds of “welding on the spot”
prior to welding. For specimens 3, 5, 6, and 7, tp was set to 30 seconds. The
close-up pictures of the welds in Supplements S-4 to S-11 show that a longer tp,
yielded a better weld finish. The welding pattern was more regular and the starting
effects were less distinct, as with the shorter to. Especially when combined with
high welding speeds, as in the case of specimens 6 and 7, a shiny surface
emerged throughout the weld. Looking at the tensile test results revealed, that the
specimens with a dwell time of 30 seconds yielded the highest results, and

necking was observed, while testing specimens 5, 6, and 7.

8.1.4 Influence of the welding speed

The welding speed consists of two components, the rotational rate and the
advance of the FSW tool. During welding of the FSW specimens, 3 different
rotational rates were applied: 1000, 1250, and 1600 rotations per minute. The ad-
vance speed was varied in 4 steps: 90, 112.5, 160, and 200 mm per minute. The
limited amount of FSW trials only allowed the parameter study of the advance
speed among the specimens 3 and 5 and among the specimens 6 and 7, which
were welded at similar rotational rates but differing advance velocities. Specimens
3 and 5 were processed using a rotation rate of 1250 rpm. Specimen 5 was
welded using the slowest advance rate and performed better in VT, as well as the
tensile test, than specimen 3, which was welded at 112.5 mm per minute. A con-
trary effect could be observed among specimens 6 and 7. Specimen 7, which was
welded with the highest overall welding speed, achieved the highest tensile test

result, as well as the biggest elongation. A possible explanation could be the
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influence of other parameters, such as the welding force, which could not be
adjusted or measured during the experiments. Also, the fact that the edges of
specimen 7 were not cleaned prior to welding posed the question, whether the
test results might have even be improved, if such action had taken place. Higher
welding speeds also resulted in a regular welding pattern and a shiny surface

finish.

8.1.5 Conclusions of the FSW parameter study

Although, certain patterns could be distinguished after the evaluation of the tests,
the conclusions were based on a very small number of specimens. To get a better
understanding of the FSW process, a wider parameter study should be carried
out. The equipment used for the FSW welds was limited in its capabilities to
reproduce results. The milling machine did not have a possibility to adjust and
measure the welding force, which is one of the most important FSW welding
parameters. The variance of the remaining welding parameters was increased,
while the informative value of the results suffered. The fact that only 82% of the
tensile strength of the base material was achieved with the best-performing FSW
specimen, posed the question, whether better results could be achieved using a
completely different set of parameters. Nevertheless following conclusions could
be made:

* It was possible to produce FSW welds with a common milling machine, yet
the reproducibility of weld performance was affected by missing welding
force setting and measuring devices.

* Tool diameter had a profound influence on the FSW weld quality.

* The removal of oxide layers prior to welding led to better results, as oxides
were not sufficiently dispersed by the FSW action during the process.

* A sufficiently long dwell time prior to welding led to higher weld quality and
a better surface finish.

* The existing VT guidelines did not prove to predict the weld performance,

as subsurface defects remained undetected.
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8.2 LHW results

Only one LHW specimen was produced, for study purposes of this thesis. The
specimen was tested using only VT testing methods. The first distinct conclusion
was, that the LHW process resulted in a much higher heat input into the weld. As
a result, thermal stresses caused both, longitudinal and lateral distortion. Such
deformed workpieces would require a lot of post-weld treatment, which is
expensive. The second conclusion was that the base material AW-5754 could be
welded by both, pressure- and fusion welding processes. LHW proved to be a
much faster welding technology than FSW. The welding rate was 10 times as high
as the highest welding speed, achieved in the FSW trials. The LHM specimen
performed poorly in the visual testing, as the crater pipe height and the height of
the root of the weld proved to be too big for the applied VT guidelines.
Nevertheless, one has to mention, that no specific LHW guideline has yet been
set up, so the results have to be judged with care. It would have been informative
to perform further tests, both NDT and DT, to examine the weld performance of

the LHW weld, yet it was off the scope of this thesis.

