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Abstract

This paper investigates three different local heat treatments in combination with
an aging process referred to as post weld heat treatment (PWHT) for improving
the strength and ductility of welded 6082-T6 aluminium. The three methods aim
to manipulate the geometry of the heat affected zone (HAZ) and involves heat in-
troduced locally by cross welds perpendicular to the joining weld, longitudinal laser
parallel to the weld and a laser pattern of many short laser lines. The experimental
work involves microstructural examination of the weld, extensive hardness testing,
and tensile testing using digital image correlation (DIC). Lastly, predictive models
are used to predict the temperature response and resulting hardness due to the
thermal cycles of welding and laser treatment.

The PWHT increases the strength significantly, and both strength and ductility
are affected by the local heat treatments. Cross welds show the most promising
results, where all specimens show significant improvements in ductility and an
increase in ultimate tensile strength of more than 10 MPa. In combination with
PWHT, the cross welds increase the ultimate tensile strength by 47 MPa, and the
fracture strain is improved by 120%. The HAZ geometry is highly affected by the
cross welds, causing strain to localize at several locations. The longitudinal laser
indicates a small increase in strength and ductility, depending on laser powers,
and further investigation of this method is required to conclude on the effects. The
laser pattern changes the strain distribution and improves ductility slightly, but the
laser power is likely too low to increase global strength significantly. Predictions of
the peak temperatures are considered adequate, and the hardness predictions show
good correspondence with the measured data and estimate the width of the HAZ
remarkably precisely.
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Sammendrag

Denne oppgaven undersgker tre ulike lokale varmebehandlinger i kombinasjon med
en utherdingsprosess etter sveising for a forbedre styrken og duktiliteten til sveiset
6082-T6 aluminium. De tre metodene skal manipulere geometrien til den varme-
behandlede sonen og involverer varme introdusert lokalt ved sveiser pa tvers av
sammenfgyningssveisen, langsgéende laserlinjer parallelt med sveisen og et laser-
mgnster av mange korte laserlinjer. Det eksperimentelle arbeidet involverer en
mikrostrukturanalyse av sveisen, omfattende hardhetstesting, samt strekktesting
ved hjelp av DIC-analyse (eng: digital image correlation). Til slutt brukes predik-
tive modeller til & forutsi temperaturfordelingen og resulterende hardhet som fglge
av termiske sykluser fra sveising og laserbehandling.

Utherdingsprosessen etter sveising gker styrken betydelig, og bade styrke og duk-
tilitet er pavirket av de lokale varmebehandlingene. Tverrsveisene viser mest lovende
resultater, hvor alle prgvene viser signifikante forbedringer i duktilitet og en gkning
i maksimal strekkstyrke pa mer enn 10 MPa. I kombinasjon med utherdingen, fgrer
tverrsveisene til en gkning pa opptil 47 MPa i strekkfasthet, samt en 120 % gkning
i toyning ved brudd. Geometrien til den varmepavirkede sonen er sterkt pavirket
av tverrsveisene, noe som gjor at tgyningslokaliseringer oppstar flere steder. Be-
handlingen med langsgaende laser indikerer en liten gkning i styrke og duktilitet,
avhengig av laserkraften, og det er ngdvendig med neermere undersgkelser av denne
metoden. Lasermgnsteret endrer tgyningsfordelingen og forbedrer duktiliteten noe,
men lasereffekten er sannsynligvis for lav til & gi en betydelig gkning i global styrke.
Estimeringen av maksimal temperatur anses & veere tilstrekkelig, og de simulerte
hardhetsverdiene viser god overensstemmelse med de malte dataene og klarer &
forutse rekkevidden av varmepavirket sone veldig ngyaktig.
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1. Introduction

1 Introduction

1.1 Background and motivation

Aluminium is a widely used metal and is favorable in a variety of applications within
industries such as building and construction, food and drug, and transportation.
Aluminium alloys generally provide high strength to weight ratio, good corrosion
resistance, excellent machinability, pleasing physical appearance, and good forma-
bility [1]. Due to their lightweight, high strength advantage and good formability,
aluminium alloys have replaced heavier metals such as steels for many applications
[2]. The demand for aluminium alloys in the automotive industry is increasing due
to the sustainability and recycling potential, along with decreased CO2-emissions
and better performance due to weight savings resulting in environmental and safety
benefits [3].

The Al-Mg-Si alloys, also known as the 6xxx series, are commercially attractive
due to their physical properties, and they are frequently produced as extrusions
for structural applications in buildings [1]. Good formability, adequate mechanical
properties, excellent corrosion resistance, exceptional surface properties and good
weldability are characteristic properties for these alloys [4, 5]. Al-Mg-Si alloys are
age hardenable and frequently artificially aged to the T6 temper to obtain the
highest achievable strength while other mechanical properties remain acceptable
[6].

Even though the Al-Mg-Si alloys are considered weldable, they experience a de-
terioration of mechanical properties in a region close to the weld, called the heat
affected zone (HAZ) [1]. Alloys in the T6 temper are especially prone to this soft-
ening effect, as the heat cycle of welding causes the growth of the strengthening
particles that were obtained during aging [7]. The degree of strength reduction and
the extent of the HAZ depends on the amount of heat generated in the welding
process [1]. The deterioration of mechanical properties due to welding needs to be
accounted for in the design of welded components and structures. Both the extent
of the HAZ and the minimum strength level in the HAZ affects the load-bearing
capacity of the weld [8]. For loads perpendicular to the weld, the design stress is
limited to the minimum strength level in the HAZ [9]. Hence, the minimum level
of HAZ strength is an important consideration in engineering design.

Regaining some of the lost strength in the HAZ is beneficial as it allows for higher
design stresses, thus reducing the weight and cost of welded applications. Some
studies involving manipulation of the HAZ geometry of welded 6082-T6 alloy have
been conducted with varying results. Gjertsen [10] studied the effects of a laser
pattern in the HAZ, concluding that melting due to high laser powers caused a
reduction in strength rather than an increase. The results did, however, show
promising results regarding the elongation of the specimens with laser treatment.



1. Introduction

In the preceding specialization project to this current master thesis, the effects of
transverse weld strings over the joining weld, referred to as "cross welds", were
studied [11]. Cross welds made by gas metal arc welding (GMAW) and friction stir
welding (FSW) showed the most promising results with a slight increase in tensile
strength and significant improvements regarding elongation. Further research on
methods for improving mechanical properties of welded aluminium is of interest,
and manipulation of the HAZ indicates promising results.

1.2 Objective and scope

The objective of this study is to investigate the effects of local heat treatment
methods according to the mechanical properties strength and ductility of welded
6082-T6 aluminium alloy.

This work is limited to tests on extruded 6082-T6 aluminium sheets welded by gas
metal arc welding (GMAW), with three different local heat treatments:

1. Cross welds perpendicular to the joining weld
2. Local heating longitudinally in the HAZ made by laser

3. Local heating of the HAZ in a distinct pattern made by laser

Extensive mechanical testing, including hardness evaluation of the weld cross-
section and tensile testing perpendicular to the weld, is carried out. Digital image
correlation (DIC) is used to assess deformation behavior during tensile testing, and
microstructural analysis with optical microscopy of the weld is conducted. The
thermal program during welding and heat treatments are estimated by analytical
models, and these results are further applied to a predictive model for estimating
the resulting hardness. Comparison with experimental data is made in order to
evaluate the accountability of these models for future predictive optimization of
local heat treatments and manipulation of HAZ geometry.
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2 Theory

The theoretical background for the work regarding this thesis is presented in this
chapter. A description of the alloy and heat treatments are given, along with
detailed descriptions regarding welding of the Al-Mg-Si alloys with focus on the
weld thermal cycle and softening causes. Lastly, a predictive model for predicting
the hardness response from a given thermal history is presented.

2.1 Al-Mg-Si Alloys

The 6xxx series are wrought, age hardenable aluminium alloys where magnesium
and silicon are the primary alloying elements. To obtain sufficient strength, the al-
loys are often strengthened by precipitation hardening to the T6 temper [6]. They
have moderately high strength and show good machinability, formability, weldabil-
ity and resistance to corrosion [1]. Good formability means they are suitable for
extrusion, and they are often utilized for structural applications such as architec-
tural extrusions [1].

