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Abstract

The general purpose of the presents report is to determine the mechanical properties
of AA6082-T6 subsequent to gas metal arc welding (GMAW) and friction stir welding
(FSW). Hardness testing has been carried out for the weldments. In addition, tensile and
Charpy V-notch testing has been carried out for the unaffected base metal, the fusion/stir
zone and for the heat-affected zone (HAZ), both transverse and longitudinal to the weld-
ing/extrusion direction.

It is concluded that HAZ softening is a major problem both in the GMA and the FS weld-
ments. Still, the total width of the HAZ in the FS weldments is smaller compared to that
observed in the GMA weldments. The total strength reduction for the GMA and the FS
welds was 43 and 34%, respectively. The general observations is that the FS weldments
show slightly better mechanical properties compared to the GMA weldments. This is fur-
ther reflected in the calculations of load-bearing capacity of the joints, showing that the
FS weldments exhibit the highest capacity under otherwise identical conditions due to the
combined effect of a lower HAZ strength reduction and a smaller HAZ width.
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Sammendrag

Det generelle formalet med denne rapporten er a bestemme de mekaniske egenskapene til
AA6082-T6 pafglgende av gassveising (GMAW) og friksjonssveising (FSW). Det har blitt
foretatt hardhetsmalinger langs den varmepavirkede sonen (HAZ). I tillegg har strekk- og
skarslagstesing blitt gjennomfgrt for det upavirkede grunnmaterialet, for smelte/rgresone,
og for HAZ. Prgvene har blitt tatt ut enten pa tvers eller pa langs av ektruderingsretnin-
gen.

Det har blitt konkludert med at HAZ mykning er et stor problem bade ved GMAW og
ved FSW. Likevel blir den totale bredden av HAZ mye smalere ved FSW sammenlignet
med GMAW. Den totale styrkereduksjonen ved GMAW og FSW var henholdsvis pa 43 og
34%. Generelt viser FS-sveisene bedre mekaniske egenskaper sammenlignet med GMA-
sveisene. Dette stgttes av beregningene gjort for lastberenede kapasitet av sveisene, som
viser at FS-sveisene har stgrre kapasitet sammenlignet med GMA-sveisene under like
forhold. Dette kan forklares med den kombinerte effekten av lavere HAZ styrkereduk-
sjon og smalere bredde pa HAZ.
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Chapter

Introduction

The aluminium industry is the largest non-ferrous metal industry in the world economy.
And despite lower tensile properties compared to steel, aluminium has an excellent spe-
cific strength (strength-to-weight ratio), which is an advantage in areas where weight is
a limiting factor, i.e. within the transport industry [1, 2]. The mechanical properties of
aluminium can be improved by adding elements such as magnesium (Mg) and silicon (Si).
And the addition of these alloying elements increases the aluminium response to heat treat-
ment due to formation of Mg, Si intermetalllic compounds [3]. To exploit this advantage,
precipitation hardening (also called age hardening) is commonly used to increase the prod-
uct properties. And the improved properties make them more attractive, especially within
the transport, offshore and automotive industries because they provide good strength and
toughness in engineering applications, while maintaining the low density and high corro-
sion resistance of aluminium [4, 5].

Welding processes are essential for the manufacture of a wide variety of products (such
as frames, pressure vessels, automotive components and any product which have to be
produced by welding). But the material integrity of a welded component is always poorer
than that of the parent material, and this may cause problems later in the production and
the application process of the alloys [4, 6, 7].

One of the most common welding techniques applied to aluminium alloys is the gas metal
arc welding (GMAW) process. It offers advantage of high welding speed with versatil-
ity and ability to make high quality welds. Many improvements have been made in the
performance and reliability of the equipment for this process and, especially in power
sources, some major advances have occurred in the past few years [8]. But still, there
are many problems associated with fusion welding of the age hardening (Al-Mg-Si) alu-
minium alloys. The high coefficient of thermal expansion and solidification shrinkage,
combined with a relatively wide solidification-temperature range, makes these alloys sus-
ceptible to weld cracking mechanisms like solidification cracking [9, 10] and liquation
cracking [11, 12]. Also, the high solubility of hydrogen in molten aluminium can result
in gas porosity [13]. In addition, the degree of the heat affected zone (HAZ) degrada-
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tion for these alloys may differ significantly, depending on the alloy temper and the weld
processing conditions [4].

In an attempt to eliminate some of the problems associated with fusion welding, a solid
state welding technique called friction stir welding (FSW) has been developed. Since this
technique does not involve melting, the problems associated with the fusion zone is elimi-
nated. Instead, this zone is replaced by a thermo-mechanically affected zone (TMAZ) [5].
FSW is defined as both a deformation and a thermal process (even though there is no bulk
fusion). And unlike fusion welding, FSW also involves extremely high shear strain and
strain rates, which will have a profound influence on the development of microstructures
[14]. Although, some problems may be reduced or even eliminated, HAZ softening due
to reversion is still a major problem, particularly in FSW of peak-aged Al-Mg-Si alloys
[5].

With main focus on AA6082-T6 (a medium-strength alloy with good chemical and phys-
ical properties), Hydro Aluminium has initiated a project to get a better understanding on
how these alloys respond to welding. The extruded sheets used in the project are produced
and provided by Hydro and welded either by gas metal arc welding (GMAW) or friction
stir welding (FSW).

The general purpose of the present report is to obtain a better understanding of the me-
chanical properties of alloy 6082-T6 subsequent to friction stir and gas metal arc welding.
A more extensive analysis, with respect to hardness, tensile and Charpy V-notch testing,
is carried out. The microstructural features of the weldments are studied by optical micro-
scope. And the fracture surfaces of the tested tensile and Charpy V-notch specimens are
analyzed in an scanning electron microscope (SEM).




Chapter

Theory

In the following chapters an introduction to the properties of extruded and artificially aged
Al-Mg-Si alloys is provided. There will be a review on welding of these alloys with respect
to gas metal arc welding (GMAW) and friction stir welding (FSW). In addition, there will
be a short presentation of the different zones in a welded component, with main focus on
the mechanical degradation of the thermally and mechanically affected zones.

2.1 Physical metallurgy of Al-Mg-Si alloys

The unique physical and mechanical properties of the Al-Mg-Si alloys make them attrac-
tive for a wide range of structural applications, where a high specific strength (i.e., yield
strength-to-density ratio) is required [15]. The main alloying elements, Mg and Si, have
a significant solid solubility in aluminium. And as shown in Figure 2.1, the solubility
increases with increasing temperature [4].
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Figure 2.1: Equilibrium binary solid solubility of Mg and Si in aluminium as a function of temper-
ature. Based on ideas of Davis and associates [4].




2.1.1 Process route

The Al-Mg-Si alloys are often used as extrusions, and the high solubility of the main
alloying elements is fully utilized during solution heat-treatment, which is incorporated
in the extrusion process. The process chain for production of extrusions of the Al-Mg-Si
alloys is schematically shown in Figure 2.2. This process route is valid for all the heat-
treatable Al-alloys.
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Figure 2.2: Sketch of the different process steps related to production of extrusions made from
heat-treatable aluminium alloys [16].

Prior to the extrusion process (as the first step of the extrusion process), Mg and Si are in-
troduced in the melt together with the other desirable alloying elements (that alter the alloy
properties). The main alloying elements are partly dissolved in the primary «-Al matrix,
and partly present in the form of intermetellic phases. And the relationship between these
alloying elements, as shown in Figure 2.3, has a large influence on the amount of Mg, Si
(primary hardening phase) formed during the solidification process [17, 18].
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Figure 2.3: Variation of main alloying elements in different Al-Mg-Si alloys [16].




Fe is present as an impurity element in all commercial alloys, and in the casting process
following the melt treatment, it may form a variety of binary and ternary intermetallic
phases, such as Al-Fe and Al-Fe-Si, during solidification. In addition to intermetallic
phases, the amount of Si that is not incorporated in the a-Al matrix or in the Al-Fe-Si
intermetallic phases now combines with Mg to form Mg, Si [17, 18].

After casting, the as-cast billets require a homogenization treatment to make the alloy
suitable for hot extrusion. During this process, transformation of unfavorable intermetallic
particles as well as dissolution of 5-MgsSi take place. This action improves the ductility
of the material and gives a maximum age hardening potential of the extruded product
[19, 20].

The billets are further preheated, loaded into the extrusion chamber, and extruded through
a die [21]. All the steps mentioned above have a profound influence on the nature of
the intermetallic particle population, where type, size, morphology and distribution of
the particles are important in determining the subsequent material properties [17]. These
intermetallic phases can have a detrimental effect on the mechanical properties of the alloy,
and must be controlled.

2.1.2 Grain structure and texture

Aluminium alloys can obtain different crystallographic texture depending on the process
method, chemical composition and heat treatment. For instance, a fibrous grain structure
can be retained by adding alloying elements that prevent recrystallization by the formation
of dispersoids. For the 6xxx alloys, such as AA6082, coarser dispersoids are obtained by
adding Mn. These particles will prevent recrystallization during hot working processes
like extrusion [22].

The grain structure of the Al-Mg-Si alloys may be recrystallized, partly recrystallized or
fibrous. And owing to the extrusion process, these alloys invariably exhibit strong crys-
tallographic texture. The fibrous grain structure found in AA6082 gives higher strength
compared to the recrystallized grain structure found in AA6063, which contains less/no
Mn. The difference in grain structure between these alloys is shown in Figure 2.4.

(a) Recrystallized (b) Non-recrystallized

Figure 2.4: Recrystallized and non-recrystallized grain structure: (a) AA6063 and (b) AA6082.
(Extrusion direction is horizontal and thickness direction is vertical) [23].




The recrystallized alloys have cube texture as shown in Figure 2.4a, while in the non-
recrystallized alloys a fibre texture is found, see Figure 2.4b.

2.1.3 Precipitation hardening

Precipitation hardening is often employed to the Al-Mg-Si alloys (either as a part of the
extrusion process or as a separate process) to obtain better mechanical properties. As
indicated in Figure 2.5, this process consist of [15, 24]:

1. Solution heat treatment. Heating to a prescribed elevated temperature (7;) and soak-
ing there for a described period of time.

2. Quenching. The alloy is cooled fast enough to retain the elevated temperature mi-
crostructure.

3. Artificial aging. The alloy is soaked at a lower temperature 75 for a certain period
of time.

Te
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Figure 2.5: Quasi-binary section through the aluminium-rich corner of the ternary Al-Mg-Si phase
diagram. Based on the ideas of Grong [5].

The solution heat treatment allows the alloying elements to form a solid solution with
aluminium. And when the temperature is quickly reduced by quenching, a supersaturated
solid solution is created. Artificial aging is then used to precipitate strengthening phases
throughout the metal (in a controlled fashion) [4]. The precipitation sequence occurring
during precipitation hardening can be summarized as follows [15, 25]:

ss = GP1 — B" — B'(MgsSi) — B(MgeSi) 2.1




The most effective hardening phase, 5", are fully coherent, needle shaped precipitates
lying along the [100]a; directions with a monoclinic crystallographic structure [26]. In ad-
dition to the fine 3" precipitates, the coarse rod-shaped 3’-precipitates will also contribute
to an increase in the strength.

The properties constantly evolve with ageing time at the ageing temperature. This can be
seen from Figure 2.6, where strength and hardness increase with time to some peak values
[24]. This condition is referred to as the peak-aged (T6) condition, where the base metal
contains a mixture of the two metastable 3 and 8’ precipitates [5].

»
|

Artificial ageing at T,

Strength

Natural ageing at
RT (GP-zones)

-

/

Seconds Hours Days Weeks logt

Figure 2.6: Strength evolution during artificial (and natural) ageing. Based on the ideas of Grong

[51.

The resulting mechanical properties at room temperature are directly linked to the number
density and size distribution of the hardening precipitates that form during artificial ageing
[25]. Ageing causes precipitation within the grains, which results in an increase in strength
and hardness, at the expense of ductility [24].

2.1.4 Fracture mechanisms/mechanical properties

Both chemistry and processing conditions will influence the microstructure of aluminium
alloys, including constituent particles, dispersoids, amounts of elements in solid solution,
age-hardening precipitates, grain size and texture [21]. Due to the complexity of the mi-
crostructure, a diversity of mechanisms for fracture can occur in the age hardening alu-
minium alloys. After precipitation hardening, the microstructure consists of grains with a
high density of fine hardening precipitates formed homogeneously in the material during
artificial ageing and lower density of larger intermetallic constituent particles [23].

Both the grain structure and the crystallographic texture can cause variation in the me-
chanical properties. And on a micro-scale, intermetallic constituent particles, dispersoids,
precipitates and precipitate-free zones will contribute to an inhomogenous strain field and
preferential fracture initiation and crack growth [23].




2.2 Gas Metal Arc Welding of Al-Mg-Si alloys

The majority of the heat-treatable aluminium alloys, like the Al-Mg-Si alloys, are easily
welded by a wide variety of welding techniques. The primary methods for welding of
aluminium alloys are the traditional arc welding processes, e.g. gas metal arc welding
(GMAW) and gas tungsten arc welding (GTAW) [5, 27]. But despite the unique physical
and chemical properties of the Al-Mg-Si alloys, application of welded components may
be limited by cracking and degradation mechanisms [5].