8.3 Comparison of FSW and LHW test results

Direct comparison of both welding methods, performed on the AW-5754 alloy was
difficult, as a different sets of guidelines applied for the visual testing. For the LHW
specimen the weld performance was judged looking at the geometrical aspects of
the solidified weld pool, whereas for the FSW specimens, characteristic features,
such as excessive flash, and exit hole uniformity were taken into account. Never-
theless, the only weld sample to pass the VT was the FSW specimen 5. If both
welding methods were to applied on an industrial scale, friction stir welding would
be advantageous regarding the post treatment of the weld. The fine surface finish,
would not require any further processing, whereas for the LHW welds, excessive
weld and crater height would have to be evened out and polished. The main
advantage of the LHW specimen is the welding velocity, which was 10 times as

high, as the highest welding velocity achieved by a FSW sample. However, the
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distortion of the LHW sample, due to thermal stresses, would require extensive
post-treatment.

To make a direct comparison of both welding technologies possible, it would be
necessary to perform further tests regarding the strength of the welds, and take a

closer look at the inside of the LHW weld using macro-etches.

8.4 Comparison of FSW and LHW technologies

Both, the FSW and LHW processes, are relatively new and still have a marginal
share of the whole welding sector today. A major advantage of FSW, is the ability
to weld alloys, which are not fusion-weldable. The LHW technology is used, where
single pass welds, welded at high speeds is desired. Both technologies compete
in the automotive, as well as maritime, applications. FSW and LHW are highly
automated processes, which require skilled labor to set up the devices and adjust
the welding parameters. During the implemented process, the FSW technology is
less labor intensive, as operating a FSW device is just slightly more complex than
using a CNC milling machine. Also, no special enclosure of the FSW environment
is necessary, as no radiation, gases or fumes result from the welding. The appli-
cation of laser hybrid welding demands special precautions, regarding the laser
safety aspects [75], as well as the general hazards, resulting from fusion welding
processes, such as spatters and fumes. Regarding post-treatment of the weld-
ments, the FSW technology is more efficient, as no slag or spatter are involved.
Also, the distortion rates are smaller. Regarding the costs of both processes, it is
difficult to make an estimate, as the applications usually are specific, and the
machines are custom-designed for the demands of the customer. A study,
regarding the costs of FSW in comparison to MIG welding [76], notes the invest-
ment to be as high as 160.000 €, adding licensing costs of 43.000 € per year. A
different study puts the machinery costs as high as 800.000 $. During welding, the
expenses of FSW processing are relatively low, as the process is very energy
efficient. Depending on the base material, the tool cost must be considered. First

it has to be noted, that there is no such thing as a universal FSW tool. Each base
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material and weld geometry bring about considerations, which demand for specific
tool designs. For hard materials, such as steel and titanium, the tool costs and
excessive tool wear may result in significant expenditure [33]. However, resources
are saved, as no filler material or shielding gases are needed. Also, for 'simple'
repetitive tasks low-cost solutions exist. The latter consist of a FSW welding head,
which can be introduced in a standard milling machine and is capable of moni-
toring the relevant welding parameters [77]. The size of investment for a LHW unit
largely depends on the desired output power. A Laser beam apparatus costs ap-
proximately 100.000 € per kW of laser output [78]. Adding are the costs for a MIG
unit and the integration of both systems in one automated welding head. Also
significant amount of money has to be spent on the running costs for filler
material, electrical energy, and shielding gases. The cost saving potential of LHW
arises, when the welding velocity is considered. Welding speeds, exceeding 8 m
per minute, can be achieved, which can result in economies, in large production
series or when long welds are desired [49].