2.1.1 Main alloying elements

Magnesium and silicon are the main alloying elements of Al-Mg-Si alloys, where the
concentration of magnesium is about 0.5-1.3 wt%, and the silicon concentration is
0.4-1.4 wt%. Manganese (Mn), chromium (Cr) and copper (Cu) are usually added
in small quantities as well to enhance the properties of the alloy [12]. Figure 2.1
shows the equilibrium solid solubility of different alloying elements as a function
of temperature. Magnesium increases the work-hardening potential and resistance
to corrosion, while silicon contributes to increased strength and ductility. Both
reduce the melting point, and together they make precipitation hardening possible
[13]. Magnesium and silicone are added in the approximate ratio of 1.73/1 that
allows for the formation of GP-zones and fine M g5 Si-precipitates, which increases
the strength of the material [1]. This is explained in more detail in Section 2.1.3.

Adding copper can help to increase the strength further during artificial aging [1]. A
fibrous structure is desired as it can help corrosion resistance [14]. Both manganese
and chromium are added to Al-Mg-Si alloys to control the grain structure and
prevent recrystallization from occurring during hot working, e.g., extrusion, and
heat treatments, which helps the formation of a fibrous structure after extrusion

1.



2. Theory

g

7S Mn ]
el /2P 3
o~ 500 ;‘;_
g ) A ]
g 400 7 - .
300
é’ 200 /] b—Zn
'g // L1
0

0 2 4 6 8 10 12 14 16 18
Solubility, wt%

Figure 2.1: Equilibrium solid solubility of different alloying elements as a function
of temperature. Copied from [1].

2.1.2 Thermal history of extruded Al-Mg-Si alloy

Figure 2.2 shows a simplified history of the thermal processes of extruded Al-Mg-
Si alloy. After casting, the extrusion ingot is heated and soaked at approximately
560-585°C for several hours and then cooled down rapidly at a rate of 300-500°C/h
[15]. This is favored above quenching for extrusion ingots as quenching will result
in higher flow stresses for further processing. Too slow cooling will result in coars-
ening of precipitates and can cause eutectic melting when the ingot is reheated for
extrusion causing surface defects on the extruded profile [15].

Temperature [°C]

Homogenising Extrusion Aging

Time

Figure 2.2: The thermal history of extruded aluminium profiles, including esti-
mated levels of Mg and Si in solid solution from [16].

The ingots are preheated to about 440-500°C before extrusion [16]. Then, the
preheated billet is forced through a die opening with the same cross-section as the
final profile. In this process, the material flows by internal shear which is dependent
on the material, interface friction between the material and the die as well as the
die opening shape [1]. For extrusion of most aluminum alloys, there is friction
between the material and the die and between the material and the container wall,
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which results in a flow pattern similar to the one illustrated by Figure 2.3. The
shear deformation can extend from the outer region of the billet towards the center,
which can lead to contaminated material with impurities mixing with the surface
of the final profile [1]. The extrusion process could result in a temperature up to
600°C in the profile depending on the extrusion speed and reduction ratio [16].

Figure 2.3: Illustration of common flow pattern during extrusion of metals.
Copied from [1].

2.1.3 Precipitation hardening

Precipitation hardening, or age hardening, is often applied to the Al-Mg-Si alloys to
improve mechanical properties such as strength and hardness [1]. The T6 temper,
achieved by artificial aging, generally obtains the highest achievable strength while
other mechanical properties remain adequate [1].

The aging process consists of several heat treatment steps where the temperature
and time are important parameters to obtain the desired mechanical properties
[1]. The heat treatment sequence starts with a solution heat treatment at a high
temperature to maximize the solubility of the alloying elements, followed by rapid
cooling to a lower temperature so that a supersaturated solid solution (SSSS) with
solute elements is obtained [1]. Lastly, an aging heat treatment is done to increase
the strength by forming finely distributed precipitates in the matrix. This can
either be obtained by natural aging at room temperature (RT) or artificial aging
at an elevated temperature (typically 150 — 200°C [16]) for several hours [1].

The generic precipitation sequence of Al-Mg-Si alloys can be considered as [4, 6,
16, 17]:

SSSS — Atomic clusters — GP — zones — 3" — 8" — B(Mg2Si)

Precipitation starts from the supersaturated solid solution (SSSS), then clusters of
the solute elements and GP-zones are formed during the first part of the process.
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GP-zones are the first precipitates formed in the process and are fully coherent [18].
Then, semi-coherent 3" particles are formed. The needle-shaped 3" precipitates
are aligned along the (100)—directions. They are fully coherent along the needle
axis, but not coherent in the matrix [12, 18]. The 8" precipitates will contribute to
the hardening and strengthening of the metal and are associated with peak-aged
T6 state [4, 18]. The coarser 8’ particles will form subsequently. These are rod-
shaped and usually associated with the overaged state 18], but they can contribute
to the hardening if they are finely dispersed in the matrix [12]. Lastly the stable
equilibrium B(Mg2S7) plate-like precipitates are formed [18].

During the artificial aging process, the strength and hardness will increase with
time during the aging process until a peak value is reached. This is the peak age
T6 stage where metastable 8 and ' particles are the strength contributors [19].
Further soaking beyond this point will lead to an overaged state (T7 temper) with
reduced strength [20]. Overaging can also be a result of higher aging temperatures
than what is used to obtain the T6 temper of the same alloy [1]. Figure 2.4 shows
a schematic diagram of how the strength develops during artificial aging, where the
aging time is plotted on a logarithmic scale. The figure also shows how the alloy
can naturally age at room temperature.

Strength

Natural aging at
RT (GP-zones)

-

W T6 o T4
| | | |
Seconds Hours Days Weeks logt

Figure 2.4: Schematic illustration of the strength development during artificial
and natural aging of Al-Mg-Si alloys (W: solution heat-treated condition; T6: peak-
aged condition; O: fully annealed condition; T4: naturally aged condition). Copied
from [19]

2.1.4 Strengthening mechanisms

The materials’ strength is dependent on several strengthening mechanisms that
makes it harder for dislocations to move. These dislocation barriers could be grain
boundaries, dislocations and particles in solid solutions as well as shearable and
non-shearable particles [21]. The most important strengthening mechanisms for age
hardened Al-Mg-Si alloys are solid-solution hardening and precipitation hardening
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giving the strength contributions ogg and o, respectively. This along with the yield
strength of pure aluminium, o3, gives an expression for the total yield strength, o,
of the alloy [22]:

Oy =0;+ 055+ 0p (2.1)
Elastic stress field
around a dissolved
atom

b-o A
Bypassing
i\ A
@ B
Shearing
_a> A >
A4 C

Figure 2.5: Illustration showing the strengthening contributions of solid solution
hardening, os and precipitation hardening, o,. Copied from [23]

The solid solution strengthening involves the strength contribution of the alloying
elements Si and Mg [22]. These elements are in solid solution as substitutional
solutes, which have a different size than the matrix atom. This causes a misfit in
the crystal lattice, and the solute atoms interact with the stress fields around the
edge dislocations, as shown in Figure 2.5A, which strengthens the alloy [24]. The
yield strength increases with the concentration of solutes [21].

Precipitation hardening of Al-Mg-Si involves precipitation from a supersaturated
solid solution, as explained in the preceding section (Section 2.1.3). The precip-
itate particles can interact with the dislocations either by shearing or bypassing
of particles [22]. Particles that are coherent or semi-coherent in the matrix can
be cut by dislocations [24]. This shearing of a particle is illustrated in Figure 2.5
B. Incoherent particles are non-shearable particles that can only be bypassed by
the Orowan mechanism [24], which is shown in illustration C in Figure 2.5. The
particles serve as pinning points for the dislocations, which have to bow out be-
tween the particles. The segments of the dislocation that meet on the other side of
the particle will annihilate, resulting in a dislocation loop (Orowan loop) around
the particle along with a free dislocation that can continue the motion [24]. The
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strength contribution due to these particles depends on the spacing between them,
which again is related to the size and the volume fraction [24].