2.2.1 The GMAW process

The GMAW process uses a metal wire as a combined electrode and filler metal in plasma
arc of inert shielding gas, see Figure 2.7. Filler metal is added to the weld pool auto-
matically and continuously. The melting electrode forms droplets, which are transferred
through the arc to the pool. Electrical contact is established between the power source and
the contact tube within the gas nozzle [28, 29].

Electrode filler
wire

Gas nozzle

Contact tip

Inert gas N

Solidified weld } \ Droplet transfer
Arc o/

Base Material

Weld pool

Figure 2.7: Sketch of the GMAW process. Based on the ideas of Myhr [28].

GMAW is the major high-speed production process for arc welding of aluminium. It uses
positive electrode DC power, which gives it a continuous cleaning action and concentrates
the arc to produce rapid melting. Because the electrode and the filler are the same, the pro-
cess is a one-handed operation that is easily mechanized or adapted for robotic operations

[4].

Fusion welding produces a locally modified microstructure and fluctuating mechanical
properties. Different zones can be identified as a result of local alloy composition changes
and/or the temperature cycle during welding. These zones are schematically shown in
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Figure 2.8. Depending on the actual heat input and the geometry of the joint, the width of
these zones can vary considerably [30].

Base metal

Fusion line

Fusion zone

Heat-affected zone

Figure 2.8: Sketch of the different zones, which form in a welded component.

Some microstructural features and degradation mechanisms for the most important zones
in a welded component, as illustrated in Figure 2.8, will be presented in the following
sub-chapters.

2.2.2 The fusion zone

In the fusion zone (FZ), as shown in Figure 2.9, the microstructure goes back to the as-cast
state , which means that all memory of the past processing steps is lost [5]. In this zone,
the microstructure depends on the solidification behavior of the weld pool, which controls
the size and shape of the grains, segregation, and the distribution of inclusions and porosity
[31].

Figure 2.9: Optical micrograph showing the fusion zone of an aluminium alloy (welded with filler
AA5183).

Fusion welding of aluminium alloys leads to melting and re-solidification of the fusion
zone, which results in the formation of brittle inter-dendritic structure and eutectic phases.
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The formation of brittle structure in the weld zone leads to the drastic decrease in the
mechanical properties like hardness, strength and ductility [32].

Nucleation and growth of grains

During welding, subgrains nucleate directly from randomly oriented grains in the base
metal (HAZ), which form the substrate at the fusion boundary. The driving force re-
quired for nucleation is low since the thermodynamic barrier for solidification is almost
eliminated and only growth of new grains occurs [33]. New grains (crystals) nucleate by
arranging atoms from the base metal (HAZ) grains without altering their existing crys-
tallographic orientation. This is described as epitaxial growth [31], as shown in Figure
2.10.

Heat extraction direction
-

)

=
-
=

Welding Direction

Competitive

I 7 Growth
H TOW!

Epitax.ial
Growth

Figure 2.10: Epitaxial growth at the fusion boundary [31].

Since solidification of the weld metal proceeds spontaneously by epitaxial growth of the
partially melted grains in the base metal, the FZ grain structure is mainly determined
by the base metal grain structure and the welding conditions [34]. Grains tend to grow
perpendicular to the pool boundary along the maximum direction of heat extraction [31].
In addition, crystallographic effects will influence grain growth by favoring growth along
the easy growth direction, namely the <100>-direction [34] (see Figure 2.10).

Conditions for growth are optimum when one of the easy growth directions coincides with
the heat-flow direction. These grains grow faster than grains less favorably oriented, and
this results in formation of solidification grain boundaries at regions where these subgrains
impinge (competitive growth). Without additional nucleation, this will promote a colum-
nar grain structure [34].
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Solidification modes

The weld (FZ) microstructure varies noticeably from the edge to the centerline of the
weld. This is because the temperature gradient G and the growth rate R dominate the
solidification microstructure. As shown in Figure 2.11, the growth rate R is low along the
fusion line and increases toward the centerline. While the temperature gradient G is low
at the centerline and increases toward the fusion line. The maximum temperature 7., is
in the center of the weld pool and decreases toward the fusion line [31].

Welding T Weld Pool

Speed v
P o

Fusion Line FL

Figure 2.11: Variation of temperature gradient G and growth rate R along the weld pool boundary.

Based on ideas of Udumphol [31].

Since the ratio between the temperature gradient and the growth rate G/R decreases from
the fusion line toward the centerline, the solidification mode may change across the fusion

zone [31]. This is shown in Figure 2.12 .

— _Eeﬁtsrh_ng@
Welding A
Direction

Weld

Pool
Pool
Boundary

N o]

.

Equiaxed
Dendritic
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Cellular

_Planar

Base
Metal

Figure 2.12: Solidification modes across the fusion line [31].

The amount of supercooling dictates the mode of solidification and the associated mor-
phology of the solidified microstructure. As the constitutional supercooling increases, the

solidification mode changes from [33, 31]:

Planar — Cellular — Columnar dendritic — Equiaxed dendritic

2.2)
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Solidification cracking

Aluminium alloys are sensitive to solidification cracking as a result of high thermal ex-
pansion combined with a brittle structure at, and just below, the solidification temperature
[29, 35]. The weld pool of GMAW aluminium alloys solidifies very fast due to the high
heat conductivity [29, 36].

Solidification cracking takes place within the weld fusion zone and appears typically along
the center of the weld or at termination craters [4], see Figure 2.13. The crack may oc-
cur when solidifying weld metal undergoes large tensile stress during its solidification

[9].

Figure 2.13: Cracking in the weld fusion zone at the end of a weld (termination crater) [29].

The weld crack sensitivity of the heat-treatable aluminium is basically affected by the
weld metal composition and the welding parameters, where high heat inputs (such as high
currents and slow welding speeds) are believed to contribute to weld solidification cracking
[4]. The solidification structure of the FZ is highly affected by the welding speed [37]. And
the solidification structure along the weld fusion boundary seems to play an important role
in cracking susceptibility [33, 38].

Because of the detrimental effect of weld cracks on joint properties, the weldability of
aluminium alloys is defined as its resistance to weld cracking [4].

2.2.3 The heat-affected zone

The heat-affected zone (HAZ) represents a major problem because the resulting microstruc-
tural changes lead to a permanent mechanical degradation of the base metal [5, 25].

After artificial ageing, a high density of the fine needle-shaped 3" particles is present in the
matrix, see Figure 2.14 (a). These particles are thermodynamically unstable in a welding
situation, so the smallest particles will start to dissolve in parts of the HAZ where the
peak temperature exceeds 220°C. The larger particles continue to grow, see Figure 2.14
(b) [25].

12
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Figure 2.14: Schematic diagrams showing the microstructure evolution during thermal processing
of Al-Mg-Si alloys involving artificial ageing (AA) and welding (W). Based on the ideas of Myhr et
al. [25].

Close to the weld fusion line full reversion of the 3" particles is achieved. At the same
time, coarse rod-shaped 3’ precipitates may form in the intermediate peak temperature
range between 220-500°C [25]. The minimum HAZ hardness is found in the position of
the HAZ that experience temperatures within this range. This zone is also referred to as
the overaged zone [4]. Figure 2.15 shows a sketch of the typical HAZ strength profile for
a peak-aged Al-alloy after complete natural ageing.

After complete
natural ageing (T4)

I
Fol — — Opin l
[
L1 >

Distance from weld center

Strength/hardness

Figure 2.15: Sketch of the HAZ strength profile after complete natural ageing. Based on the ideas
of Grong [5].

At higher temperatures, in positions close to the fusion line, particles are dissolved and
their constituent elements go into solid solution. Upon natural ageing (cooling) subsequent
to welding, this solute may precipitate as strengthening phases. This contributes to the
slight increase in hardness that typically occurs near the FZ for the 6xxx series alloys
[4, 39], see Figure 2.15.
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2.3 Friction Stir Welding of Al-Mg-Si alloys

In addition to the primary/traditional methods for welding of aluminium, conventional
solid-state joining processes like friction stir welding are being frequently used [5]. The
principal advantages of FSW, being a solid-state process, are low distortion, absence of
melt-related defects and high joint strength. Since the technique does not require filler,
the fusion zone (FZ) with its as-cast microstructure is eliminated. Instead, this zone is
replaced by a thermo-mechanically affected zone (TMAZ), which exhibits superior me-
chanical properties. Despite this, HAZ softening is still a major problem [5, 24].

2.3.1 The FSW process

The parts to be welded are rigidly clamped on a backing plate attached to the machine
table. A rotating tool, composed of a threaded pin and a shoulder, is introduced into the
material along the joint axis until the shoulder gets in contact with the upper surface of the
plates. Heat generated by friction and deformation brings the material flowing from the
front to the back of the tool where it cools down [26, 40], see Figure 2.16.

oint Line
R

etreating Side

Advancing
Side

Tool Shoulder

Tool Pin

Figure 2.16: Schematic description of the friction stir welding process. Based on the ideas of Gallais
etal. [41].

The side of the welding tool, where the surface motion (due to spinning) is in the same
direction as the travel direction, is referred to as the advancing side. While the opposite
side, where the surface motion opposes the travel direction, is referred to as the retreating
side [24, 42]. The weld quality is very dependent on the welding parameters such as the
speed, the advancing speed, the welding equipment, and the tool geometry [40].

Both large deformations and non-isothermal treatments contribute to the microstructure
evolution and to the subsequent modification of the mechanical properties. As a result,
the mechanical properties of the joint are highly heterogeneous. As shown in Figure 2.17,
the FSW joint is divided into various regions based on the distance from the welding tool
(joint center line) [41].
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Figure 2.17: Sketch of a butt joint profile. Based on the ideas of Khaled [24].

The different regions shown in Figure 2.17 will be shortly presented in the following sub-
chapters.

2.3.2 Nugget/stir zone (SZ)

The central region of a FSW joint is called the weld nugget (or the stir zone). In this region,
the dislocation density is low compared to the thermo-mechanically affected zone (TMAZ)
because of recrystallization. The nugget is described as the dynamically recrystallized
region of the TMAZ, where the deformation and the maximum temperature and strain are
larger than for the other regions of the joint. The temperature and strain distribution across
the joint are shown in Figure 2.18 [26, 41, 43].

Welding Direction
A
T,

max

Base | HAZ l Nugget } HAZ ' Base

Metal < TMAZ > Metal

Figure 2.18: Maximum temperature and strain associated with the FSW process. Based on the ideas
of Gallais et al. [41].
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Since the nugget is fully recrystallized during welding, this zone exhibits a fine equiaxed
grain structure with grains much smaller compared to the base material. The grain size of
the nugget has a second order effect on its hardness in age-hardenable Al alloys [26, 41,
43].

2.3.3 Thermo-mechanically affected zone

The TMAZ is like the nugget, highly deformed by the material rotational flow [26, 43].
In this region the material is affected both by non-isothermal heat treatment and plastic
deformation. It is possible to generate considerable plastic strain in this region without
recrystallization, therefore, this zone exhibits elongated and deformed grains. As shown in
Figure 2.19, there is a distinct boundary between the recrystallized (nugget) and deformed
zones of the TMAZ [14, 41].

Figure 2.19: Microstructural zone classification in a friction stir weld [14].

The TMAZ microstructure evolves mainly through the dissolution and/or coarsening of
the hardening phases [14, 41].

2.3.4 The FSW heat-affected zone

As shown in Figure 2.17, the heat-affected zone (HAZ) is the zone most distant from the
joint centre line. It is not deformed during the process but the microstructure evolves due
to the welding thermal cycles, influencing the mechanical properties [26, 43]. No apparent
plastic deformation is detected by light microscope, but it is recognized that some plastic
deformation may occur, as is typically the case in any weld HAZ [14].

The different zones presented above correspond to different mechanical properties. Usu-
ally, a significant drop in hardness is observed at the TMAZ/HAZ interface, which, as-
sociated with a low or moderate strain hardening capacity, constitutes the locus for the
localization of plastic deformation and damage accumulation [41]. The typical hardness
evolution of a FS welded component is shown in Figure 2.20.
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Figure 2.20: Sketch of the typical hardness evolution in FS welded material. Based on the ideas of
Gallais et al. [41].

Both coarsening and dissolution lead to a drop in hardness, but strength recovery only oc-
curs following dissolution. Therefore, the hardness profiles are consistent with precipitate
coarsening being dominant in the HAZ (lower peak temperatures) and dissolution in the
nugget (peak temperatures above the solvus of the initial precipitates), followed by natural
ageing. The greatest recovery in strength is observed in the nugget [26, 44].

2.3.5 Mechanical properties of friction stir welds

As a contrast to fusion welding, the absence of fusion in FSW removes much of the thermal
contraction associated with solidification and cooling, leading to a significant reduction in
distortion [14, 45]. Instead, the metal flow and heat generation in the softened material
around the tool are fundamental to the friction stir process. Material deformation generates
and redistributes heat, producing the temperature field in the weld [14].

Since the microstructure across a friction stir weld is highly non-uniform, the yield strength,
tensile strength and ductility may change considerably over very short distances. Very dif-
ferent results can be obtained whether the welds have been tested longitudinal or transverse
of the weld [14].

In cross-weld tensile testing, as shown in Figure 2.21, the stress-strain behavior is depen-
dent on the width of the specimen, which will determine the retained residual stresses, and
the length of the specimen, which will determine the average ductility/overall elongation,
stress at offset yield, etc. [14].