For the moment, it is difficult to foresee, whether the technologies described in
this thesis, will remain exotic, rarely used applications. However, the increasing
amount of publications and patents show an exponential upward trend, which
paves the path for new process variations and a more widespread use. In my
personal opinion, the use of FSW related technologies will gain increasing
importance in the non-fusion weldable material section. Also, when the costs of
the machinery will decrease, and the portability of equipment will be enhanced,
the sky will certainly not be the limit, as can be seen in the example of the NASA

spacecraft program.
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Appendix A-4: Tools manufactured and used during experimental procedure

Appendix A-5: Machining of the FSW tools
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Appendix A-6: Securing of the workpieces with clamps before Welding

Appendix A-7: Friction stir welding in progress
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Appendix A-8: Blueprint of tensile test specimen geometry
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Appendix A-9: FSW specimen 1; lack of bonding due to failed fixture

Appendix A-10: Face side of FSW specimen 2: irreqular welding pattern and a
small crack at the start of weld

Appendix A-11: Root side of FSW specimen 2: material discontinuity at the start of
weld

A.8 Ugis Groza



A Appendix

Appendix A-12: Flash alongside the weld of specimen 5

Appendix A-13: FSW specimen 4 showing irregular welding pattern and a small
disruption at the start of weld

Appendix A-14: A cavity on the face side of FSW specimen 7
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Appendix A-15: FSW specimen 7 — cavity observed from root side

Appendix A-16: Tensile specimen of the FSW weld 7 after fracture

Appendix A-17: FSW specimens mounted and ready for polishing
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Appendix A-18: Setup for the macroscopic examination

Appendix A-19: Longitudinal macroetch of specimen 2
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Appendix A-20: Transversal
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macroetch of specimen 2
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Appendix A-21: Diagonal macroetch of specimen 2 revealing a close-up of a root
flaw

Appendix A-22: Transversal macro-etch of specimen 3 revealing a root flaw on
the left
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Appendix A-23: Transversal macro-etch of specimen 3 : the oxide layer at the
edges of the joint result in the wavelike inter-phase

Appendix A-24: Diagonal macroetch of specimen 3 revealing a root flaw on the
right the oxide layer at the edges of the joint result in the wavelike inter-phase
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Appendix A-25: Transversal macro-etch of specimen 4: the brighter region
represents the dynamically recrystallized zone DXZ; the oxide layer at the edges
of the joint result in the wavelike inter-phase

Appendix A-26: Diagonal macroetch of specimen 4, revealing a root flaw on the
left the oxide layer at the edges of the joint result in the wavelike inter-phase
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Appendix A-27: LHW specimen; the HAZ can be distinguished as the bright
region alongside the weld

Appendix A-28: Root side of LHW specimen
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Appendix A-29: Close-up of root of LHW specimen; HAZ is represented by the
bright region along the weld root

Appendix A-30: Distortion of the LHW specimen due to thermal stresses

Appendix A-31: Distortion of the LHW specimen due to thermal stresses
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Technical data of GU-260 “Prvomajska” universal milling machine

Characteristics Dimensions
Table, length x width 1150 x 260 mm
Table travel, swivel 2 x 45°
Longitudinal- manual/automatic 785/770 mm
Cross travel-manual/automatic 270/260 mm
Vertical-manual/automatic 410/400 mm
Milling head, spindle taper ISO-40
Pinola travel 80 mm
Speed number 18
Speed range 40-2200rpm
El. engine 4.5 kW
Length 1750 mm
Width 1520 mm
Height 1650 mm
Machine weight 2150 kg

Picture of the GU-260 “Prvomajska”

universal milling machine

Supplement S-1: Technical data of the GU-260 “Prvomajska” milling machine [62]
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Relevant technical data of tool steel 1.2080

Tool material designation by standards

Mat. No. EN 10027-2 DIN EN ISO 4957 AISI-SAE
1.2080 X210Cr12 D3
Physical properties of tool steel 1.2080
Modulus of elasticity N/mm? 210000
Density g/lcm?® 7.67
Thermal conductivity W/m*K 20
Electric resistance Q*mm?/m 0.65
Specific heat capacity JIg*K 0.46
Chemical composition of tool steel 1.2080
C Si Mn P S Cr
1.9-2.2 0.1-0.4 0.15-0.45 max 0.03 max 0.03 11.0-12.0

Heat treatment of tool steel 1.2080

Soft annealing

To secure uniform softness, heat to 800-840°C, cool slowly.
This will produce a maximum HB of 250.