2.2 Welding of Al-Mg-Si Alloys
2.2.1 Gas metal arc welding (GMAW) process

Gas metal arc welding (GMAW), illustrated in Figure 2.6, is a fusion welding
method that offers good penetration, does not require flux and has very few limita-
tions when it comes to welding positions [25]. It is a high-speed arc welding process
that is highly applicable for automatic and robotic operations [1]. The process of-
fers good control of the welding parameters such as welding speed, current, voltage,
and wire feed speed. GMAW uses a consumable electrode, that also serves as filler
metal, and is connected to the positive pole of the direct current power supply.
This provides a continuous cleaning action to remove the oxide layer, and the arc
is concentrated to ensure rapid melting [1, 26]. The filler wire is automatically
and continuously fed through the nozzle of the weld gun [25], and the plasma arc
of inert gas (usually argon) protects the weld pool [26]. Typical filler metals for
welding of aluminum are Al-Si or Al-Mg alloys [7]. Specific alloys such as 5356,
5183 and 4042 are recommended for welding of AA6082 [12, 13].

Gas

nozzle
Consumable Contact
electrode tube

Gas

shield Weld

Parent Wweld metal

metal poo|

Figure 2.6: Illustration of the GMAW process with basic features such as the
electrode, arc and shielding gas indicated. Copied from [20].

Typical problems related to welding of Al-Mg-Si alloys are reduced HAZ strength
level, solidification cracking and hot cracking [7]. Solidification cracking and hot
cracking both occur intergranular and is related to eutectic liquid at the grain
boundaries together with stresses caused by shrinkage during solidification. While
solidification cracks form in the weld metal, hot cracks are linked to high peak
regions of the HAZ [7]. Precipitation hardened alloys usually experience softening
in the HAZ due to the reversion of precipitates. This is explained in more detail
later in Section 2.3.2.
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2.2.2 The thermal cycle of welding

Information about the weld thermal cycle is important to understand the metal-
lurgical reactions of welding [7]. Based on this information, it is possible to predict
the characteristics of the weld, especially the reduced strength in the HAZ, by
physical models [27], which is further explained in Section 2.6. During arc weld-
ing, a concentrated energy source is required to minimize the loss of heat to the
surroundings [12]. For gas metal arc welding (GMAW), the typical arc power, ¢,
is between 500-5000 W/mm?, and the heat loss is usually accounted for by the
arc efficiency factor [12]. For the GMAW process on aluminium the arc efficiency
factor is 0.7-0.85 according to Christensen et al. [28].

Analytical models for predicting the heat flow and temperature distribution in arc
welding are considered to offer sufficient accuracy despite simplifying assumptions
[27]. Rosenthal’s equations assume pseudo-steady state where the temperature
does not change with time when observed from a point inside the heat source and
can describe the temperature field around the heat source [7].

ﬁ/\

HEAT SOURCE = s

Figure 2.7: Schematic representation of Rosenthal thick plate solution showing a
moving point source. Copied from [27].

The three-dimensional heat source of Rosenthal thick plate solution is illustrated
in Figure 2.7 and given by equation:

_ o L v
T TO_Q?T)\ReXp< 2a(R+m)) (2.2)

where

R= a2 +y?+ 22 (2.3)

The thick plate solution (Eq. 2.2) assumes an isotropic semi-infinite body with
initial temperature, Ty, and that thermal properties are independent of temperature
[27]. Heat losses due to radiation and convection are ignored, thus no heat loss from
the surface. Conduction of heat is assumed in all three directions which requires
the assumption of infinitely large specimen [12]. g is the arc power received by
the weld and is dependent on the welding current and arc voltage. v is the travel
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speed, A is the thermal conductivity of the material and z is the welding direction
[27].

HEAT SOURCE

Figure 2.8: Schematic representation of Rosenthal thin plate solution showing a
moving line source on a thin sheet. Copied from [27].

A thin plate solution is applicable assuming that full through thickness penetration
is attained by one pass of the heat source. Similar assumptions as for the thick
plate solution, except it assumes two-dimensional heat conduction with a fixed
plate thickness, d, as oppose to an infinitely thick plate. Rather than assuming a
point heat source, a line source is considered for this model as illustrated in Figure
2.8. The equation for the thin plate solution is given by [12]:

T—T, = C;O?/)C\lexp (—%)KO (%) (2.4)

r=\22+y? (2.5)

where

The assumptions of the thick plate solution and the thin plate solution does not
apply to most practical welding cases, as variable temperature gradients in the
through thickness directions does not comply with the assumption of either three-
dimensional or two-dimensional heat flow [7]. This problem is solved by placing
imaginary reflecting heat sources at symmetrical distances from the surface of the
plate, as shown in Figure 2.9. This is done in order to maintain a zero net flux
of heat through the two surfaces of the plate [27]. This is the basis for Rosenthal
medium thick plate solution, where the heat source is considered a point similar to
the thick plate solution, but the plate has a fixed thickness, d. The contributions
from all imaginary sources are included in a convergent series, and the temperature
distribution of the process is given by equation (2.6) [7]:

10
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2d

2d -2

Figure 2.9: The real and imaginary point sources on a plate of finite thickness,
d, assumed for the Rosenthal medium thick plate solution. Copied from [27].

where

=1 22+ y2+ (z — 2id)? (2.7)

Close to the source, the medium thick plate solution (Eq. 2.6) is the summation
of the thick plate solution (Eq. 2.2) for each imaginary heat source which gives a
good estimation of the temperature close to the weld center [27]. Far away from the
source, the equation converges to the thin plate solution (Eq. 2.4). The part in be-
tween these regions, the thermal conditions are best described by the medium thick
plate solution [12]|. Due to variable temperature gradients in the through-thickness
direction of the plate within this “transition” region, the other two solutions (eq
2.2 and 2.4) will deviate notably from experimental results [27]. The medium thick
plate solution usually gives the best approximation of the thermal cycle of alu-
minum welding, due to the high thermal conductivity of aluminium [12]. Figure
2.10 shows a comparison of measured thermal cycles during GMA welding of alu-
minium compared to the weld thermal cycle predicted by the medium thick plate
solution for fixed peak temperatures. This suggests that the equation is able to
give satisfactory predictions of the thermal cycles during welding [27].

11
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Figure 2.10: Measured thermal cycles during welding of aluminium compared
to weld thermal cycle predicted by the medium thick plate solution for fixed peak
temperatures. Copied from [27]

2.3 Softening in the heat affected zone (HAZ)
2.3.1 Weld zones

Figure 2.11 shows the different zones of welded Al-Mg-Si alloys. The material
distant from the weld, which is not affected by heat generated in the welding
processes, is referred to as the base material or unaffected material [1]. For a
fusion welding process such as GMAW, there are two distinct zones of interest; the
fusion zone (FZ) and the heat affected zone (HAZ). The FZ is a combination of
base metal and filler metal and has an as-cast microstructure [26]. Several factors
affect the properties of this zone, such as the composition of the added filler metal,
quality of the welding process, and solidification rate[26]. The HAZ is outside the
fusion zone, and the age hardened alloys experience a reduction in strength and
hardness in this region. The width of the HAZ and the degradation of properties
depends on the temperature distribution during welding [12].