\— /
-] | | $ Width >
Loading Y ~ Loading

Length

Figure 2.21: Sketch of a cross-weld tensile specimen.
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For the heat-treatable alloys (irrespective of the heat treatment condition), tensile testing
transverse of the the weld orientation normally fail at the side of the nugget, at or close to
the HAZ/TMAZ boundary. Failures can occur on advancing and retreating sides, although
for a series of welds they will usually all fail on one side or all fail on the other side (the
failure mechanism is a ductile shear failure, showing 45°facets) [14, 46].

The elongation found in tensile specimens transverse of the weld orientation, is almost
invariably less than found in the parent (base) material. This is in many cases not due to
low ductility, as confirmed by the significant reduction in area and substantial necking.
Instead, the strain will have concentrated in a very small part of the gauge length where a
locally softer microstructure may have formed [14].

In contrast, test samples cut from larger plates may retain a significant portion of the weld
stresses, which may compromise tensile strength measurements. Only when the cross-
weld specimen width is less than the size of the tensile zone (approximately the width of
the HAZ) the residual stress is negligibly small. Tensile strength is typically about the
same as found in the parent material [14, 47].

As opposed to the hardness and the static strength, the Charpy impact energy (and CTOD)
in the friction stir welds are much higher than those corresponding to the parent (base)
metal or the HAZ. The microstructural factors play a determining role in fracture tough-
ness. This typically concerns the FSW nugget zone, where a higher toughness compared
to the parent material have been found [14, 48].

2.4 Load-bearing capacity of welded components

Despite some differences in microstructural features and mechanical properties, HAZ soft-
ening is still of great concern in case of FSW and GMAW. In engineering design, this
strength loss must be taken into concideration [49].

The measured HAZ hardness profile can be used to calculate the yield stress across the
HAZ by using the relationship [49]:

oy(MPa) = 3.0HV — 48 (2.3)

By inserting the minimum value from the HAZ hardness profile into Equation 2.3, the
corresponding minimum HAZ yield strength o, can be found. If the loading is perpen-
dicular to the weld, as shown in Figure 2.22, the load-bearing capacity P can be calculated
by using the relationship [50]:

P

min = rrs 2.4
o ¥ iTa (24
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from which:

P(kN) = 0uin(dW) 2.5)

AL L iz

Figure 2.22: Loading perpendicular to the weld. Based on the ideas of Myhr et al. [49].

where P is the maximum tensile (or compressive) force that can be applied perpendicular
to the axis of the weld, d is the plate thickness and W is the width of the component.

In engineering design, o, has a direct physical meaning, since it is the key parameter
determining the joint strength when the loading is perpendicular to the weld [49].

If the loading is parallel to the weld, as shown in Figure 2.23, the calculations of the design
stress become more complex.

Figure 2.23: Loading parallel to the weld. Based on the ideas of Myhr et al. [49].
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In this approach, Mazzolani [50] introduces the so-called reduced cross-sectional area
A.q as a basis for calculating the design stress. Figure 2.24 is a sketch showing how the
equivalent half width of reduced strength zone y'.? ; of minimum strength oy, is related to
an assumed yield strength profile across the weld.

eq
Vred Ytot

Op | | = el TTs

Omin

Zy‘fb?d

Figure 2.24: Idealized yield strength profile. Based on the ideas of Mazzolani [50] and Myhr et al.
[49].

Acording to Figure 2.24, the reduced cross-sectional area A,.,; can be written as:

Ared = A— Qyigdd(l - B) (2.6)

where A is the total cross-sectional area of the joint, y©.? , is the equivalent half width of the
reduced strength zone (including the weld metal) of minimum strength ¢ ,,;,,, while 5 is
a metallurgical efficiency factor that takes into account the degree of softening occurring
due to welding (8<1). The S-factor is defined as:

op

The equivalent half width of the reduced strength zone y;? , of strength o,,,;,, can be cal-
culated by solving the integral [50]:

Ytot
. ody
it =2 @8)
Omin
where the upper integration limit y;,; refers to the half width of the reduced strength zone
(including the weld metal). In summary, when the loading is parallel to the weld, the
design stress o | can be calculated on the basis of Ay, using Equations 2.6 and 2.7.
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Chapter

Experimental

3.1 Base material

3.1.1 Chemical composition

Aluminium alloy 6082 was used in the experimental work. The chemical composition of
the base metal is shown in Table 3.1.

Table 3.1: Chemical composition of AA6082 used as base metal [51].

Alloying element [wt %]

Fe Si Mg Mn Ca Cu Ga Na Ti Zn Al
02 1.02 0.67 0.53 0.0006 0.003 0.01 0.00008 0.01 0.006 Bal.

3.1.2 Casting and homogenization conditions

The material was DC cast into billets of ) 203 mm in diameter and 3.25 m of length at
Hydro Research and Technology Development (RTD) Centre in Sunndalsgra. After the
casting procedure the billets were homogenized as shown in Table 3.2.

Table 3.2: The homogenization process applied to AA6082 [51].

Heating rate  Holding temp. Holding time Cooling rate
[°C/h] [°C] [h] [°C/h]

200 580 2 300-350
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3.1.3 Extrusion and heat-treatment

After the homogenization process, the extrusion of the billets was carried out in an indus-
trial extrusion press. The extruded sheets were subsequently solution heat-treated, rapidly
quenched into water and then artificially aged to obtain the T6 temper condition. The
ageing conditions can be found in Table 3.3.

Table 3.3: Artificial ageing of the AA6082 sheets prepared for welding.

Heating rate = Holding temp.  Holding time Cooling
[°C/h] [°C] [h]
200 185 5 Air cooling to room temp.

3.2 Welding of the sheets

After artificial ageing, as described in Section 3.1, the same base metal was used both for
gas metal arc welding (GMAW) and friction stir welding (FSW).

3.2.1 Gas metal arc welding

Extruded and heat treated sheets with dimensions 3x200x400 mm was used for GMAW.
A sketch of the single sheets is shown in Figure 3.1.

2 2
3 mm

400 mm
Figure 3.1: Schematic illustration of the extruded sheets used for GMAW.
The weld deposition was carried out at SINTEF in an I-groove with 1 mm root opening
in one pass, using fully automatic GMAW process with AA5183 as filler wire. Welding

parameters can be found in Table 3.4.

Table 3.4: Welding parameters used in GMAW of AA6082.

Welding parameters
Current [A] Voltage [A] Travel speed [mm/s]  Shielding gas

165-170 22 10 Ar4.6
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Two-and-two sheets were welded together. Figure 3.2 shows a photograph of the GMA
welded sheets received from SINTEF.

Figure 3.2: Photograph of the GMA welded sheets received from SINTEF.

3.2.2 Friction stir welding

Friction stir welding was performed by standard procedures at Marine Aluminium, Karmgy.
The dimensions of the FS welded sheets were 3x400x900 mm. Figure 3.3 shows pho-
tographs of the FS welded sheets received from Marine Aluminium.

Figure 3.3: Photographs of the FS welded sheets received from Marine Aluminium.

In addition to an overview of the FS welded sheets, a close-up of the exit-hole of the pin
is included in the figure.

3.3 Sample preparation and metallographic examination

Samples were cut from the end and the middle of the welded sheets and prepared for grain
structure investigation and hardness testing. Specimens used for hardness testing were cut
so that the HAZ and HAZ/TMAZ degradation on both sides could be measured, see Figure
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3.4. They were ground down to a finish of 2400, prior to polishing using diamond paste
(suspension) of 3 pm.

(@ (b)

Figure 3.4: Specimens cut from the sheets being used for hardness testing: (a) GMA welded sheets
and (b) FS welded sheets.

The specimens used for the microscope examination was embedded in epoxy (cold mount-
ing), ground to 4000 mesh, polished with diamond paste (suspension) of 3 ym and chem-
ically polished with OP-S, corresponding to a surface finish of 1 pm. Before examination
in the optical microscope, the specimens were anodized in an electrolyte containing HF
(due to the high content of Si) to unveil the grain structure.

3.3.1 Optical microscopy

The ground, polished and anodized samples for both the FS and GMA welded specimens
were examined in a Leica MeF4M optical microscope. A lens of 2.5x magnification was
used to capture most of the structure in the weld zone.

3.3.2 Hardness testing

Transverse hardness testing was performed to establish changes occurring during welding.
The Vickers hardness HV; (1 kg load) was measured for the GMA welded sheets with
hardness tester Duramin-A2500, while the Vickers hardness HV5 was measured for the
FS welded sheets with Matzusawa hardness tester. The hardness was measured on both
sides of the weld, out to a certain distance, where the base metal hardness was obtained.
Photographs of both types of weld samples are shown in Figure 3.5.
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(a) (b)

Figure 3.5: Photographs of weld samples used in the hardness testing: (a) FS welded sheets and (b)
GMA welded sheets.

3.4 Tensile testing

Tensile testing was carried out both transverse and longitudinal to the welding/extrusion
direction. Figure 3.6 shows a schematic illustration of the tensile specimen locations and
orientations. In addition, more precise sketches of the GMA and FS tensile specimens can
be found in Figures A.1 and A.2, respectively, in the Appendix.

Figure 3.6: Schematic illustration of the location of the tensile specimens.

The specimens were cut from these different locations, transverse or longitudinal to the
welding/extrusion direction, to generate specific data for the different weld regions. The
labelling of the tensile specimens (for further use in the results), can be found in Table
3.5.
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Table 3.5: Labelling of the GMAW and FSW tensile specimens.

Location/direction Specimen name
Base metal GMAW FSW
Transverse BM-T BM-T
Longitudinal BM-L BM-L
FZ/SZ

Transverse FZ-T SZ-T
Longitudinal FZ-L SZ-L
HAZ/TMAZ

Transverse HAZ-T HAZ/TMAZ-T
Longitudinal HAZ-L. HAZ/TMAZ-L

The HAZ and HAZ/TMAZ tensile specimens were supposed to collect information about
the weakest parts of the weldments.

The specimen configurations and the test used for both FSW and GMAW test specimens
are similar. The tests were done in a MTS servo-hydraulic tensile machine. During testing,
the axial elongation was measured using an extensometer with 50 mm gauge length. The
basic dimensions of the tensile test specimens are shown in Figure 3.7.

—K/ ke J:

. ~

3 mm

25mm 10 mm 55 mm 10 mm

125 mm
Figure 3.7: Basic dimensions of the tensile test specimens.
Some adjustments were made to the dimensions of the specimens to adjust for distortions

and excess weld in the weld zones. This was of great concern, particularly with the GMA
welded specimens.
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The total number of tensile specimens tested are listed in Table 3.6.

Table 3.6: Total number of tensile specimens machined from the GMA and FS weldments.

Location/orientation Total number of specimens

Base metal GMAW FSW

Transverse 3 3

Longitudinal 3 3

FZ/SZ

Transverse 3 3

Longitudinal 3 3

HAZ/TMAZ

Transverse 3 3

Longitudinal 3 3
18 18

3.5 Impact testing

Impact data was collected using the Charpy V-notch test. This test was used to get infor-
mation about the energy absorbed during impact. The Charpy specimens were prepared
for the base metal, fusion/stir zone and HAZ in the same direction and orientation as the
tensile test specimens (see Figures A.1 and A.2 in the Appendix). In addition, Figure 3.8
shows the orientation of the V-notch in relation to the welding/extrusion direction.

VA VA

A A Y

m ¢=ED » ED

Figure 3.8: Orientations of the V-notch and the Charpy test specimens in relation to the weld-
ing/extrusion direction (ED - extrusion direction).

The specimens taken transverse to the welding/extrusion direction had a longitudinal notch,
while the longitudinal specimens had a transverse notch.
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The dimensions of the Charpy V-notch specimens can be found in Figure 3.9.

| 45°
[

|
|
|
: 27.5 L 275 : S

Figure 3.9: Dimensions of the Charpy-V test specimen (in mm).

The base metal specimens were tested both transverse and longitudinal to the extrusion di-
rection, while the FZ/SZ and HAZ/TMAZ specimens were either tested in the longitudinal
or the transverse direction. The total number of specimens used in the Charpy V-notch test
can be found in Table 3.7. The orientations in the figure refer to the specimen orientation
(not the notch).

Table 3.7: Total number of Charpy V-notch specimens machined from the GMA and FS weldments
(transverse and longitudinal specimens).

Location/orientation Total number of specimens

Base metal GMAW FSW

Transverse 3 3

Longitudinal 3 3

FZ/SZ

Transverse 3 3

Longitudinal

HAZ/TMAZ

Transverse

Longitudinal 3 3
12 12

The Charpy V-notch test was carried out at room temperature, in a pendulum impact testing
machine located at SINTEF in Trondheim, Department of Materials Testing. The absorbed
energy was measured on each sample tested.
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3.6 Fracture surface analysis in the Scanning Electron
Microscope (SEM)

The fracture surface of selected tensile and Charpy V-notch test specimens (for both for
types of weldments) was examined in the scanning electron microscope (SEM) Zeiss
SUPRA 55VP. The fracture surface examinations were performed with an acceleration
voltage of 20 kV. To obtain sufficient depth of field on the rough surfaces, the working
distance and aperture was set to 20 mm and 30 pm, respectively.
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Chapter

Results

In the following sub-chapters, the results from the experimental part will be presented.
Optical micrographs and the HAZ hardness profiles can be found for the welds. In addi-
tion, the obtained mechanical properties for a selection of the tensile and Charpy V-notch
test specimens will presented for both the GMA and the FS weldments.