Stress relieving

hour, followed by air cooling.

To remove machining stresses heat to 650°C, hold for one

Hardening

Harden from a temperature of 940-980°C by oil quenching
or warm bath approx. 400°C. 64-66 HRC after quenching.

Tempering

Tempering temperature: 150 — 400°C

Applications of tool steel 1.2080

ing rolls, measuring.

Tools for: cutting, stamping, woodworking, drawing, deep drawing, pressing, cold work-

Supplement S-2: Technical data of tool steel 1.2080 [63]
(HB: Brinell hardness; HRC: Rockwell hardness)
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Supplement S-3

Technical Data of Lathe CTX210

Swing 480 mm
Chuck diameter | 140/165 mm
Turning length 305 mm
Bar capacity 45 mm
Drive power 7.5 kW
Speed range 20-6000rp m

: Technical data of lathe CTX210 by Gildemeister A.G.

Rotation 1000 min -’
Advance 12.5 mm/min
Tool diameter 12 mm
Tool angle 3°
Time before advance 10

Tensile Test

Macroscopic examination

Supplement S-4: FSW specimen 1 with parameters and test results
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Rotation 1250 min '
Advance 90 mm/min
Tool diameter 12 mm
Tool angle 3°
Time before advance 14 s
NDT VT

Tensile test result:

Tensile test
Rm:224.16 N/mm?
Longitudinal
Macroetches
Transverse
Diagonal

Supplement S-5: FSW specimen 2 with parameters and test results
(Rm: tensile strength)
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Rotation 1250 min
Advance 112.5 mm/min
Tool diameter 12 mm
Tool angle 3°
Time before advance 30s
NDT VT
Tensile test result:
Tensile test
Rm : 222.2 N/mm?
Transverse
Macroetches
Diagonal

Supplement S-6: FSW specimen 3 with parameters and test results

(Rm: tensile strength)
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Rotation 1250 min !
Advance 90 mm/min
Tool diameter 16 mm
Tool angle 3°
Time before advance 14 s
NDT VT

Tensile test result:

Tensile test Rm: 165 N/mm?
Transverse
Macroetches
Diagonal

Supplement S-7: FSW specimen 4 with parameters and test results
(Rm: tensile strength)
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Rotation 1250 min
Advance 90 mm/min ?
Tool diameter 12 mm
Tool angle 3°
Time before advance 30s
NDT VT
Tensile test Rm : 241.3 N/mm?

Supplement S-8: FSW specimen 5 with parameters and test results

(Rm: tensile strength)

Rotation 1600 min
Advance 160 mm/min
Tool diameter 12 mm
Tool angle 3°
Time before advance 30s
NDT VT
Tensile test result:
Tensile test

Rm : 208.3 N/mm?

Supplement S-9: FSW specimen 6 with parameters and test results

(Rm: tensile strength)

Ugis Groza
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Rotation 1600 min '
Advance 160 mm/min
Tool diameter 12 mm
Tool angle 3°
Time before advance 30s
NDT VT

Tensile test result:
Rm: 242.3 N/mm?

Tensile test

Supplement S-10: FSW specimen T with parameters and test results
(Rm: tensile strength)
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Technical data for AIMg 4.5 Mn filler material
Designation DIN: Al Mg 4,5 Mn; AA5183; BS: 2901 Pt. 4 5183
Chemical composition

Sl Fe Cu Mn Mg Cr Zn | Ti Be other Al
02 | 04 0.1 0.5-1 |4.3-5.2| 0.05-0.25|0.25|0.15|0.0008 | 0.15 balance
Mechanical Rm [N/mm?] Rpo2 [N/mm?] A [%] Ts [°C]
properties 300 - 330 125-145 25-35 565 - 638

Welding wires and rods for TIG and MIG welding magnesium and manganese
Descriotion alloyed aluminum with a magnesium content max 5%. This alloy shows very

P good mechanical properties that make it ideal for applications in shipyards, car
and railway industry, construction of reservoirs and tanks.