12
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2.3.2 Softening causes

Al-Mg-Si alloys in the T6 temper are particularly prone to softening in the HAZ,
as the heat generated by the weld cycle affects the precipitation hardened structure
[1]. This causes the hardness and strength to be significantly lower than the base

material in this region.
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Figure 2.12: Illustration showing the evolution of the microstructure during arti-
ficial aging (AA) (o), welding (W) (b) and post weld heat treatment (PWHT) (c)
of Al-Mg—Si alloys. The outer boundary of the HAZ is indicated by the semicircles

in the diagrams. Copied from [29]
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Dissolution, coarsening and transformation of 3" particles are the main contribu-
tors to significant hardness reduction and is the cause of softening in the HAZ [8].
The process is described in Figure 2.12. After precipitation hardening, there are
many small 8” particles evenly distributed in the matrix, and these are the main
contributors to the strengthening [29], as illustrated in Figure 2.12(a). During
welding, the microstructure in the HAZ will change, which is apparent from Figure
2.12(b). Where the temperature has reached a temp of approximately 250°C, disso-
lution of the smallest 3" particles will occur while the larger 3 particles will start
to grow [29]. In the region where the temperature has reached between 250-480°C,
the 8" particles will grow further, and the 3" phase will transform into 8’ phase.
The ' phase in the region closest to the fusion zone will dissolve which means
full reversion of the 8" particles is attained [8, 29]. This results in solid solution
hardening [8]. Immediately after welding, this will be the zone of lowest hardness
and is illustrated in Figure 2.13a [12]. Room temperature aging (natural aging)
will occur after a period of 5 to 7 days close to the fusion line where the alloying
elements are in solid solution after welding [7]. Some strength recovery is observed
due to this, as illustrated in Figure 2.13b. However, where the temperature has
been about 430 °C, this does not occur to the same extent, and this is the region
of lowest hardness along the cross-section as shown in Figure 2.13b.

-«—— Peak temperature ~=—— Peak temperature
~500°C ~250°C ; ~430°C ~250°C
c iPanlx reverted region: '
2 ontributior;
g : R rom natural:
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Figure 2.13: Hardness distribution after welding (a) following dissolution of
B" (Mg2Si) particles and (b) after prolonged natural aging. Copied from [7].

2.3.3 Post weld heat treatment (PWHT)

Natural aging can regain some strength, and heat treatment after welding can be
used to recover even more of the lost strength in the HAZ [12]. The process can
include solution heat treatment and aging or solely aging of the welded compo-
nent [1]. The artificial aging after welding is denoted "PWHT" (post weld heat
treatment) in this thesis.

14
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The PWHT causes reprecipitation of 8" particles in the region where there is a high
content of Mg and Si in solid solution [29], as can be seen in Figure 2.12(c). This
is the region close to the weld where reversion of 8" particles was the prevailing
softening effect. This will not occur to the same extent in the regions further from
the weld where there is not sufficient solute for reprecipitation to occur [29]. That
means there will be a region in the HAZ with permanent low hardness even after
PWHT. Furthermore, the PWHT of an alloy in the T6 temper can result in reduced
hardness of the base material due to overaging in this region [1].

2.4 Modification of HAZ geometry
2.4.1 General concept

Artificial aging of a welded component (PWHT) can regain strength in the HAZ and
increase the load-bearing capacity of the welded component. However, PWHT is
not always applicable e.g., large welded specimens or parts welded on-site attached
to larger structures. A concept of modifying the geometry of the HAZ with a local
heat treatment has been proposed by Fjeer. Finite element analysis has indicated
increased global properties such as strength and ductility [30]. Hydro, SINTEF,
and IFE have initiated a project to investigate this possibility further.

Modification of the HAZ geometry is based on introducing heat locally to specific
regions in the HAZ. As described in Section 2.3.2, this region suffer from a severe
strength loss due to the thermal weld cycle. The idea of the local heat treatment is
to reheat this region with a temperature sufficient to cause reversion of the particles,
which allows for strength recovery by natural or artificial aging (PWHT) after
welding [31]. Manipulating the geometry of the HAZ is investigated by applying
heat locally in a pattern or parallel to the weld string in the minimum strength
HAZ.

2.4.2 With welds

With the use of GMAW, heat is introduced locally by welds applied transverse to
the longitudinal joining weld in a specific pattern. The heat input should cause the
dissolution of 3" particles, and improve the aging potential under and close to the
transverse welds [31]. This local strength increase should affect the geometry of
the HAZ, causing strain to localize differently than in a straight line parallel to the
HAZ. Finite element analysis (FEA) conducted by H. G. Fjeer [31] show that the
load-bearing capacity of the weld can be increased if the minimum strength HAZ
is positioned between regions of higher strength [31]. This is analogy is simulated
by a bulged HAZ and compared to a straight HAZ, as shown in Figure 2.14 where
the strain fields of the two cases are presented. An increase in both strength and

15
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elongation is observed, and the results are presented in Figure A.1 in Appendix A.
The cross welds are expected to have a similar influence on the strength and elon-
gation of the welded component. Added cross-section area from weld beads could
also contribute to an additional strength increase [31]. This was partly confirmed
in the project thesis preceding this master thesis, where cross welds showed a large
increase in elongation, but not significant improvements regarding strength [11].

Note that the descriptions "transverse welds" or "cross welds" are used in this
thesis to describe the local heat treatment by adding welds across the joining weld.
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Figure 2.14: Finite element analysis of the modified HAZ geometry showing plas-
tic strain of (a) bulged HAZ and (b) straight HAZ. Copied from [30].
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2.4.3 With laser

O. R. Myhr and R. @sthus have proposed local heat treatment of the minimum
strength level in HAZ. The idea is to introduce enough heat in the soft HAZ
region to facilitate reprecipitation by aging (O.R. Myhr and R. @sthus, Personal
communication, 2019). Introducing heat locally by a laser (Light Amplification by
Stimulated Emission of Radiation) enables the possibility of tailoring the treatment
to a greater extent than adding cross welds. For instance, solid-state lasers are
considered the most versatile laser system and can provide a wide range of output
powers [32].

Local heat treatments to modify the mechanical properties of aluminium, has been
investigated for different purposes, such as increasing the formability of blanks
prior to a forming process [33]. This method is referred to as Tailored Heat Treated
Blanks (THTB). In the study by Geiger et al. [34], a robot controlled laser was used
to introduce heat locally with the aim of increasing the grain size (recrystalliza-
tion), decrease the dislocation density (annealing) and dissolve MgSi precipitates
(modifying precipitation structure). The latter is of interest in this thesis. As
opposed to the TBHT study where the objective was to soften the material, the
reasoning is that the particle dissolution will result in solid solution and allow for

16



2. Theory

reprecipitation by aging which can give similar strength increase as observed in the
HAZ region closer to the weld.

2.5 Load bearing capacity

There is a connection between the peak temperature during welding of 6082-T6
aluminium alloy and the resulting hardness and strength in the HAZ, which is
related to the growth and reversion of 5" particles [35] as described in Section 2.3.2.
The reduced hardness and strength in the HAZ need to be accounted for in the
design of welded components and structures. There are several design codes such
as British Standard BS 8118 and Eurocode 9 that can account for this reduction,
where the latter is more conservative and will be briefly presented in this section

[9].

Eurocode 9 requires predominantly static loads of components, a welding procedure
resulting in normal quality of the weld and the use of the recommended parent and
filler metal combinations [13]. Based on these assumptions, a softening factor,
paaz, of 0.65 is suggested for the Al-Mg-Si alloys in the T6 temper. For forces
acting perpendicular to the weld, the following design stress of the HAZ is suggested
[13]:

OHAZ = Joaz (2.8)
M
where
Ja,Haz = pHAZ fu (2.9)

pu Az is the softening factor, f, is the ultimate tensile strength of the base material,
and v,/ is a partial safety factor, which is vp0=1.25 for welded connections [13].

When considering load-bearing capacity perpendicular to the weld as illustrated in
Figure 2.15, the nominal stress, o , of the welded sheet is given by [9]:

P P
- - 2.1
LT AT aw (2.10)

where P is the applied force, tensile or compressive, A is the cross-section area of
the joint defined as the sheet thickness, ¢ times the width, w, not considering the
protrusion of the weld bead. For design purposes, the nominal stress, ¢ , must be
less or equal to the minimum strength of the HAZ, 0,5 (01 < omin) [9]. 0HAZ
given in Eq. 2.8 should be used as o,,;, for design purposes to be in accordance
with Eurocode 9.
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Figure 2.15: Illustration of loading conditions perpendicular to the weld. Copied
from [9].

Equations 2.11 and 2.12 can convert the hardness values in the HAZ to yield or
ultimate tensile strength at equivalent positions for Al-Mg-Si alloys [7, 36]. These
regression formulas can be used to calculate the yield or tensile strength along the
HAZ based on measured hardness values.