4.1 Optical micrographs of GMA and FS welds

Figure 4.1 shows an overview and a close-up of the fusion zone microstructure in the GMA
weld.

(b)

Figure 4.1: Optical micrographs showing an overview and a close-up of the fusion zone microstruc-
ture in the GMA weld.

As shown in Figure 4.1a, the grain structure in the fusion zone consists of small eqiuaxed
grains with different orientations. Since the image represents the material transverse to the
extrusion direction, the fibrous grain structure of the alloy is not visible. The only grain
structure evident in the base metal HAZ is the elongated equiaxed grains at the surface,
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due to hot working and recrystallization occurring during extrusion. The grains at the
fusion line appear to have a more columnar appearance. (The image consists of several
individual microscope images, so there are some differences in contrast and brightness in
the micrograph).

Figure 4.1b shows the intersection between the base metal HAZ and the fusion zone. Some
evidence of epitaxial growth of columnar grains can be observed along the fusion line.
These grains descend from the equiaxed grains at the surface of the extruded base material.
The FZ basically exhibits an equiaxed dendritic grain structure.

Figure 4.2 shows an overview of the stir zone (SZ) in the FS weld. The image is made
from several different microscope images. Therefore, the contrast in the resulting image
varies, but the stir zone is still entirely visible.

Figure 4.2: Optical micrograph showing the metallography of the stir zone (nugget) in the FS weld.

Figure 4.2 shows the extent of the stir zone, where the material has been plastically de-
formed by the FSW tool. The figure also shows the differences in material flow between
the two opposing sides of the stir zone. The only visible sign of grain structure is observed
at the lower surface of the welded sheets.

Figure 4.3 shows the base metal microstructure of AA6082. The extrusion direction is
horizontal and the thickness direction is vertical. The figure shows the fibrous texture of
the alloy and the recrystallized grain structure at the surface.

Figure 4.3: Optical micrograph showing the base metal microstructure of AA6082.
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4.2 Hardness profiles of GMA and FS welds

Figure 4.4 shows the resulting hardness profile for the GMA weldments. The hardness
profile is linked to a macro image of the hardness specimen.

Fusion Line

Hardness [HV]

57

-32 28 -24 20 -16 -12 -8 -4 1 4 8 12 16 20 24 28 32
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Figure 4.4: Hardness profiles for the GMA weldment, including a macro image of the hardness
specimen.

According to the hardness profile, the minimum HAZ hardness can be found 9 mm from
the center of the weld on both sides. The minimum HAZ hardness was measured to 62
and 57 HV, respectively. In addition, a small drop in hardness can observed at the fusion
line. Full recovery of the base metal hardness is observed approximately 19 mm from the
center of the weld. All the individual hardness measurements can be found in Table A.1
in the Appendix.

FS welds usually reveal some hardness differences between the advancing and the retreat-
ing side. Since the information on the direction of the welding tool was not available,
the different sides have been defined as advancing and retreating to mark the difference.
Figure 4.5 shows the resulting hardness profile for the FS welds. The hardness profile is
linked to a macro image of the hardness specimen.
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Figure 4.5: Hardness profiles of the FS weldment, including a macro image of the hardness speci-
men.

The minimum hardness can be found close to the shoulder on both sides, 6 mm from
the center of the joint. The minimum hardness on the advancing and retreating side was
measured to 70 and 72 HV, respectively. The base metal hardness is approximately 97-98
HYV on both sides, but there is a slight drop in hardness on the retreating side further away
from the center of the joint. All the individual measurements can be found in Table A.2 in
the Appendix.

4.3 Tensile test results

4.3.1 GMAW

As explained in the experimental part, the tensile specimens have been cut from the base
metal (BM), the fusion zone (FZ) and the heat-affected zone (HAZ), both transverse (T)
and longitudinal (L) to the welding/extrusion direction. Figure 4.6 shows macro images
of a selection of the BM, FZ and HAZ tensile specimens tested transverse to the weld-
ing/extrusion direction.
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(a) Base metal (b) Fusion zone (c) HAZ

Figure 4.6: Macro images of the tensile specimens tested transverse to the welding/extrusion direc-
tion.

The BM tensile specimen, from Figure 4.6a, has a fairly rough fracture appearance with
fibrous pull-out. Some contraction in the thickness can be observed. The FZ and the HAZ
tensile specimens from Figures 4.6b and 4.6¢ appear to have the same course of fracture,
where fracture is located at a certain distance from the fusion zone. Small contraction in
thickness can also be observed for these specimens.

Figure 4.7 shows macro images of a selection of the BM, FZ and HAZ tensile specimens
tested longitudinal to the welding/extrusion direction.

(a) Base metal (b) Fusion zone (FZ) (c) HAZ

Figure 4.7: Macro images of the tensile specimens tested longitudinal to the welding/extrusion
direction.

The BM tensile specimen from Figure 4.7a has a relatively uneven fracture appearance,
with visible signs of small cracks close to the origin of the fracture. For the FZ tensile
specimen, shown in Figure 4.7b, the fracture occurs outside its gauge length, i.e. in the
grip region close to where the extensometer was placed/attached. For the HAZ specimen,
shown in Figure 4.7c, the fusion zone is visible in the upper part of the specimen. This part
of the specimen has contracted more than the rest of the specimen, and there are visible
signs of flaking. In addition, there is a point on the specimen, apparently close to the fusion
line, where the material has undergone a slightly different course of fracture.

Figure 4.8 shows the corresponding stress-strain curves for the tensile specimens presented
above. The stress-strain curves for all the parallels from the different regions, in addition
to macro images of the tested tensile specimens, can be found in Figures A.3 - A.8 in the
Appendix.
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Figure 4.8: Measured stress-strain curves for a selection of tensile test specimens representing
different regions (BM, FZ and HAZ) transverse and longitudinal to the welding/extrusion direction.

The stress-strain curves obtained for the BM specimens from both orientations are quite
similar. For the FZ and the HAZ specimens, on the contrary, there is a large difference
between the specimens tested transverse and longitudinal to the weld. The FZ specimen
transverse of the weld is more similar to the HAZ specimen transverse of the weld, while
the FZ specimen longitudinal to the weld is more similar to the HAZ specimen in the same
orientation.

The resulting stress at offset yield (measured by the extensometer during testing) for the
stress-strain curves presented above, is shown in Figure 4.9. In addition, the stress at offset
yield for all the tensile specimens tested can be found in Table A.3 in the Appendix.
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Figure 4.9: Stress at offset yield, as measured from the stress-strain curves presented in Figure 4.8.
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The BM tensile specimens in both orientations start to yield at approximately 250 MPa,
which is a much higher yield stress compared to the specimens from the other regions.
There is almost a factor of 2 between the BM specimens and the FZ specimens. The HAZ
tensile specimens are the only specimens that reveal a noticeable difference in stress at
offset yield between the two orientations.

Figure 4.10 shows the resulting tensile strength (measured by the extensometer during
testing) of the tensile test specimens referred to previously. In addition, the tensile strength
for all the tensile specimens tested can also be found in Table A.3 in the Appendix, together
with the yield stress measurements.
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Figure 4.10: Tensile strengths, as measured from the stress-strain curves presented in Figure 4.8.

Figure 4.10 shows that the BM tensile specimens in both orientations reach values above
300 MPa before fracture. Overall, the FZ and the HAZ tensile specimens have lower ten-
sile strength, where the FZ and the HAZ tensile specimens transverse of the weld are
slightly weaker than the corresponding specimens in the longitudinal orientation. As
shown in Figures 4.6b and 4.7c, these specimens had the same course of fracture close
to the fusion zone, which probably corresponds to the weakest part of the HAZ.
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Strain at fracture for the tensile specimens is shown in Figure 4.11. The last measured
value of strain has been used in the figure for comparison, since many of the specimens
had an undefined value for the strain at fracture. All the measurements can be found in
Table A.4 in the Appendix. In addition, the corresponding values for the strain at fracture,

measured by the extensometer during testing, can be found in the same table for a selection
of the samples.
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Figure 4.11: Strain at fracture, as measured from the stress-strain curves shown in Figure 4.8.

In strain at fracture from Figure 4.11, the base metal specimens appear to have similar
strain at fracture both in the transverse and longitudinal directions. In contrast, the FZ
and HAZ tensile specimens reveal large differences in strain at fracture between the two
orientations. As assumed, the strain at fracture is observed to be quite low for the FZ tensile
specimen representing the transverse direction. The HAZ tensile specimen representing
the transverse direction fractured first. Both the FZ and the HAZ tensile specimens tested
in the transverses direction represented the weakest part of the weldment.

In addition to the results obtained from the tensile testing, the reduction in area after frac-
ture has been calculated from the following relation:

Ry= 1 °F .1

where A; is the initial cross-sectional area and Ay is the cross-sectional area at the point of
fracture (see Figure 4.12 for details). Calculated values for the reduction in area of all the
tensile specimens tested can be found in Table A.5 in the Appendix.
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Figure 4.12: Sketch of the initial cross-sectional area A; and the cross-sectional area at the point of
fracture Ay.

Figure 4.13 shows the calculated reduction in area for the tensile specimens presented in
Figure 4.8.
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Figure 4.13: Reduction in area, as calculated from the tensile test specimens shown in Figure 4.8.

Both the BM and the HAZ tensile specimens reveal a relatively high reduction in area.
In contrast, considering the FZ tensile specimens the reduction in area is below 20% for
both orientations. For the FZ tensile specimen representing the transverse direction, the
reduction in area correlates well with the measured strain at fracture. The low reduction in
area observed for the FZ tensile specimen representing the longitudinal direction, can be a
result of the location of the fracture (being close to the exstensometer). And as shown in
Figure 4.7b, the fracture of this specimen occurred at the end of the specimen gage, where
some of the area from the specimen grip shaft may have altered the resulting reduction in
area.

When comparing strain at fracture and reduction in area, which both are a measure of
ductility, it is evident that the strain at fracture does not account for the reduction that may
take place in the thickness direction of the specimens. In addition, the tensile specimens
may react differently to loading due to the pertinent differences in the initial cross-sectional
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area. Some of the specimens, especially the FZ tensile specimens, had a much smaller
cross-sectional area before testing compared to the others.

43.2 FSW

In the tensile test results for the FS weldments, the nugget has been referred to as the
stir zone (SZ). Figure 4.14 shows macro images of a selection of the BM, the SZ and the
HAZ/TMAZ tensile specimens tested transverse to the welding/extrusion direction.
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(a) Base metal (b) Stir zone (SZ) (c) HAZ/TMAZ

Figure 4.14: Macro images of the tensile specimens tested transverse to the welding/extrusion di-
rection.

Considering the BM tensile specimen in Figure 4.14a, the fracture appears to have oc-
curred along the extrusion direction. And there are no visible signs of fibrous pull out
from the specimen surface. The stir zone in visible both in Figure 4.14b and 4.14c (not
that evident in the case of the HAZ/TMAZ specimen). These specimens appear to have
the same course of fracture, except that the the stir zone of the HAZ/TMAZ specimen is
located at the end of the gage length, i.e. where the specimen grip shaft starts.

Figure 4.15 shows macro images of a selection of the BM, the SZ and the HAZ/TMAZ
tensile specimens tested longitudinal to the welding/extrusion direction.

(a) Base metal (b) Stir zone (SZ) (c) HAZ/TMAZ

Figure 4.15: Macro images of the tensile specimens tested longitudinal to the welding/extrusion
direction.
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The BM tensile specimens in Figure 4.15a, shows slightly different course of fracture
compared to the BM tensile specimens representing the transverse direction. Some minor
superficial cracks can be observed close to the fracture. The SZ tensile specimen shown in
Figure 4.15b, appears to have a uneven course of fracture, where the center of the stir zone
stands out. The difference between the two sides of the stir zone (advancing and retreating
as defined in the hardness profiles), where one of the sides have a lower strength, appears
to be visible by eye. The HAZ/TMAW tensile specimen from Figure 4.15c¢, appears to
have the same course of fracture as that observed for the HAZ/TMAZ tensile specimen
representing the transverse direction.

Figure 4.16 shows the corresponding stress-strain curves of the tensile specimens pre-
sented above. The stress-strain curves for all the parallels tested in the different regions,
in addition to images of the tested tensile specimens, can be found in Figures A.9 - A.14
in the Appendix.
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Figure 4.16: Measured stress-strain curves for a selection of tensile test specimens representing
different regions (BM, SZ and HAZ/TMAZ) transverse and longitudinal of the welding direction
(extrusion direction).

The stress-strain curves for the base metal of the FS weldments are similar. In contrast,
large differences can be observed for the SZ specimens from both directions. Also, the
HAZ/TMAZ specimens reveal a visible difference in tensile behavior between the two
orientations. It appears that the SZ specimen transverse to the weld is more similar to the
HAZ/TMAZ specimen transverse to the weld, while the SZ specimen longitudinal to the
weld is more similar to the HAZ/TMAZ specimen in the same orientation. This agrees
well with the observations made from the GMA stress-strain curves in Figure 4.8.

The resulting stress at offset yield (measured by the extensometer during testing) for the
stress-strain curves presented above is shown in Figure 4.17. In addition, the stress at offset
yield for all the tensile specimens tested can be found in Table A.6 in the Appendix.
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Figure 4.17: Stress at offset yield, as measured from the stress-strain curves shown in Figure 4.16.