T liquidus temperature interval)

Technical data of Wolpert U10 universal
testing machine

Capacity

100 kN

Strain range

250 mm

Load accuracy

EN ISO 7500-1 class 1

Dimensions

1000 x 500 x 2876 mm

Weight

750 kg

Supplement S-11: Technical data for AIMg 4.5 Mn filler material [64]
(Rm: tensile strength; Rpo2: 0.2% proof strength; A : tensile elongation;

Supplement S-12: Technical data of Wolpert U10 universal testing machine

Ugis Groza
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VT specifications of FSW and LHW welds part 1

a S / ISO 10042 ISO 13919
uality ketch and/or 1 - > . 3
criteria remarks FSW Quality level Quality level
D C B D C B
All types of detectable
Cracks cracks X X X X X X X
Exit hole Hollow left by the exit 4 . . . . L .
uniformity of FSW pin '
Chevron 5 6 . . .
marking ” '
Material expelled by 7 . . .
Flash FSW process '
Root ﬁi
reinforce- NN L8 - - - o Lo Lo
ment h1 =Y
Crater h = height or width of
cracks crater crack —- [ hsO4t] X X v v X
. | = maximum
Porosity dimension of a pore X X X X [<0.5t | 1<0.4t | 1<0.3t
Surface __1'=maximum X |04t | 103t | 02t| —~ | — | —
pore dimension of a pore
Crater pipe | " he'gpri‘;gf crater | | h<04t| h<0.2t| X |h<0.15t| h<0.1t |h<0.05t
Lack of : .
fusion h — maximal height --- h<0.1t X X |h=0.25t] X X
Incomplete | | A _“T
root Y = §| X [hso2t) X X |h<0.25t X X
penetration
Thickness =
variation/ h<0.1t | h<0.2t | h<0.1t X h<0.2t | h<0.1t X
undercut m
£ LA h<15 + hs15+| hs15 | hs2 | h<2 | hs2
XCess — | 02b | 0.15b | +0.1b | +0.3t | +0.2t | +0.15t
weld metal I ) : : : : '
O [(mm] | [mm] | [mm] | [mm] | [mm] | [mm]
hi
. - e = -F h.<0,05( hs<0,3t | h4<0,2t | h4<0,1t
Sagging 777 NS - [hes0,2t] his0 1t A R R

Supplement S-13 part 1: VT of FSW and LHW welds according to relevant

standards [70],and [71]

(v : permitted to pass VT, X: not permitted to pass VT, --- : not relevant for
specific weld; t: base material thickness; h, hs, h; : height dimension as shown in
the sketch, b: width dimension as shown in the sketch)

S.12
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VT specifications of FSW and LHW welds part 2

Quality
criteria

S / ISO 10042 ISO 13919
ketch and/or ] ; . . ;
remarks FSW Quality level Quality level

D C B D C B

£
. h<0.2 | h<0.2 | h<0.2
< < <
sonetration | e e e s o o
[mm] | [mm] | [mm]

Overlap - h<0.2b X X — — —

TN

Linear mis-

e 777 O S
77774 )7 —F | h=<0,2t [ h<0,4t | h<0,3t | h<0,2t |h<0.25t h<0.15t  hs0.1t
(= [

Shrinkage m

groove

Ll 1
1
1
1

h<0.2t | h<0.1t | h=0.05t| h<0.15t | h<0.1t | h<0.05t

£

Test result

Supplement S-13 part 2: VT of FSW and LHW welds according to relevant

Notes:

FSw '

standards [70],and [71]

Quality criteria according to The Guide for Approval of friction stir welding in
aluminum, by the American Bureau of Shipping.

For base material thicknesses = 5 mm.
For base material thicknesses = 1 mm.