Rpo.2(MPa) = 3.0HV —48.1 (2.11)

and
Ryrs(MPa) =2.6HV + 39.8 (2.12)

2.6 Modelling and prediction of properties

Hydro (T. Furu and O. R. Myhr) has developed a methodology which aims to op-
timize the production of aluminum alloys [37]. Material-, mechanical-, cost-, and
sustainability models, are used to predict and optimize the resulting properties of
the aluminum product, as well as the production costs and environmental impact
of production. A software called PRO? 7™ (Profit generation through Product and
Process Optimization) combines these models in an iterative process involving all
models in the process chain until the predefined requirements are met [38]. Differ-
ent models are utilized through the process of casting, homogenization, extrusion,
and aging to predict different mechanical properties based on the thermal and
mechanical history [38].

NaMo (Nano-structure Model) [22, 39, 40, 41] is a physically based model devel-
oped by O. R. Myhr and @. Grong. The model is a combined precipitation-, yield
strength-, and work hardening model and can account for the coupled effect of
nucleation, growth, and coarsening of particles [23]. Modeling results have been
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compared to experimental data and is considered a sufficient guiding tool for pre-
dicting the strength of a certain alloy with a given thermal history [40]. The model
has shown the ability to reproduce both the age hardening response and the re-
duced strength of welds [41]. In order to predict the response of the material,
mathematical models are utilized along with the assumption of spherical particles.
Although the particles are needle and rod-shaped for Al-Mg-Si alloys [12, 18], this
simplifying assumption has proven to be adequate for this purpose and give similar
results [41]. A microstructure model considers the nucleation of particles and de-
termines whether a particle will grow or dissolve due to the applied thermal cycles
[40]. A strength model considers the strengthening effects caused by precipitation
(Orowan looping and shearing of particles) and solid solution [40]. These strength-
ening effects are added linearly as in Eq. 2.1, to get an expression of the overall
yield strength. Furthermore, Eq. 2.11 is used to convert the yield strength to
Vickers hardness (HV).
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3 Experimental

Detailed descriptions of the experimental work are given in this chapter, explaining
the welding and heat treatment processes. Sample preparation and different test
set-ups are explained, and descriptions of the simulations and predictions are given.

3.1 Base material

The aluminium alloy used for the experimental work in this thesis is EN AW-6082.
The extrusion ingot was delivered by Hydro Karmgy with the chemical composition
presented in Table 1. The materials certificate is listed in Appendix B Figure B.1.
The parameters of the homogenization process are given in Table 2.

Table 1: Chemical composition of base material EN AW-6082.

Alloying element [wt%)]
Si Fe Cu Mn Mg Cr Zn Ti Cd Al

0.99 0.2 0.01 0.54 0.66 0.01 0.00 0.02 0.00 97.56

Table 2: Parameters for the homogenization process of base material EN AW-
6082.

Holding temp. [°C| Holding time [h] Heating rate [°C/h] Cooling rate [°C/h]
555 3 200 350

The ingot was extruded at Hydal Aluminium Profiler AS at Raufoss, and the
parameters of the extrusion process are given in Table 3. The extruded profile was
aged at 185°C for 5 hours at SINTEF Manufacturing AS at Raufoss to achieve the
T6 temper condition.

Table 3: Parameters for the extrusion process of the base material EN AW-6082.

Thitiet [°C] Vimae [M/min] Vavg [m/min)] Pmax [bar]

480 8.14 5.87 158
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3.2 Specimen preparation
3.2.1 Preparation process

The extruded profile with thickness of 3.6 mm was cut into sheets of approximately
300 mm x 150 mm. Two sheets were welded together by gas metal arc welding
(GMAW) before three different local heat treatments (cross welds, longitudinal
laser, and laser pattern) were applied. This process is illustrated in Figure 3.1.
GMA weld strings were applied across the joining weld, and these welds are referred
to as “cross welds” in this thesis. The laser treatment was applied in two different
ways: in longitudinally in the HAZ parallel to the weld string or in a pattern of
several shorter laser lines, both at the upper and lower surface of the sheet.

L1 L1
L L] L L]
Extrusion
direction —) Cross welds
£
o » ———
wn
i
300 mm Longitudinal laser
Sheets cut from Two sheets welded
extruded profile together
Laser pattern

Heat applied locally

Figure 3.1: Illustration showing the process of cutting, welding and application
of local heat treatments.

3.2.2 Welding GMAW of sheets

The gas metal arc welding (GMAW), was conducted at Bentler Automotive Raufoss
AS. Two sheets were clamped onto a stainless-steel backing and joined with single
pass square butt weld by an automatic welding robot. An Aluminium — Magnesium
alloy, AIMg5Cr(A) (5356), with a diameter of 1.2 mm was used as filler metal.
The welding parameters are presented in Table 4, and welding speed, current,
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voltage, and wire feed speed were constant during the process. Three different
welding speeds of 14 mm/s, 16 mm/s and 18 mm/s were tested, and 16 mm/s
was chosen for the joining welds. Thermocouples were used to measure and log
the temperature during welding at certain distances from the weld center. The
distances were measured with a ruler of measuring intervals of 1 mm. Thus the
accuracy of the positions are accordingly and likely within +0.5 mm.

Table 4: Welding parameters of robotic GMAW process

Welding speed [mm/s] Current [A] Voltage [V] Wirefeed speed [m/min]
16 177 18.2 10.2

3.2.3 Post weld heat treatment (PWHT)

The post weld heat treatment (PWHT) that selected specimens are subjected to,
involves a heat treatment at a temperature of 220 °C for 15 minutes after welding.
This process was conducted separately for all the three different specimens (cross
welds, longitudinal laser and laser pattern), hence deviations regarding the process
can occur. The PWHT of the cross welded specimens and the specimens with
longitudinal laser was carried out at Sintef Manufacturing at Raufoss, while the
laser pattern specimens were heat treated at a laboratory at NTNU Glgshaugen.

3.2.4 Local heat treatment by cross welds

Transverse welds were applied over and perpendicular to the existing GMA joining
weld in a pattern as described in Figure 3.2 as proposed by Fjeer [31]. This is the
same pattern as for the specimens tested in the specialization project preceding
this masters thesis [11]. The cross welds were obtained by different welding speeds
of 18, 20, 22 and 26 mm/s along with the remaining parameters in Table 4. The
welds made by 18 mm/s and 20 mm/s welding speed melted through the plate and
were visible at the opposite surface. The specimen with cross weld speed of 22
mm,/s was the first specimen where this did not occur, and for the specimens with
26 mm/s weld speed, the cross welds were barely visible at the opposite surface.
A PWHT was applied to one of each distinct specimen, and the process of adding
cross welds, splitting of sheets and PWHT is shown in Figure 3.3.

The specimens for tensile testing were cut by a water jet at "Finmekanisk verk-
sted" at NTNU Glgshaugen in accordance with measurements Figure C.1 given in
Appendix C, where the welds were centered in the specimen. The specimen ge-
ometry was chosen based on the amount of material available while including the
pattern of the cross welds. The HAZ extends about 15-20 mm from the weld center
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Figure 3.2: The pattern of the applied GMA cross welds.
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Figure 38.3: Illustration showing the process of applying the cross welds and
PWHT.

for these specific welding parameters and material according to hardness measure-
ments conducted for similar weld and base material [11]. Based on this, the width
of the specimens is sufficiently large to cover the HAZ and not be affected by the
cross welds at the edges. The specimens were cut out from the sheets at positions
where weld defects related to start and stop of the welding process were less likely
to reduce the load bearing capacity.
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3.2.5 Local heat treatment by longitudinal laser

A TruLaser Cell 3000 laser was used to introduce heat locally to the HAZ of the
welded sheets. The sheets were brushed with a steel brush and cleaned prior to the
laser treatment. A laser with spot diameter of 3 mm was run over the surface at a
speed of 10 mm/s with different effects of 2000, 2200 and 2600, W. The longitudinal
laser lines were applied at a distance of 8.5 mm from the weld center on both sides
of the weld as illustrated in Figure 3.4. This was again done at the lower surface
of the sheet, making a total of four lines of laser on each sheet. The position
was based on the lowest hardness value according to hardness measurements of
the weld cross-section given in Chapter 4. This local heat treatment is denoted
as "longitudinal laser" in this thesis. Lastly, a PWHT was applied to one of each
kind.