The BM tensile specimens in both orientations start to yield at approximately 250 MPa,
which is consistent with the observations for the GMA BM tensile specimens. The SZ
tensile specimens representing both directions show poor properties compared to the BM
tensile specimens, with yield stress between 150 and 160 MPa. The HAZ/TMAZ speci-
mens also reveal lower yield stress compared to the BM tensile specimens.

The resulting tensile strength (measured by the extensometer during testing) for the tensile
test specimens is shown in Figure 4.18. In addition, the tensile strength for all the tensile
specimens tested can also be found in Table A.6 in the Appendix.
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Figure 4.18: Tensile strength, as measured from the stress-strain curves shown in Figure 4.16.
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From Figure 4.18, it appears that the tensile strength for the BM tensile specimens is
approaching 300 MPa. The difference in strength between the BM tensile specimens and
the SZ and the HAZ/TMAZ tensile specimens are not as evident as observed in the yield
strength measurements. In addition, there are no major differences between the specimens
tested from the same regions.

The corresponding strain at fracture for the tensile test specimens is shown in Figure 4.19.
As for the GMA weldments, the last measured value of strain has been used for compari-
son. All the measurements can be found in Table A.7 in the Appendix, together with the
values given by the extensometer for the strain at fracture (not all specimens had measure-
ments of strain at fracture given by the extensometer).
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Figure 4.19: Strain at fracture, as measured from the stress-strain curves shown in Figure 4.16.

As shown in Figure 4.19, the measured strain at fracture for the BM tensile specimens
are similar in both directions, which is consistent with the observations from the tensile
properties. On the contrary, the strain at fracture observed for the SZ and the HAZ/TMAZ
tensile specimens is extremely scattered. There is almost a factor of 5 between the fracture

strain observed for the two SZ tensile specimens. The same is also true for the HAZ/TMAZ
specimens.
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Moreover, Equation 4.1 has been used to calculate the reduction in area of the FS tensile
specimens. The results are presented in Figure 4.20. In addition, the reduction in area for
all the tested specimens can be found in Table A.8 in the Appendix.
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Figure 4.20: Reduction in area, as measured for the FS tensile test specimen.

It is evident from Figure 4.20, that these results are not consistent with the fracture strain
data. The reduction in area of the HAZ/TMAZ tensile specimens is about 40 %, while
the reduction in area for the BM tensile specimens is close to 20 %. The HAZ/TMAZ
tensile specimens representing the transverse direction, of which fracture occurred at an
early stage during tensile testing, appear to have experienced a severe reduction in area.
This observation is surprising and cannot readily be explained.
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4.4 Fractography of the tensile specimens

44.1 GMAW

The results from the fractographic examination of the base metal, FZ and HAZ (longitudi-
nal) tensile specimens are presented below. The HAZ tensile specimens transverse of the
welding direction had the same characteristic features as the FZ tensile specimens in the
same direction.

Figure 4.21 shows the fracture surfaces of the BM tensile specimens representing the
transverse and longitudinal direction at low and high magnification, respectively. In the
overviews of the fracture surfaces only one side of the specimen is presented. Additional
SEM images can be found in Figure A.15 in the Appendix.
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Figure 4.21: Fracture surfaces of the BM tensile specimens representing the transverse and longitu-
dinal extrusion direction.

The overview in Figure 4.21a shows that the BM-T tensile specimen has an overall plane
fracture surface. Although not visible at low magnification, a line pattern can be observed
across the specimen. This pattern reflects the fibrous grain structure. Figure 4.21¢ shows
the same specimen at high magnification. The fracture surface is covered by larger dimples
(5-10 pm) and an amount of smaller dimples in-between the large ones.
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For the longitudinal BM specimen, shown in Figure 4.21b, the fracture surface has some
uneven areas. This indicates that the specimen has a varying ductility across the fracture
surface. Figure 4.21d represents the part of the specimen where the surface is elevated. The
fracture surface is covered by relatively large dimples (5-10 pm), where smaller dimples
can be seen in-between the large ones. It appears that the BM-L specimen has a higher
density of small dimples compared to the BM-T specimen.

Figure 4.22 shows the fracture surfaces of the FZ tensile specimens transverse and longi-
tudinal to the welding direction at low and high magnification, respectively. Additional
SEM images of the fracture surface overviews can be found in Figure A.16 in the Ap-
pendix.
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Figure 4.22: Fracture surfaces of the FZ tensile specimens representing the transverse, and the
longitudinal direction.

Figure 4.22a represents the fracture surface of the weakest part of the HAZ. The overview
shows that the specimen surface is slightly uneven. In this case the fracture surface ap-
pears to consist of both ductile and somewhat brittle (darker parts of the specimen) areas.
The brittle parts especially concern the edges of the tensile specimen, confirmed by less
contraction in area (see Figure A.16a in the Appendix for a overview of the other speci-
men edge). According to Figure 4.22c, the fracture surface is covered by relatively large
dimples with a faceted appearance and smaller dimples in-between the large ones. In ad-
dition, some of the facets are surrounded by a high density of small dimples less than 1

pm.
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Figure 4.22b represents the fracture surface of the fusion zone. The overview shows some
signs of contraction at the edges on both sides (see Figure A.16b in the Appendix for
a overview of the opposite specimen edge). In addition to the contracted parts of the
specimen, the joint between the two sheets is visible in the center of the specimen (uneven
fracture surface to the left in the image). According to Figure 4.22d, the fracture surface
contains some medium to small dimples (2-5 ;sm) with faceted appearance. A high density
of small dimples is covering the largest part of the fracture surface.

Figure 4.23 shows the fracture surface of the FZ tensile specimen representing the longi-
tudinal direction, including a close-up of the fracture surface in the center of the fusion
zone. This shows evidence of crack propagation in the center of the fusion zone.
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Figure 4.23: FZ tensile specimen representing the longitudinal direction, showing the fracture sur-
face in the center of the fusion zone.

From the fracture surface image of the FZ-L tensile specimen, shown in Figure 4.23, it
appears that the specimen has cracked in the middle of the fusion zone, where the columnar
grains meet. The fracture surface has a brittle appearance, with only a small amount of
small dimples. The brittle appearance is also confirmed by the low reduction in area in
this part of the specimen compared to the contraction at the specimen edges.

47



Figure 4.24 shows the fracture surface of the HAZ tensile specimen orientated longitudinal
to the welding direction. This specimen represents both the HAZ and some parts of the
fusion zone.
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Figure 4.24: Fracture surfaces of the HAZ tensile specimen orientated longitudinal to the welding
direction.

The overview in Figure 4.24a represents the heat-affected zone of the HAZ tensile speci-
men. This part of the specimen has a relatively even fracture surface with some contraction
at the specimen surface towards the fusion zone. According to Figure 4.24c, a line pattern
reflecting the fibrous grain structure can be seen.

The overview in Figure 4.24b represents the fusion zone of the HAZ tensile specimen. The
fracture surface is rough with some elevated areas at the specimen surface. According to
Figure 4.24d, the fracture surface is covered by large dimples with a high density of small
dimples in-between the large ones. It appears that the fracture surface is a combination of
the fracture surfaces found for the FZ tensile specimens representing the transverse and
longitudinal direction (Figures 4.22¢ and 4.22d, respectively).

44.2 FSW

The base metal used in the tensile testing was AA6082-T6 for both welding techniques.
But due to some unknown differences in the mechanical properties, fractography of the
base metal have been performed for both the FS and the GMA tensile specimens.
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Figure 4.25 shows the fracture surfaces of the BM tensile specimens representing the trans-
verse and the longitudinal direction. In the overviews of the fracture surfaces only one side
of the specimen is presented. Additional overview of the opposite sides can be found in
Figure A.17 in the Appendix.
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Figure 4.25: Fracture surfaces of the BM tensile specimens representing the transverse and the
longitudinal direction.

Figure 4.25a represents the BM tensile specimen transverse to the welding/extrusion di-
rection. The specimen surface has an overall plane appearance, with only small variations
in the area reduction towards the edges. The specimen surface seems to be less ductile
compared to the other parts of the specimen. This is confirmed by Figure A.18 in the
Appendix, which show signs of less plastic deformation. According to Figure 4.25¢, the
fracture surface in the center of the specimen is covered with three different types of dim-
ples. A small amount of large dimples are surrounded by smaller dimples. In addition,
there is a high density of very small dimples less than 1 pm.

Figure 4.25b represents the BM tensile specimen orientated longitudinal to the weld-
ing/extrusion direction. The specimen surface is more uneven (fibrous) compared to that
of the BM-T tensile specimen. In addition, this specimen appears to have a larger area
at the specimen surface with less ductility (plastic deformation). This also concerns other
parts of the specimen, as shown in Figure 4.26, which includes a close-up of the outlined
area from the center of the specimen.
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Figure 4.26: Outlined area in the BM tensile specimen representing the longitudinal direction. The
outlined part shows signs of less plastic deformation compared to the surrounding material.

From Figure 4.26, a line pattern with less plastic deformation, compared to the surrounding
material, can be observed. This line pattern goes through the whole width of the specimen.
Several similar observations have been found across the fracture surface.

Figure 4.27 shows the fracture surfaces of the SZ tensile specimens representing the trans-
verse and the longitudinal direction. In the overviews of the fracture surfaces only one side
of the specimen is presented. Additional SEM images of the opposite sides can be found
in Figure A.19 in the Appendix.
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Figure 4.27: Fracture surfaces of the SZ tensile specimens transverse and longitudinal to the weld-
ing/extrusion direction.
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Figure 4.27a represents the fracture surface overview of the weakest part of the HAZ/TMAZ
region. The only contraction observed is in the center of the specimen. According to Fig-
ure 4.27c, the fracture surface is covered by a relatively large amount of large dimples
being decorated with smaller dimples in-between. Some areas with less plastic deforma-
tion can be observed in-between the dimples.

Figure 4.27b represents the fracture surface overview of the stir zone (SZ) and parts of
the HAZ/TMAZ region (at the edges). The fracture surface show signs of shear failure
at the edges, which corresponds to the HAZ/TMAZ region. This region appears to be
less ductile compared to the other part of the specimen. According to Figure 4.27d, the
fracture surface is covered by some medium large dimples (2-5 pm) with a higher density
of smaller dimples in-between. This specimen has an overall higher density of dimples in
the fracture surface compared to the SZ-T specimen.

In the center of the tensile specimen, where the stir zone is very visible, the fracture surface
is rough and uneven due to severe plastic deformation. Figure 4.28 shows the stir zone of
the tensile specimen representing the longitudinal direction, including outlined close-ups
of the different regions found within the stir zone.
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Figure 4.28: Close-ups of the fracture surfaces in the stir zone.

From Figure 4.28 the stir zone appears to consist of different structures. In the close-up
at the bottom left in the figure, the material has been stirred together. There are no signs
of dimples. In the close-up at the bottom right in the figure, the fibrous structure of the
alloy is still visible. Some small dimples can be observed above and below the lamellar
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structure. Additional images of the fracture surfaces observed in the stir zone can be found
in Figure A.20 in the Appendix.

Figure 4.29 shows the fracture surface of the HAZ/TMAZ tensile specimen representing
the longitudinal direction. This specimen also includes some parts of the stir zone.
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Figure 4.29: Fracture surfaces of the HAZ/TMAZ tensile specimen representing the longitudinal
direction.

Figures 4.29a and 4.29b show overviews of the HAZ/TMAZ tensile specimen orientated
longitudinal to the welding/extrusion direction. The edges and the center of the specimen
show signs of shear failure. And the specimen surface has contracted more towards the
center. According to Figure 4.29c the overall fracture surface is covered with medium
large dimples with smaller dimples in-between.

Figure 4.29d represents the fracture surface at the edges and in the center of the specimen,
where the material has experienced a different course of fracture. These parts appear to be
less ductile compared to the rest of the specimen due to the low density of dimples.
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4.5 Charpy V-notch test results

45.1 GMAW

Figure 4.30 shows macro images of a selection of the GMAW Charpy V-notch specimens.
The figure includes images of the base metal specimens representing the transverse and
longitudinal specimen orientations, a FZ specimen with notch orientation in the center
of the fusion zone, and a HAZ specimen representing the longitudinal specimen orienta-
tion.

(a) Base metal. Transverse speci- (b) Base metal. Longitudinal spec-
mens orientation. imen orientation.

(c¢) Fusion zone (d) HAZ

Figure 4.30: Macro images of the GMAW Charpy V-notch specimens after testing.

As seen from Figure 4.30, all the Charpy V-notch specimens appear to have a different
course of fracture. The transverse BM specimen in Figure 4.30a has a fracture path, which
is essentially parallel to the extrusion direction. While the longitudinal BM specimen in
Figure 4.30b has a form for cup-and-cone fracture, where the fracture propagates diag-
onally to the extrusion direction. Both the FZ and the HAZ specimen seem to have a
more rough fracture appearance. These specimens also show signs of some macroscopic
deformation.

Figure 4.31 shows the energy absorption of the same GMA Charpy specimens presented
above obtained using the Charpy V-notch test. The numerical values can be found in Table
A.9 in the Appendix together with the results for the other specimens tested.
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Figure 4.31: Energy absorption of the GMAW Charpy specimens presented in Figure 4.30.

It follows from Figure 4.31 that the BM specimen with the notch transverse to the extrusion
direction absorbed most energy, followed by the BM specimen with the notch orientated
longitudinal to the extrusion direction. The measured values was 7.2 and 5.1 J, respec-
tively. Significantly lower values are observed for the FZ and HAZ specimens. These
results are also supported by the macro images, where the FZ and HAZ specimens seem
to behave more brittle.