The exit hole is to be examined and the uniformity has to be more than
75% complete.

This type of marking is occasionally observed when welding aluminum
alloys of the 5xxx series. These markings have not reported to affect the
mechanical or corrosional behavior of FSW welds.

The presence of such markings shall be noted and eventually removed
prior to destructive testing.

Prior to removal of flash, regions within friction stir welds containing
excessive flash shall be marked on the plate, and these areas shall be
inspected for dimensional conformance.

Root reinforcement is to be less or equal to 10% of the base material
thickness.

Welding into the root backing is not permitted unless specified in certain
applications.

Ugis Groza S.13
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VT protocol of FSW and LHW welds part 1

i FSW specimens
an".ty Sketch and/or remarks P LHW
criteria 1 2 3 4 5 6 7 weld
Cracks alltypes of detectable | x| x2 | x2 | X2 | v | X | X?| v
Exit hole hollow left by the exit of
uniformity FSW pin v v v v v v v o
Chevron 3
marking v v v v v v v -
Flash material f)’r‘gsgzg BYFSWI 'y v v v v v v |-
Root —"“W“"“
reinforce- TN - - - - - - - -
ment h1] e
Crater h = height or width of . . . . i . . v
cracks crater crack
Porosity | '~ maxg";’gggens'on Vi V5| VS| ws| v w5 | v v
Surface | = maximum dimension 6 s | 1.8
pore of a pore v v v v v X X [mm]
. . . h=1.7
Crater pipe | h = height of crater pipe | --- - - --- --- - = | mm]
]I:uas(i:gnOf h — maximal height - - - - v
Incomplete i PO | '“T
root A = Pl XX Xt v v v v |
penetration
Jniokness = st | h=0 [h=01/ h=0 'h=0.1| h=0 |h=0.1|n=02
Undercut m [mm] | [mm] | [mm] | [mm] | [mm] | [mm] | [mm]
b = =
Excess R ' . . . . . . — | 029
weld metal :
VAN 1} [mm]
= h_
Excessive . . . R _2
penetration '
[mm]

Supplement S-14 part 1: VT protocol of FSW and LHW welds according to

standards

( v : permitted to pass VT, X: not permitted to pass VT, --- : not relevant for
specific weld; t: base material thickness t = 4 mm for FSW and LHW specimens;
h: height dimension as shown in the sketch, b: width dimension as shown in the

sketch)

S.14
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VT protocol of FSW and LHW welds part 2

i FSW i
an".ty Sketch and/or remarks Specimens LHW
criteria 1 2 3 4 5 6 7
b f
D h=0
Overlap -—- -—- -—-
; [mm]
VA AN
Sagging VUM AN - - - v
Linear mis- = h=0 | h=0 | h=0 | h=0 | h=0 | h=0 |h=0.3
alignment - ! mm] | [mm] | [mm] | [mm] | [mm] | [mm] | [mm
g //Aim = w1 | [mm] | [mm] | [mm] | [mm] | [mm] | [mm] | [mm]
3
Shrinkage WAN AN 3 . . . . . . . v
groove
£
Test result X X X X v X X X

Supplement S-14 part 2: VT protocol of FSW and LHW welds according to

Notes:

standards

x1

x2
--.3

the base material plates slipped apart due to fixture failing, resulting in a
major gap and a crack at the start of the weld

small crack can be observed at the start of the weld

this type of marking is occasionally observed when welding aluminum
alloys of the 5xxx series. These markings have not reported to affect the
mechanical or corrosional behavior of FSW welds

excess flash upon the FSW weld, yet no dimensional deviations are ac-
counted

as no destructive methods were used, subsurface porosity could not be de-
tected

a cavity can be spotted. Cavity resulted from filing a hole prior to welding to
ease tool plunge

the base material plates slipped apart due to fixture failing, resulting in a
major gap on the root side of the weld

material discontinuity can be observed at the start of the weld resulting
from a lack of penetration

Ugis Groza S.15
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