8.5mm

8.5mm

Figure 8.4: Illustration showing the position of the longitudinal laser treatment,
indicated by blue lines. The laser treatment was applied to both surfaces of the
sheet.

1 2 3 4 P1 P2 P3 P4 1 2 1 2
Laser
| — Weld
A B | ™ Laser
PWHT PWHT
(a) (b)

Figure 3.5: Illustration showing where the specimens for hardness and tensile test-
ing were extracted. (a) shows the reference specimens and (b) shows the specimens
with longitudinal laser treatment indicated by blue lines.

Figure 3.5 shows where the different specimens for tensile testing and hardness
measuring were taken, for both the reference specimens and the laser treated spec-
imens. Two tensile specimens and one hardness specimen were extracted from
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each sheet with laser, while four untreated specimens and four with PWHT was
extracted for reference. The specimens were taken at a distance from the edge of
the sheet to avoid areas such as the start or stop of the weld and laser where defects
are more likely. This was to minimize the possibilities of defects compromising the
strength of the joint and obscure the effects of the laser treatment. The dimensions
of the tensile test specimens are given in Figure C.2.

3.2.6 Local heat treatment by laser pattern

A laser was run in a pattern across the surface of the sheet in order to modify the
HAZ geometry. The sheet was brushed with a steel brush and cleaned prior to the
laser treatment. A TruLaser Cell 3000 laser with an effect of 2000 W and a spot
size of 3 mm was applied in a pattern according to Figure 3.6. The first laser line
was applied 8.5 mm from the weld center which approximately comply with the
point of lowest hardness and strength in the HAZ. Then, three more laser lines
were applied outward from that with 4 mm spacing. The laser speed was set to
10 mm/s and the laser power was "on" for 15 mm and "off" for 20 mm, resulting
in lines of length 15 mm with 20 mm spacing in the direction parallel to the weld.
Then, the same process was repeated at the opposite surface of the sheet.

15mm 20mm 15mm 20 mm

-

S

- l—

4mm | L J L]

4mm . o o

LI D SEEEE— - -
8.5mm |

- - -

- - -

- - -

- - -

Figure 3.6: lIllustration showing the pattern of the laser treatment indicated by
blue lines. The same pattern was applied to both surfaces of the sheet.

The specimens for hardness and tensile testing were extracted from the welded and
laser treated sheet as shown in Figure 3.7. The width of the specimen for tensile
testing is large enough to cover two of the laser pattern regions as can be seen in
the Figure, and specific dimensions are presented in Figure C.3 in Appendix C. A
post weld heat treatment (PWHT) was applied to one of each tensile and hardness
specimen for comparison.
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PWHT

Figure 3.7: Illustration showing the tensile and hardness specimens of the welded
sheet with laser pattern.

3.3 Sample preparation, examination and testing
3.3.1 Optical microscopy

Samples for optical microscopy were cut with a water-cooled cutting machine with
a SiC cut-off wheel. To ensure adequate adhesion between the sample and the resin,
the sample were cleaned with aceton before they were cold mounted in Epoxy resin
and set for curing at room temp for 12 hours. A process of grinding, polishing and
anodizing was needed to prepare for optical microscopy.

The samples were ground by hand using SiC grinding papers of decreasing rough-
ness. The following sequence of P80, P120, P220, P500, P1000, and P4000 was used
for all samples. Each step was repeated until no grinding groves from the previous
step were visible to the naked eye. The samples were rinsed in water and alcohol
and between each operation. After grinding, the samples were polished with 3 yum
disk with DiaPro Mol suspension and lastly 1 pm disk with OP-S suspension. Be-
fore each polishing steps, the samples were cleaned in an ultrasonic bath to ensure
all particle from previous operations were removed. In order to analyze the sam-
ples under polarized light in an optical microscope, an anodized layer needed to be
formed on the polished surface. This was obtained by electrolytic etching, with an
electrolyte composed of 5% HBF, and 95% HO. A potential of 20 V and a max
allowed current of 1 A was set before the samples were immersed in the electrolyte
for 90 seconds. The samples were immersed in water immediately after the process
before being cleaned with ethanol and dried with a dryer.

A Leica MeF4M optical microscope with a lens of 2.5x magnification was used to
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examine the samples. In order to see the grain structure, polarization contrast was
used. The images were assembled in Microsoft PowerPoint to make an overview
image of the cross-section.

3.3.2 Hardness testing

The hardness was measured over the cross-sections of the GMAW welds in order
to find the hardness profiles and determine the impact of the different local heat
treatments. All samples were grinded with SiC grinding papers until smooth and
free of scratches before the hardness was measured. The measurements were taken
with a Mitutoyo Micro Vickers Hardness testing machine (HM-200 series), using
an impression force of 1 kg and dwell time of 10 sec to obtain the Vickers hardness
(HV). To find the hardness profiles over the weld and HAZ, indents were made
from the center of the weld cross-section and spaced 1 mm apart until the hardness
reached the base material hardness.

The hardness of the welded cross-sections was measured 1.8 mm beneath the sur-
face, i.e., the center of the thickness of the welded sheets to determine the hardness
profile of the HAZ. The hardness of the samples with laser was measured at several
locations along the cross-section, to examine the effect of the laser throughout the
thickness of the sheet. The laser treatment was not excepted to affect the prop-
erties through the entire thickness, which is why the hardness was measured at
different positions. These were chosen to be 0.8 mm and 1.8 mm below the surface
of the 3.6 mm thick sheet.

All measurements were conducted more than a week after welding or laser treat-
ment in order to include the strength recovery by natural aging. However, the
measurements were taken over a period of two months. This can affect the base
material hardness slightly, as the natural aging process continues after the first
week, although not to the same extent as the first few days.

3.3.3 Tensile testing

The specimens with longitudinal laser were statically tested in an MTS Landmark
Servohydraulic test machine in the Laboratory for mechanical testing at MTP. The
specimens were strained until fracture while logging the force and displacement of
the load cell. A displacement rate of 1 mm/min was used for the testing, along
with a sampling rate of 50 Hz for logging of the data. The stress is calculated
by using the original area of 12.5x3.6 mm? for all the specimens, although the
exact dimensions of the different specimens may vary slightly. This could affect
the accuracy of the stress and strain results but is considered sufficient for the
comparison purpose of these tensile tests. The strain is calculated based on the
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parallel length of the specimens. By using the parallel length as gauge length, there
is uncertainty regarding the strain values. Assuming uniform deformation along
the gauge length does not take into account that the transition to the wider area,
and the unclamped region of the wider area, could deform slightly as well. This
is, however, considered adequate for this purpose, as the main objective of these
tests is to evaluate the relative strength effect of the different laser powers. The
specimens used as references for the laser treated specimens were tested at SINTEF
Manufacturing at Raufoss. Extensometers were used for logging the elongation,
and the tests were carried out in accordance with the NS-EN IS0O6892-1:2016 B
standard.

3.3.4 Tensile testing with DIC

Digital image correlation (DIC) was used for the tensile testing of the specimens
with cross welds and laser pattern. The static tensile tests were carried out at Sintef
Industri at Glgshaugen in a Dartec 500 kN hydraulic testing machine. Two cameras
in mono set-up was used to obtain the 2D strain fields on both the front and back
side of each specimen. Figure 3.8a shows a tensile specimen in the machine along
with the camera in position. Additional lighting was necessary for the camera
to focus. A displacement speed of 3.6 mm/min was used for the testing of all
specimens. Maximum load and maximum displacement was set to 200 kN and 100
mm respectively. Both cameras was set to a frame-rate of 4 Hz.