Figures 4.32 to 4.35 show the fracture surfaces of the Charpy specimens (as presented
above) after testing. The figures include an overview of the fracture surfaces and an out-
lined area at higher magnification. This area corresponds to the notch, where fracture is
initiated.

Figure 4.32 shows an overview of the BM Charpy specimen representing the transverse
specimen orientation.
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Figure 4.32: Fracture surface of the BM specimen representing the transverse specimen orientation,
including an outlined area at higher magnification. The crack propagates from right to left. (The
scale bars in the lower left corner are 1 mm and 2 pm, respectively).
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The overview of the BM-T specimen fracture surface, shown in Figure 4.32, indicates a
larger area where the crack has propagated. This area is visible in the image to the left,
and it has a triangular appearance. The fracture surface at the crack opening (close to the
notch) shows signs of some medium large dimples with smaller dimples in-between. The
dimples are not as distinctive as those found in the tensile test specimens.

Figure 4.33 shows the an overview of the BM Charpy specimen representing the longitu-
dinal specimen orientation.
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Figure 4.33: Fracture surface of the BM specimen representing the longitudinal specimen orien-
tation, including an outlined area at higher magnification. The crack propagates from right to left.
(The scale bars in the lower left corner are 1 mm and 3 pm, respectively).

The overview of the BM-L specimen in Figure 4.33 shows that the surface is V-shaped
and there is some signs of fibrous pull out at the specimen surface. The thickness of the
specimen has contracted more compared to the BM-T specimen, due to more compression
at the end of the crack. This observation is also consistent with the energy absorption
measurements, where the BM-L specimen obtained higher impact values. The fracture
surface of the specimen is covered with relatively small dimples (2 4m), with even smaller
dimples (less than 1pm) in between.

Figure 4.34 shows an overview of the FZ Charpy specimen representing the fusion zone.
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Figure 4.34: Fracture surface of the FZ specimen, including an outlined area at high magnification.
The crack propagates from right to left. (The scale bars in lower left corner are Imm and 2 pm,
respectively).
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The overview of the FZ specimen fracture surface in Figure 4.34 indicates that the fracture
has propagated in a more brittle manner compared to the BM specimens. Still, there are
some visible signs of compression at the edge of the crack. The point where fracture is ini-
tiated does not have the same characteristics as for the BM specimens. The rough surface
indicates that the weldment has a different extent of ductility throughout the specimen. At
the initiation point of the crack, small dimples, as observed in the fracture surface of the
BM specimens, are no longer present. This is consistent with the energy absorption mea-
surements, where this specimen absorbed less energy compared to the other specimens
tested.

Figure 4.35 shows an overview of the HAZ Charpy specimen representing the longitudinal
specimen orientation. The figure includes a close-up of the fracture surface adjacent to the
notch.
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Figure 4.35: Fracture surface of the HAZ specimen, including an outlined area at high magnifica-
tion. The crack propagates from right to left. (The scale bars in lower left corner are 1mm and 2 pm,
respectively).

The fracture surface overview of the HAZ Charpy specimen in Figure 4.35 appears to be
quite similar to the FZ specimen, where an overall rough fracture surface can be observed.
This is also consistent with the energy absorption measurements. Still, there are some
small differences in the close-up of the fracture surfaces. In this case the HAZ specimen
shows more distinctive signs of smaller dimples.

All the fracture surface observations are consistant with ductile fracture, although there
are some differences in density of dimples and nature of the crack propagation.
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Figure 4.36 shows fracture surface images at high magnification of the GMAW Charpy V-
notch specimens presented above. The images represent the fracture surfaces in the center
of the specimens, a certain distance away from the notch.
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Figure 4.36: Fracture surfaces of the GMAW Charpy V-notch specimens.

The close-ups of the fracture surfaces of the Charpy specimens in Figure 4.36 represent the
fracture surfaces approximately in the center of the specimens. The fracture surface images
support the previous observations that the BM Charpy specimens have higher ductility
compared to the FZ and the HAZ specimens. This is based on a consideration of the
density of dimples and the measured energy absorption.
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4.5.2 FSW

Figure 4.37 shows macro images of a selection of the FSW Charpy V-notch specimens
after testing. The figure includes images of base metal specimens representing the trans-
verse and the longitudinal specimen orientations, a SZ specimen with notch in the center
of the stir zone, and a HAZ/TMAZ specimen representing the longitudinal specimen ori-
entation.

(a) Base metal. Transverse speci- (b) Base metal. Longitudinal spec-
men orientation. imen orientation.

(c) Stir zone (SZ) (d) HAZ/TMAZ

Figure 4.37: Macro images of the FSW Charpy V-notch specimens after testing.

It i evident from Figure 4.37 that all specimens exhibit different fracture appearances. The
BM specimen shown in Figure 4.37a has a fracture path diagonal to the extrusion direc-
tion. While the other BM specimen (Figure 4.37b) and the HAZ/TMAZ specimen (Figure
4.37d) have more uneven fracture paths. These specimens have the notch orientated trans-
verse to the extrusion direction. Still, some similarities in the fracture paths can be found
at the end of the crack. The major difference is the location of the notch, where parts of
the HAZ/TMAZ specimen notch is located at the end of the stir zone. The SZ Charpy
specimen (Figure 4.37c) was the only specimen still being unbroken after testing (this is
true for two of three parallels). All the specimens show signs of compression at the end of
the crack.

In general, the fracture appearances of the FS Charpy specimens are different compared to
the GMA Charpy specimens. Also the base metal specimens are different.
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Figure 4.38 shows the energy absorption of the selected FS Charpy specimens obtained
using the Charpy V-notch test. In addition, the results for all the specimens tested can be
found in Table A.10 in the Appendix.
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Figure 4.38: Energy absorption of the FSW Charpy specimens presented in Figure 4.37.

It is evident from Figure Figure 4.38 that the BM specimen with the notch orientated trans-
verse to the extrusion direction, and the HAZ/TMAZ specimen absorbed most energy, with
measured values of 6.0 and 6.1 J, respectively. As already mentioned, the SZ specimen
was still unbroken after testing, although the energy absorption was lower compared to
many of the other specimens.

Despite some differences in fracture appearance, the base metal Charpy specimens for
both FSW and GMAW had similar values of energy absorption, with only a slight dif-
ference between the BM specimens with the notch orientated transverse to the extrusion
direction. The SZ specimen absorbed more energy compared to the FZ specimen. And
the HAZ/TMAZ specimen absorbed more energy compared to the GMAW HAZ speci-
men.

Figures 4.39 to 4.42 show the fracture surfaces of the FSW Charpy specimens (presented
above) after testing. The figures include an overview of the fracture surfaces with an
outlined area at higher magnification. This area corresponds to the notch, where fracture
initiates.
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Figures 4.39 shows the fracture surface overview of the BM Charpy specimen representing
the transverse specimen orientation.

ENT=1500kV  SglA=SE2  DateS.m2013 ®NTNU ENT® 15000 SowIA=SE2  Dote un2013 ®NTNU
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Figure 4.39: Fracture surface of the BM specimen representing the transverse specimen orientation,
including an outlined area of the notch at high magnification. The crack propagates from right to
left. (The scale bars in lower left corner are 1mm and 3 pm, respectively).

The overview of the BM specimen in Figure 4.39 shows little or no signs of contraction
(reduction in area) at the specimen surface. Still, there is some degree of compression
at the end of the crack. A vague line can be seen from which the crack initiates and
propagates throughout the specimen. The crack has propagated in the same manner as
for the GMAW BM Charpy specimen representing the same specimen orientation (see
Figure 4.32). The fracture surface at the notch is covered by relatively large dimples being
surrounded by smaller dimples in-between the large ones.

Figure 4.40 shows the fracture surface overview of the BM Charpy specimen representing
the longitudinal specimen orientation.

EHT=2000K SgIA=SE2  Date 5un2013 ® NTNU T ENT=2000k  SGUIIA=SEZ  Date 642013 NTNU
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Figure 4.40: Fracture surface of the BM specimen representing the longitudinal specimen orienta-
tion, including an outlined area of the area of the notch high magnification. The crack propagates
from right to left. (The bars in lower left corner are 1mm and 2 pm, respectively).

In Figure 4.40, the point where the crack has initiated is visible. The specimen has experi-
enced little reduction in area, but there are some signs of contraction/expansion at the end
of the crack. It appears that the close-up of the fracture surface at the crack opening have

60



been taken closer to the bottom of the notch. In this area less plastic deformation can be
observed.

Figure 4.41 shows the fracture surface overview of the SZ Charpy specimen, where the
notch is located in the joint.

EWT=2000kV SignalA=SE2  Date 28 May 2013 ®
WD =288 mm Mag= 16X

Figure 4.41: Fracture surface of the SZ specimen, including an outlined area at high magnification.
The crack propagates from right to left. (The scale bars in lower left corner are 1mm and 2 pm,
respectively).

The overview of the SZ specimen fracture surface in Figure 4.41 shows that the specimen
surface across the whole specimen has undergone plastic deformation during testing. This
is confirmed by the visible reduction in area, and the obvious compression/expansion at
the end of the crack. As stated previously, this specimen was still intact after testing,
which explains the large expansion at the edge of the crack. The fracture surface at the
crack opening is covered with different types of dimples, i.e. some large dimples (5-10
pm) being surrounded by smaller ones in-between.

Figure 4.42 shows a fracture surface overview of the HAZ/TMAZ Charpy specimen rep-
resenting the longitudinal direction.

oo coaream oo @NTNU | pg o ponssesow @ NTNU

WD =307 mm

Figure 4.42: Fracture surface of the HAZ/TMAZ Charpy specimen representing the longitudinal
specimen orientation. The crack propagates from right to left. (The bar in the lower left corner is
Imm and 2 pm,respectively.
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It follows from Figure 4.42 that the surface has been affected by the test to a different extent
across the specimen. Reduction in area is most evident towards the end of the crack, where
severe compression/expansion has plastically deformed the surrounding material. At the
notch, the fracture surface is covered by dimples similar to the FZ specimen. The largest
dimples are not present in the HAZ/TMAZ specimen. The crack has propagated from the
center of the notch.

Figure 4.43 shows the fracture surfaces of the same FSW Charpy specimens presented
above. These images are representative of the fracture surfaces in the center of the speci-
mens, at a certain distance away from the notch.

ENT=1500W SomlA=SEZ Date 52013
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(c¢) Stir zone (d) HAZ/TMAZ

Figure 4.43: Fracture surfaces images of the FSW Charpy V-notch specimens after testing. (The
scale bar in the lower left corner is 2 pm)

The transverse BM Charpy specimen in Figure 4.43a appears to have a fracture surface
covered by dimples of different sizes. Some larger dimples with faceted appearance are
surrounded by smaller dimples. The same is also observed for the longitudinal BM spec-
imen. But in this case the fracture surface has a higher density of large dimples. The
SZ and HAZ/TMAZ Charpy specimens (Figures 4.43c and 4.43d) appear to have similar
fracture surfaces despite the pertinent difference in the energy absorption. Both specimens
have a high density of small dimples surrounding the larger dimples, but the HAZ/TMAZ
specimen has an overall higher dimple density.
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Chapter

Discussion

In the following chapters, the results from the hardness, tensile and Charpy V-notch testing
will be discussed and analyzed. The mechanical properties of the GMA and FS weldments
obtained in the tensile and the Charpy V-notch testing will be compared. The hardness pro-
files have been used to calculate the HAZ yield stress profiles, and the results will be com-
pared with the yield stress measured in the tensile testing. This analysis is accompanied
by a case study of the load-bearing capacity of the joints.

5.1 Comparison of mechanical properties between the GMA
and the FS weldments

To keep the HAZ and the HAZ/TMAZ tensile specimens separated, the HAZ/TMAZ ten-
sile specimens, as defined in the results, have been redefined as TMAZ.

Figure 5.1 shows a comparison in the average stress at offset yield between the GMAW
and FSW tensile specimens representing the transverse and the longitudinal direction, re-
spectively.
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Figure 5.1: Average stress at offset yield for the FS and the GMA tensile specimens representing
the transverse and the longitudinal direction, respectively. (The error bars represent the standard
deviation).

The yield stress for the BM tensile specimens, shown in Figure 5.1a and 5.1b, indicates a
small but significant difference in the base metal yield stress in both directions. This can be
a result of the sheets being heat-treated separately. And this is a general observation of the
base metal, also in the following results. Moreover, it is evident that the welds experience
severe strength reduction in the HAZ, as confirmed by the cross-weld tensile specimens.
The strength reduction in the GMA and the FS welds was approximately 43 and 34%,
respectively. The HAZ/TMAZ specimens tested in the transverse direction were similar
to the FZ/SZ specimens. The difference was that the HAZ/TMAZ tensile specimens only
covered one side of the weld. Based on this, it is not certain that all the parallels covered
the softest part of the HAZ. Therefore, the calculations of strength reduction are based on
the FZ/SZ tensile specimens representing the transverse direction.

64



The HAZ and the TMAZ tensile specimens tested in the longitudinal direction were sup-
posed to sample the weakest part of HAZ. But it was not possible to cut the samples from
the sheets without including parts of the weld zone. The FZ and the SZ tensile specimens
representing the longitudinal direction were also slightly undefined, since the dimensions
of the specimens were too large to only cover the weld. This can explain some of the
varying results obtained for the HAZ/TMAZ and the FZ/SZ specimens tested in the longi-
tudinal direction.