A program called eCorr was used for the post-processing of the data from the
tensile testing. A mesh of quadratic elements of 20x20 pixels was applied to the
parallel region of the specimens, as shown in Figure 3.8b, before running the DIC
analyses in eCorr. Three virtual extensometers were placed over the parallel region
to obtain the global strains of the specimens, which corresponds to the percent
elongation of the vectors, during testing. For each strain value, an average of the
three virtual extensometers were used. In order to visualize the strain distribution
and localization during testing, field maps of principal strains in the tensile direc-
tion were added. This gives the possibility of showing where the strain is most
substantial during deformation of the specimens.

The strain evolution of each specimen was evaluated at one surface, more specifi-
cally the one with applied cross welds. The second camera in the set-up logged the
other surface of the specimen and was mainly for back-up. Since there was only
one of each specific specimen, this was very important as lost camera data would
mean that the affected specimen was useless for comparison.
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Figure 3.8: Set-up showing one of the cameras, (a), and post processing with
mesh and virtual extensometer, (b), of tensile testing with DIC.

3.4 Predictions and simulations
3.4.1 Temperature calculations

In this thesis, the Rosenthal medium thick plate solution (Eq. 2.6) is used for
estimating the temperature cycle and peak temperatures, due to the weld and
laser processes. A software developed by O. R. Myhr allows for easy input of the
different parameters of the equation and gives the predicted peak temperature in
that given point along with the behavior of the thermal cycle. Parameters such
as the current, voltage, speed and efficiency factor of the welding process need to
be defined, as well as plate thickness, through thickness depth and distance from
the heat source to define the position where the temperature is preferred. The
maximum temperature during the welding cycle can be calculated at any point
in the cross-section. Figure 3.9 shows an example of input and the corresponding
output.

Peak temperatures for both the welding procedure and the laser treatments are cal-
culated. Firstly, the equation was used to estimate the temperature for the GMAW
process during the joining of the sheets. The temperature-time cycle and the max-
imum temperature at several distances from the weld center were calculated. All
parameters except the arc efficiency factor of the process were known. During
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Figure 3.9: Example of input and corresponding output using the software for
calculating heat distribution with Rosenthal medium thick plate solution.

welding, the temperature was measured at several distances from the weld center
by thermocouples, as explained in Section 3.2.2. These measurements were used to
approximate the efficiency factor by trial and error using Rosenthal medium thick
plate solution. The maximum temperatures at the same positions as the thermo-
couple measurements were estimated for several efficiency factors, and the one that
fits best with the measured data was chosen for further temperature estimations
in this thesis.

3.4.2 Prediction of hardness

Temperature inputs for the NaMo-simulations regarding welding and laser was cal-
culated using Rosenthal medium thick plate solution. Several simplifications were
made in order to simulate the entire temperature history of the material in NaMo.
In the current version of NaMo there is a maximum of nine temperature inputs,
which is not enough to include the entire temperature history. Figure 3.10a shows
a realistic temperature history of extruded 6082 alloys subjected to artificial ag-
ing, welding, laser treatment, and post weld heat treatment (PWHT). In order to
include the entire thermal history in the NaMo-simulation, several simplifications
are required. Dr. Ole Runar Myhr proposed the simplification presented in Figure
3.10b (O.R. Myhr, Personal communication, 2019). The natural aging after extru-
sion is not included in the simplification, which should be acceptable since the alloy
is artificially aged. The cooldown to room temperature from artificial aging tem-
perature is not crucial for the resulting strength as the temperature during aging
is too low to cause microstructural changes during cooldown. Therefore, skipping
these steps should not affect the results significantly. The same applies to the stages
at room temperature between the other elevated temperature steps. The cooldown
from the PWHT is also neglected due to the same reasoning. These simplifications
were tested for a few simulations as shown in Figure D.1 in Appendix D with a
difference in hardness of only 0.8 HV.
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Figure 3.10: Diagrams showing (a) a realistic and (b) a simplified temperature
history of extruded 6082 alloys subjected to artificial aging, welding, laser and
PWHT /natural aging at room temperature (RT) (O.R. Myhr, Personal commu-
nication, 2019).

The predicted peak temperature from both weld and laser needed to be calculated
for each point along the cross-section, to predict the resulting strength and hard-
ness. Since the laser position is at 8.5 mm from weld center, a distance 6 mm from
the weld center would correspond to 2.5 mm from the laser center. All peak tem-

perature estimations due to the weld and the laser are given in Table 7 in Appendix
E.
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4 Results

The results of the characterization, mechanical testing, and predictions are all
presented in this chapter. Optical micrographs and hardness profiles of the GMA
weld are presented before the results from tensile testing regarding the different
local heat treatments are given. These results are presented in the same order as
in the preceding chapter; cross welds, longitudinal laser in HAZ and laser pattern
(see Figure 3.1 in Section 3.2.1). The notation PWHT indicates that the specimens
have been subjected to a post weld heat treatment at 220 °C for 15 minutes. Lastly,
the predicted peak temperatures and hardness simulations are presented.

4.1 Characterization of the weld

4.1.1 Microstructure

A cross-section of the base material is shown in Figure 4.1a, where the extrusion
direction is along the horizontal axis. The grain structure is fibrous in most of
the cross-section area, which is expected for extruded profiles of this alloy. The
microstructure close to and along the surfaces of the sheet are not fibrous which
indicates recrystallization has occurred.

Figure 4.1: Optical micrographs of (a) the base material perpendicular to the
extrusion direction and (b) the weld cross-section of welding speed 16 mm/s. The
base material shows a fibrous grain structure, while the weld shows the recrystallized
fusion zone.

Figure 4.1b, 4.2a and 4.2b shows the microstructure of the cross-section of welds
produced by three different welding speeds: 16 mm/min, 14 mm/min and 18
mm/min respectively. All welds have a grain structure similar to an as-cast state
in the fusion zone, and the grains along the fusion line are slightly equiaxed and
extends into the fibrous structure of the parent material. The cross-sections are
perpendicular to the fibrous structure as the extrusion direction is out-of-plane.
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(a) (b)

Figure 4.2: Optical micrographs of weld cross-section of weld speed (a) 14 mm/s
and (b) 18 mm/s showing the recrystallized fusion zone.

The size of the fusion zone differs for the three welds, where higher speed resulted
in a smaller fusion zone, but the grain size is similar.

4.1.2 Hardness profiles

Hardness profiles are given in this section, and illustrations below the graphs show
where in the cross-section the measurements were made. The hardness profiles of
the GMA weld produced with a welding speed of 16 mm/s are plotted in Figure 4.3.
Hardness measurements are taken of similar welds both with and without a PWHT.
The grey curve shows the hardness profile of the weld without PWHT where the
minimum hardness of the HAZ can be found at about 8-9 mm from the weld center.
The lowest hardness is observed in the weld metal, while the minimum hardness
values in the HAZ are 65.9 and 65.2 HV. In the region between the fusion zone
and the hardness drop in the HAZ, the hardness is increased. The base material
hardness is reached at approximately 17 mm from weld center, which defines the
width of the HAZ. The blue hardness profile in Figure 4.3 is the hardness profile of
a similar weld with 16 mm/s weld speed, but with a PWHT. It is similar to the one
of the weld without PWHT, but experience a more significant increase in hardness
close to the weld, and the base material hardness is lower due to overaging.

Figures 4.4a and 4.4b show the hardness profiles of sheets welded by GMAW at
14 mm/s and 18 mm/s weld speed, respectively. The lowest measured hardness
in the HAZ is relatively similar for the two cases, but the width of the HAZ is
significantly smaller for the faster weld speed. The HAZ extends about 18 mm for
the weld of 14 mm/s compared to 13 mm for the 18 mm/s weld.
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Figure 4.3: Hardness profiles of the weld cross-section for single-sided GMA
joining weld at 16 mm/s welding speed. The extent of the HAZ is indicated with
dashed lines.
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Figure 4.4: Hardness profiles of the cross-sections of single-sided gas metal arc
joining welds at weld speeds of (a) 14 mm/s and (b) 18 mm/s. The extent of the
HAZ is indicated with dashed lines.