Figure 5.2 shows the average tensile strength for the FS and the GMA welds in the trans-
verse and the longitudinal direction, respectively.
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Figure 5.2: Average tensile strength for the FS and the GMA welds in the transverse and the longi-
tudinal direction, respectively. (The error bars represent the standard deviation).

As shown in Figure 5.2, there are no major differences in tensile strength between the
two types of welds. But a strength reduction in the welds is also evident here. The re-
duction in tensile strength for the GMA and the FS weld is approximately 30 and 22%,

65



respectively.

Tensile strength reflects the work hardening behavior of the material, i.e. the maximum
stress before it breaks. In engineering design yield stress is more important, since it is a
measure of the materials ability to deform plastically.

Figure 5.3 shows the average strain at fracture for the FS and the GMA tensile specimens
representing the transverse and the longitudinal direction, respectively.
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Figure 5.3: Average strain at fracture for the FS and the GMA tensile specimens representing the
transverse and the the longitudinal direction, respectively. Note that the axis have different scaling.
(The error bars represent the standard deviation).

As shown in Figure 5.3, a reduction in strain at fracture can be observed for the cross-weld
tensile specimens. In this case the reduction in strain at fracture for the GMA and the FS
weldments is 56 and 59%, respectively. This shows that the FS welds fracture first, which
is slightly deviant when considering the higher HAZ strength levels observed for these
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weldments. Furthermore, it can be observed from Figure 5.3b that the joints have a higher
strain at fracture compared to the base metal.

Figure 5.4 shows the average reduction in area for the FS and the GMA tensile specimens
representing the transverse and the longitudinal direction, respectively.
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Figure 5.4: Average reduction in area for the FS and the GMA tensile specimens representing the
transverse and the the longitudinal direction, respectively. (The error bars represent the standard
deviation).

The reduction in area is a more accurate measure of ductility compared to strain at fracture,
since it accounts for the material contraction in both directions of the specimen. As shown
in Figure 5.13a, the reduction in area for the cross-weld specimens is close to that of the
base metal. The FS welds show even higher values compared to the base metal. This
shows that low strain at fracture found for the cross-weld specimens is not necessarily a
sign of low ductility.
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Figure 5.5 shows the average energy absorption of the GMA and the FS Charpy V-notch
specimen.
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Figure 5.5: Average energy absorption of the FS and the GMA Charpy V-notch specimen.

As shown in Figure 5.5, the average energy absorption of the GMA and the FS weldments
is in general very low. But it gives a basis for comparing the base metal and the welds.
As expected, the FZ specimen absorbed less energy compared to all the other specimens.
This is basically because the fusion zone is in a so-called as-cast state, which affects the
ductility.

Table 5.1 summarizes the reduction/increase in mechanical properties of the GMA and
the FS weldments, considering the differences between the cross-weld tensile specimens
and the base metal. Here, red numbers represent reduction, while blue numbers represent
increase.

Table 5.1: Summary of the reduction/increase in mechanical properties of the joints, based on an
evaluation of the cross-weld tensile specimens.

Reduction/increase [%] Welding technique
GMAW  FSW

Yield stress 43 30
Tensile strength 30 22
Strain at fracture 56 59
Reduction in area 0.36 0.8
Energy absorption 0.31 0.15
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Table 5.1 shows that the FS weldments in general have better mechanical properties com-
pared to the GMA weldments. And even a small increase in the reduction in area of the
FS cross-weld tensile specimens can be observed. The same is also true for the energy
absorption in the welds.

5.2 Hardness profiles and yield stress

5.2.1 Comparison of the hardness profiles

Figure 5.6 shows a comparison of the resulting hardness profiles for the GMA and the FS
weldments, where the total width of the HAZ is indicated by the dashed lines.
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Figure 5.6: Comparison of the hardness profiles for the GMA and the FS weldments. The dashed
lines are indicating the total width of the HAZ.

This comparison shows that the HAZ for the GMA weldments is much wider than for the
FS weldments. The minimum HAZ hardness of the GMA weldments is located at the

69



same distance from the center of the weld where full recovery of the base metal hardness
of the FS weldments can be observed. But in despite of the large difference in the width
of the HAZ, both welding techniques give a considerable HAZ strength reduction.

In Figure 5.7, a macro image of a GMA welded tensile specimen oriented transverse to the
welding direction is shown.

Figure 5.7: Macro image of a GMA tensile specimen oriented transverse to the welding direction.
The dashed lines indicate the location of the center of the weld and the location of the fracture.

It is evident from Figure 5.7 that the fracture is located approximately 10 mm from the
center of the weld. This corresponds to the location of the minimum HAZ hardness from
the hardness profile.

Figure 5.8 shows a macro image of a FS tensile specimen oriented transverse to the weld-
ing direction. The location of the fracture is indicated in the image.

Figure 5.8: Macro image of a FS tensile specimen oriented transverse to the welding direction. The
location of the fracture is indicated.

In agreement with the HAZ hardness profile in Figure 5.6, necking of the transverse SZ
tensile specimens occurs in the weakest part of the weld (at or close to the HAZ/TMAZ
boundary). This is true for all the cross-weld SZ tensile specimens tested (see Figure
A.11b in the Appendix), and it is supported by observations of others [14, 46].

The pertinent difference in the HAZ width between GMAW and FSW can also be ex-
plained by considering the peak temperature distribution around the welds. Figures 5.9 and
5.10 show schematic illustrations of the response of a peak-aged Al-Mg-Si alloy to GMAW
and FSW, respectively. The sketches are correlations between the peak-temperature (7),)
distribution around the weld and the quasi-binary Al-Mg,Si phase diagram. A final sketch
of the strength profile after complete natural ageing is also included.
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Figure 5.9: Schematic illustration of the response of a peak-aged Al-Mg-Si alloy to GMAW [5].
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Figure 5.10: Schematic illustration of the response of a peak-aged Al-Mg-Si alloy to FSW [5].
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In GMA weldments, as illustrated in Figure 5.9, the hardening 8" and (3’ precipitates
present in the partly reverted region, after artificial ageing, become thermodynamically
unstable and start to dissolve. This is causing a strength reduction in the material close
to/at the fusion line [5]. This can be observed in Figure 5.6, at the point where the hardness
drops to 63 HV. In addition, some strength recovery may occur between the fusion line and
the minimum HAZ hardness, due to following natural ageing of the material in as-welded
condition. This is also observed in Figure 5.6, at the point where the hardness reach
approximately 77 HV.

In the FS weldments, as illustrated in Figure 5.10, the FZ is replaced by a TMAZ where
the partly melted region is eliminated. This is because the peak temperature in FSW,
in practice, never exceeds the eutectic temperature 7, [5, 14]. By eliminating the partly
reverted region, the total width of the HAZ in FS weldments becomes smaller compared
that observed in the GMA weldments.

5.2.2 Relationship between hardness profiles and yield stress

Figure 5.11 shows the resulting yield stress profiles based on the HAZ hardness profiles,
using Equation 2.3 found in Chapter 2. The figure includes plotted values for the base
metal yield stress oy, and the minimum HAZ yield stress o, In addition, all the calcu-
lated yield stress values can be found in Tables A.11 and A.12 in the Appendix.
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Figure 5.11: Yield stress profiles based on the GMA and the FS hardness profiles.
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Table 5.2 summarizes the base metal yield stress o; and the minimum HAZ yield stress
omin found in the yield stress profiles and measured from the tensile testing.

Table 5.2: Summary of the yield stress calculated from the HAZ hardness profiles and measured
from the tensile testing of the GMA and the FS welds.

Yield stress [MPa]
From yield stress profiles From tensile testing

gy Tmin Jp O min
GMAW 239 131 250 143
FSW 247 165 242 159

From Table 5.2, it is observed that the base metal yield strength o, and the minimum
HAZ yield strength o, calculated from the hardness profiles, is in accordance with the
yield stress measured for the BM and FZ/SZ the tensile specimens representing the trans-
verse direction. Slightly higher minimum HAZ yield stress o, can be found for the FS
weldments, both from the yield stress profiles and the tensile testing.

Table 5.3 summarizes the total strength reduction in the GMA and the FS weldments. The
calculations are based on the yield strength found for the metal yield strenght o, and the
minimum HAZ yield strength o, from the yield stress profiles and from the transverse
tensile specimens.

Table 5.3: Total strength reduction based on the yield stress found in the yield stress profiles and
measured for the tensile specimens representing the transverse direction.

Strength reduction [ %]

From yield stress profiles From tensile testing
GMAW 45 43

FSW 33 34

From Table 5.3 it is evident that both welding techniques give a significant strength reduc-
tion in the as-welded condition. This must be accounted for in mechanical design.
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5.3 Load-bearing capacity of GMA and FS welds

Figure 5.12 shows the assumed dimensions of the AA6082-T6 sheets to be tested subse-
quent to GMA and FS welding. The figure represents the weldments perpendicular and
parallel to the weld.

el
Vara
( /
b
50 mm
(a) Loading perpendicular to weld (b) Loading parallel to weld

Figure 5.12: Assumed dimensions of the AA6082 sheets subsequent to GMA and FS welding,
where the loading is perpendicular and parallel to the weld, respectively.

The sheets illustrated in Figure 5.12, together with the base metal yield stress o}, and the
minimum HAZ yield stress oy, from the tensile testing (found in Table 5.2), are being
used as a basis in the calculations of load-bearing capacity and the necessary increase in
cross-sectional area AA.

5.3.1 Loading perpendicular to weld

When the loading is perpendicular to the weld, as shown in Figure 5.12a, the load-bearing
capacity can be calculated by inserting the minimum HAZ yield stress o, and the cross-
sectional area (dW) into Equation 2.5. The load-bearing capacity of the GMA and FS
weldmenst is 22 (21.5) and 24 (23.9) kN, respectively.

AA is the necessary increase in cross-sectional area to maintain the load-bearing capacity
after HAZ softening. The general expression for the base metal load is:

P:O'bA

and from Equation 2.5:

P =0,indW = Umin(A + AA)
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which leads to

Omin(A+ AA) = g, A

This in turn, gives the expression for the necessary increase in cross-sectional area AA
when the loading is perpendicular to the weld:

AL o,

A Omin

-1 (5.1

When using Equation 5.1, the necessary increase in cross-sectional area for the GMA and
the FS weldments becomes 75 and 52%, respectively.
5.3.2 Loading parallel to weld

Figure 5.13 shows the the equivalent half width the reduced strength zone y? , of minimum
strength ,,;, based on the yield stress profiles of the GMA and the weldments.
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Figure 5.13: Approximate equivalent half width of reduced strength zone y:? , of minimum strength
Omin, based on the yield stress profiles of the GMA and the FS weldments.
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From Figure 5.13, the equivalent half width of reduced strength zone y:?, for the GMA
and the FS welds corresponds to 11 and 6 mm, respectively. y'¢ , can be further used when
calculating the load-bearing capacity when the loading is parallel to the weld.

When the loading is parallel to the weld, as shown in Figure 5.12b, the load-bearing capac-
ity can be calculated based on the reduced cross-sectional area A,.4. The values needed
for calculating the reduced cross-sectional area A,..q are summarized in Table 5.4.

Table 5.4: Values to be inserted when calculating the reduced cross-sectional area A,cq.

GMAW FSW
A 150 150
o 250 242

Omin 143 159
yeds 11 6

3 057  0.66

When inserting the values from Table 5.4 into Equation 2.6, the reduced cross-sectional
area A,..q for the GMA and the FS weldments is 122 and 138 mm?, respectively. The the
reduced cross-sectional area A,..4 replaces the cross-sectional area A (dW) from Equation
2.5, and the minimum HAZ yield stress o, is replaced by the base metal strength .
The load-bearing capacity of the GMA and the FS welds with loading parallel to the weld
is 31 (30.5) and 33 (33.4) kN, respectively.

Equation 2.6 is used as a basis when finding the expression for the necessary increase in
cross-sectional area AA:

Apg = A — Qy:gdd(l - B)

and

A=Apq+ AA=dW,

where

Ared - Ared + AA - deq d(l - ﬁ)

red
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This in turn, gives the expression for the necessary increase in cross-sectional area AA
when the loading i parallel to the weld:

AA _ 2480,d(1- )

1 Wo (5.2)

W is the total width of the sheets. When using Equation 5.2, the necessary increase in
cross-sectional area for the GMA and the FS weldments becomes 57 and 24%, respec-
tively.

Table 5.5: Summary of the load-bearing capacity and the necessary increase in cross-sectional area
AA for the GMA and the FS weldments with loading perpendicular and parallel to the weld.

Loading GMAW FSW

Perpendicular

P [kN] 22 24
AA/A [%] 75 52
Parallel

P [kN] 31 33
AA/A [%] 57 24

From table 5.5, it is evident that the FS welds exhibit higher capacity compared to the
GMA welds, under otherwise identical conditions.
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Chapter

Conclusion

The results from the hardness, and the mechanical testing can be summarized as fol-
lows:

e The results from the hardness testing show that HAZ softening is significant both for
the GMA and the FS weldments. Still, the total HAZ width of the FS weldments is
much smaller compared to that observed for the GMA weldments. And the FS welds
have overall higher strength in the stir zone and the HAZ, compared to that observed
in the corresponding zones (fusion zone and HAZ) of the GMA weldments.

e The base metal yield strength o} and the minimum HAZ yield strength 0,,;, cal-
culated from the GMA and the FS HAZ hardness profiles, is in accordance with
the yield strength measured for the tensile specimens tested transverse to the weld-
ing/extrusion direction. The total strength reduction in the GMA and the FS weld-
ments is 43 and 34 %, respectively. This significant strength reduction in the HAZ
must be accounted for in mechanical design.

e It has been concluded that the FS weldments in general have slightly better me-
chanical properties compared to the GMA weldments. And even a small increase
in reduction in area can be observed for the FS welds compared to the base metal.
From the fracture strain data, it appears that the fracture in the FS cross-weld tensile
specimens occur at an earlier point compared to the GMA cross-weld specimens.
But the deviations in the strain at fracture measurements must be taken into consid-
erations.

e The FS welds have higher ductility compared to the GMA welds. This is based
on the measured reduction in area of the FZ/SZ tensile specimens representing the
longitudinal direction, and the energy absorption observed for the welds. In addi-
tion, the fracture surfaces of the FS welds is covered with a higher density of small
dimples, which in turn is a sign of better ductility.

e The load-bearing capacity has been calculated for the GMA and the FS welds with
loading both perpendicular and longitudinal to the weld. The calculated load-bearing
capacity for the GMA and the FS welds with loading perpendicular to the weld is 22
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and 24 kN, respectively. The corresponding necessary increase in the cross-sectional
area AA is 75 and 52%, respectively. When the loading is parallel to the weld, the
load-bearing capacity of the GMA and FS weldments is to 31 and 33 kN, respec-
tively. The corresponding necessary increase in the cross-sectional area AA was 57
and 24%, respectively. This shows that the FS weldments exhibit higher capacity
compared to the GMA weldments under identical conditions.
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Appendix

Samples for tensile and Charpy V-notch test
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Figure A.1: Location and orientation of specimens used for the tensile and Charpy V-notch testing

of the GMAW weldments.
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Figure A.2: Location of samples used for the tensile and Charpy V-notch testing of the FS welded

plates.
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Hardness measurements of the GMA and the FS weldments

Table A.1: Individual hardness measurements of the GMA weldments.

Distance [mm] Hardness [HV] Distance [mm] Hardness [HV]

0 65 0 65
-1 63 1 63
-2 63 2 63
-3 78 3 74
-4 75 4 77
-5 73 5 77
-6 71 6 74
-7 69 7 70
-8 64 8 64
-9 62 9 57
-10 62 10 60
-11 65 11 64
-12 70 12 69
-13 76 13 75
-14 81 14 79
-15 87 15 84
-16 89 16 89
-17 94 17 90
-18 96 18 94
-19 95 19 95
-20 95 20 95
-21 97 21 95
-22 96 22 95
-23 96 23 96
-24 97 24 95
-25 97 25 95
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Table A.2: Individual hardness measurements of the FS weldments.

Advancing side

Retreating side

Distance [mm] Hardness [HV] Distance [mm] Hardness [HV]
0 84.3 0 84.3
-1 83.3 1 83.0
-2 80.7 2 80.1
-3 75.1 3 79.6
-4 73.1 4 80.4
-5 71.8 5 72.0
-6 69.9 6 71.9
-7 85.5 7 80.3
-8 95.7 8 92.9
-9 97.8 9 98.6

-10 97.0 10 97.2
-11 96.6 11 98.3
-12 96.5 12 96.0
-13 96.2 13 95.4
-14 97.6 14 94.3
-15 95.7 15 96.9
-16 96.4 16 96.1
-17 95.9 17 97.6
-18 96.4 18 95.4
-19 96.1 19 98.2
-20 95.8 20 94.6
-21 96.3 21 92.1
-22 96.5 22 91.9
-23 95.4 23 91.6
-24 96.6 24 92.9
-25 96.6 25 91.8
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Stress-strain curves and mechanical properties of the GMA
weldments
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Figure A.3: Stress-strain curves for the base metal tensile specimens tested transverse to the extru-
sion direction. Included is also a macro image of the test specimens subsequent to testing. (Parallel
1 is presented in the report).
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Figure A.4: Stress-strain curves for the base metal tensile specimens tested longitudinal to the
extrusion direction. Included is also a macro image of the specimens subsequent to testing. (Parallel

1 is presented in the report).
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Figure A.5: Stress-strain curves for the fusion zone tensile specimens tested transverse to the weld.

Included is also a macro image of the specimens subsequent to testing. (Parallel 1 is presented in the
report).
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Figure A.6: Stress-strain curves for the fusion zone tensile specimens longitudinal to the weld-
ing/extrusion direction. Included is also a macro image of the specimens subsequent to testing.
(Parallel 1 is presented in the report).
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Figure A.7: Stress-strain curves for the HAZ tensile specimens tested transverse to the weld-
ing/extrusion direction. Included is also a macro image of the specimens subsequent to testing.
(Parallel 2 is presented in the report).
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Figure A.8: Stress-strain curves for the HAZ tensile specimens tested longitudinal to the weld-
ing/extrusion direction. Included is also a macro image of the specimens subsequent to testing.
(Parallel 1 is presented in the report).
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Table A.3: Tensile properties of the GMA weldments.

Location/orientation Tensile properties [MPa]
Base metal Stress at offset yield Tensile strength
Transverse 250.0 301.4
247.1 293.6
253.8 303.9
Longitudinal 2514 302.7
249.5 300.8
251.5 303.1
Fusion zone
Transverse 140.6 205.3
144.9 213.2
143.1 208.5
Longitudinal 141.5 2473
143.3 244 .4
140.1 245.9
HAZ
Transverse 177.1 218.2
171.6 216.7
175.5 220.0
Longitudinal 136.1 240.4
131.8 220.3
132.5 232.0
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Table A.4: Strain at fracture for the GMA weldments.

Location/orientation Strain at fracture [ %]
Base metal Last measured value Defined by extensometer
Transverse 12.65
7.15
13.71
Longitudinal 13.46
9.92
14.10
Fusion zone
Transverse 4.78 4.5
5.32 5.1
4.65 4.6
Longitudinal 14.24 14.7
10.88
17.73 17.1
HAZ
Transverse 2.86 2.7
3.32 3.2
2.75
Longitudinal 15.62 15.3
8.98 9.3
18.87 18.7
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Table A.5: Reduction in area for the GMA weldments, including data for the cross-sectional area
before and after testing.

Location/orientation Cross-sectional area [mm?]

Base metal Before A; After Ay Reduction in area

Transverse 38.47 29.41 23.6
38.73 32.50 16.1
37.91 27.55 27.4

Longitudinal 38.60 27.08 29.9
39.28 27.35 304
38.63 28.16 27.1

Fusion zone

Transverse 24.83 20.73 16.5
30.86 23.75 23.0
29.71 22.32 249

Longitudinal 25.09 22.01 12.3
31.15 25.62 17.7
27.16 20.52 24.5

HAZ

Transverse 28.78 21.59 25.0
32.28 24.00 25.6
28.71 20.74 27.8

Longitudinal 29.84 22.68 24.0
33.06 25.72 222
33.17 23.54 29.0
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Stress-strain curves and mechanical properties of the FS
weldments

w
Y
S

_ [ Y ) [ 3
ey =3 N %
=) S S S

Stress [MPa]

)
S

~—Parallel 1
—Parallel 2
~Parallel 3

%
S

N
=

o

0 2 4 6 8 10 12 14
Strain [%]

(a)

(b)

Figure A.9: Stress-strain curves for the base metal tensile specimens tested transverse to the weld-
ing/extrusion direction. Included is also a macro image of the test specimens subsequent to testing.
(Parallel 2 is presented in the report).
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Figure A.10: Stress-strain curves for the base metal tensile specimens tested longitudinal to the
welding/extrusion direction. Included is also a macro image of the test specimens subsequent to
testing. (Parallel 1 is presented in the report).
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Figure A.11: Stress-strain curves for the SZ tensile specimens tested transverse to the welding
direction. Included is also a macro image of the specimens subsequent to testing. (Parallel 3 is
presented in the report)
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Figure A.12: Stress-strain curves for the SZ tensile specimens tested longitudinal to the welding
direction. Included i also a macro image of the specimens subsequent to testing. (Parallel 2 is
presented in the report).
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Figure A.13: Stress-strain curves for the HAZ/TMAZ tensile specimens tested transverse to the
welding/extrusion direction. Included is also a macro image of the specimens subsequent to testing.
(Parallel 2 is presented in the report).
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Figure A.14: Stress-strain curves for the HAZ/TMAZ tensile specimens tested longitudinal to the

welding/extrusion direction. included is also a macro image of the specimens subsequent to testing.
(Parallel 1 is presented in the report).
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Table A.6: Tensile properties of the FS weldments.

Location/orientation Tensile properties [MPa]
Base metal Stress at offset yield Tensile strength
Transverse 237.0 281.6
248.1 295.5
239.9 284.0
Longitudinal 249.1 298.0
232.5 279.8
250.5 297.9
Stir zone
Transverse 159.1 222.0
158.2 2249
160.0 224.4
Longitudinal 146.3 229.8
149.3 235.9
150.4 234.2
HAZ/TMAZ
Transverse 223.5
182.2 216.7
216.1
Longitudinal 195.0 249.5
192.8 246.4
200.0 255.4
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Table A.7: Strain at fracture for the FS weldments.

Location/orientation Strain at fracture [ %]
Base metal Last measured value Defined by extensometer
Transverse 7.97
12.66
7.13
Longitudinal 12.69
13.06
11.58
Stir zone
Transverse 2.86 2.6
448 4.2
3.97
Longitudinal 18.85 18.4
20.48 19.8
22.03 22.1
HAZ/TMAZ
Transverse 0.39 04
2.52
0.40 0.5
Longitudinal 11.71
11.98 11.6
12.10
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Table A.8: Reduction in area for the FS weldments.

Location/orientation  Cross-sectional area [mm?]

Base metal Before A; After A, Reduction in area

Transverse 38.19 31.68 17.1
38.21 30.66 19.8
37.89 33.26 12.2

Longitudinal 38.15 31.15 18.4
38.57 27.69 28.2
38.47 30.88 19.7

Stir zone

Transverse 37.26 33.33 10.6
37.26 28.63 23.2
37.32 30.12 19.3

Longitudinal 37.90 28.35 25.2
38.22 25.97 32.1
37.89 25.56 34.2

HAZ/TMAZ

Transverse 32.86 23.43 28.7
32.89 19.74 40.2
32.33 17.98 44 .4

Longitudinal 31.46 17.93 43.0
29.98 17.18 42.7
33.18 21.81 343
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Additional fracture surface images of the GMA tensile spec-
imens
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Figure A.15: Additional fracture surface overview of the BM tensile specimens representing the (a)
transverse and (b) longitudinal direction.
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Figure A.16: Additional fracture surface overview of the FZ tensile specimens representing the (a)
transverse and (b) longitudinal direction.
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Additional fracture surface images of the FS tensile speci-
mens

EHT=2000kv SignalA=SE2  Date:10Jun 2013
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Figure A.17: Additional overview of the BM tensile specimens representing the (a) transverse, and
the (b) longitudinal direction.

Figure A.18: Surface of the BM tensile specimen representing the transverse direction.
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Figure A.19: Additional overview of the SZ tensile specimens representing the (a) transverse, and
the (b) longitudinal direction.
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Figure A.20: Additional overview of the fracture surface found in the SZ tensile specimens repre-
senting the longitudinal direction.
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Charpy V-notch results

Table A.9: Charpy V-notch results for the GMA weldments.

Location/notch orientaion Energy absorption [J]

Base metal

Transverse 7.16
7.25
5.56

Longitudinal 5.07
498
4.65

Fusion zone

Transverse

Longitudinal 3.02
3.42
3.75

HAZ

Transverse 4.24
4.16
391

Longitudinal
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Table A.10: Charpy V-notch results for the FS weldments.

Location/notch orientation Energy absorption [J]

Base metal

Transverse 5.98
6.32
5.73

Longitudinal 5.23
4.57
4.73

Stir zone

Transverse

Longitudinal 5.73
5.15
5.65

HAZ

Transverse 6.07
6.74
6.23

Longitudinal




Yield stress calculations based on the HAZ hardness pro-
files

Table A.11: Calculated yield stress from the GMAW HAZ hardness profiles

From weld center  Yield Stress

[mm] [Mpa]
0 147 147
1 141 141
2 141 141
3 186 174
4 177 183
5 171 183
6 165 174
7 159 162
8 144 144
9 138 123
10 138 132
11 147 144
12 162 159
13 180 177
14 195 189
15 213 204
16 219 219
17 234 222
18 240 234
19 237 237
20 237 237
21 243 237
22 240 237
23 240 240
24 243 237
25 243 237
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Table A.12: Calculated yield stress from the FSW hardness profiles.

From weld center  Yield stress
[mm] [Mpa]

0 205 205
1 202 201
2 194 192
3 177 191
4 171 193
5 167 168
6 162 168
7 209 193
8 239 231
9 245 248
10 243 244
11 242 247
12 242 240
13 241 238
14 245 235
15 239 243
16 241 240
17 240 245
18 241 238
19 240 247
20 239 236
21 241 228
22 242 228
23 238 227
24 242 231
25 242 227
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