4.2 DIC tensile test results of cross welded specimens
4.2.1 Stress-strain behavior

The results from the tensile testing of the cross welded specimens are presented
here and in the following sections. The stress-strain curves for the specimens with-
out PWHT are plotted in Figure 4.5, while Figure 4.6 presents the curves for the
specimens with PWHT. The stress-strain curves are obtained by the calculated en-
gineering stress based on the logged force and initial area and the percent elongation
of the virtual extensometers applied in the DIC post-processing. The evolution of
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the strain distribution during the tensile test are given by field maps of principal
strains obtained by the DIC software. All the fractured specimens tested with DIC

are given in Appendix G.
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Figure 4.5: Stress-strain curves of specimens with cross welds and without

PWHT.
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Figure 4.6: Stress-strain curves of specimens with cross welds and PWHT.

A summary of the properties obtained by the stress-strain curves is given in Table
5. The calculated 0.2 % proof strength (referred to as the yield strength in this
thesis), Ry0.2, ultimate tensile strength, Ryrs, and strain (percent elongation)
at fracture, ey, are presented for each specimen with cross welds along with the

reference specimens.
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Table 5: Relevant values from the stress-strain curves presented above, and the
cross weld (CW) speed is indicated in the description.

Description Yield strength, Tensile strength, Strain at frac-
Rpo.2 [MPal Ryrs [MPal ture, ey (%]
Reforen No PWHT 200.5 249.5 1.8
clerence PWHT 252.0 279.7 2.34
No PWHT 191.2 260.9 3.68
18 mm/s W povpp 245.3 281.8 3.57
No PWHT 193.2 259.6 3.19
20 mm/s CW by 246.9 281.3 2.7
No PWHT 198.8 264.4 3.18
22mm/s CW - pypgp 255.6 298.2 4.7
No PWHT 199.0 262.9 3.08
26 mm/s W by 256.1 296.6 4.7

4.2.2 Reference specimens

Figures 4.7a and 4.7b shows the evolution of the principal strain for the reference
specimens without and with PWHT. Both specimens deform in a similar matter,
where strain localization occurs in the HAZ on both sides of the weld and causes
necking, before further deformation continuous on one side until rupture occurs.
The specimen with PWHT has an ultimate tensile strength of 279.7 MPa compared
to 249.5 MPa for the specimen without PWHT. The reference with PWHT fractures
at 1.8 %, while the specimen without fractures at 2.34 %.

(a)

(b)

Figure 4.7: Fvolution of principal strain localization during tensile testing of

reference specimens (a) without PWHT and (b) with PWHT.
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4.2.3 Cross weld speed 18 mm/s

The stress-strain curves of the specimens with cross weld speed of 18 mm/s are
plotted in Figures 4.5 and 4.6. Compared to the reference specimens, the cross
welded specimen without PWHT exhibit a lower yield strength, but about 11
MPa higher ultimate tensile strength. The specimen with PWHT shows similar
decrease in yield strength and only 2 MPas increase in tensile strength. The plastic
deformation prior to fracture is significantly larger for both specimens at 3.68 %
and 3.57 % for the one with and without PWHT respectively.

(b)

Figure 4.8: Fvolution of principal strain localization during tensile testing of
specimens with cross weld speed 18 mm/s (a) without PWHT and (b) with PWHT.

Figure 4.8 shows how the localization of principal strain develops during deforma-
tion. For the specimen without PWHT, the strain localizes in the HAZ on both
sides between the two cross welds, and fracture occurs along the HAZ. Figure 4.9
shows how the crack propagates after the first crack is initiated where the strain
localized.

Figure 4.9: Fracture of specimen with cross weld speed 18 mm/s, without PWHT.
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The specimen with PWHT hardly experience any deformation in the minimum
strength HAZ, as can be seen in Figure 4.8b. The strain localized outside the
tips/ends of the cross welds, 35-40 mm from the weld center, thus outside of the
HAZ. Figure 4.10 shows that the crack is initiated at the tip of one cross weld and
propagates horizontally towards the other cross weld before reaching the edges and
final rupture occurs.

Figure 4.10: Fracture of specimen with cross weld speed 18 mm/s, with PWHT.

4.2.4 Cross weld speed 20 mm/s

The behavior of the specimens with 20 mm /s cross welds are similar to the speci-
mens with 18 mm/s cross welds. Compared to the reference specimens, a decrease
in yield strength and an increase in ultimate tensile strength is observable. The
specimens with and without PWHT fracture at strains of 2.7 % and 3.19 % respec-
tively.

Figure 4.11: FEvolution of principal strain localization during tensile testing of
specimens with cross weld speed 20 mm/s (a) without PWHT and (b) with PWHT.
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The strain localizes in similar locations as for the specimens with 18 mm/s cross
welds (Figure 4.11), and the cracks are initiated and propagating in the same
manner, as can be seen in Figure 4.12 and 4.13.

Figure 4.12: Fracture of specimen with cross weld speed 20 mm/s, without
PWHT.

Figure 4.13: Fracture of specimen with cross weld speed 20 mm/s, with PWHT.

4.2.5 Cross weld speed 22 mm/s

The specimen without PWHT experienced an increase of 15 MPa in ultimate tensile
strength compared to the the reference specimen, and only a small decrease in yield
strength. The specimen with PWHT shows a significant increase in ultimate tensile
strength of approximately 19 MPa, as well as a slight increase in yield strength
compared to the PWHT reference specimen. The elongation prior to fracture for
the specimen with PWHT is 4.7 % which is significantly larger than the reference
specimen.

Figure 4.14 shows how the strain field changes during deformation. The specimen
without PWHT experience strain concentration in the HAZ and the first crack is
initiated between the two cross welds on one side of the weld. The crack propa-
gates along the HAZ as seen in Figure 4.15. The specimen with PWHT, however,
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Figure 4.14: FEvolution of principal strain localization during tensile testing of
specimens with cross weld speed 22 mm/s (a) without PWHT and (b) with PWHT.

experience strain concentration at several places; both in the HAZ and at the tips
of the cross welds. The first visible crack is observed at the tip of one of the cross
weld, while another crack occurs in the HAZ close to the edge. The crack then
propagates between the two cracks, followed by the final fracture, as seen in Figure

4.16.

Figure 4.15: Fracture of specimen with cross weld speed 22 mm/s, without
PWHT.
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Figure 4.16: Fracture of specimen with cross weld speed 22 mm/s, with PWHT.

4.2.6 Cross weld speed 26 mm/s

Compared to the reference specimen, the 26mm/s cross weld specimen without
PWHT exhibit an increase in ultimate tensile strength and a small decrease in yield
strength. The specimen with PWHT shows a behavior similar to the specimen 22
mm /s cross weld, with a large increase in ultimate tensile strength, a slight increase
in yield strength and 4.7 % elongation prior to fracture.

om0 o1 0w _ox o o __0is 0w o om0 -

Figure 4.17: FEvolution of principal strain localization during tensile testing of
specimens with cross weld speed 26 mm/s (a) without PWHT and (b) with PWHT.

Figure 4.17 shows how the strain localizes during tensile testing. Necking and frac-
ture occur in the HAZ between two cross welds for the specimen without PWHT,
as seen in Figure 4.17a and 4.18. Strain localizes in several places for the specimen
with PWHT, similar to the 22 mm/s cross welded specimen with PWHT. Figure
4.17b shows how the strain localizes in the lowest strength region of the HAZ, only
interrupted by the cross welds, and outside the tips of the cross welds. The first
crack occurs at the edge of the specimen in the HAZ and fractures along this line,
as shown in Figure 4.19.
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Figure 4.18: Fracture of specimen with cross weld speed 26 mm/s, without
PWHT.

Figure 4.19: Fracture of specimen with cross weld speed 26 mm/s, with PWHT.

4.3 Results of longitudinal laser
4.3.1 Hardness profiles

The hardness measurements of the welded specimens with longitudinal laser 8.5
mm from the weld center are presented in this section. The laser passed on each
side of the weld on both the upper surface and the lower surface. Figure 4.20,
4.21, and 4.22 shows hardness profiles along the cross-sections of the laser treated
welded specimens. The positions of the laser treatment are indicated by the blue
semicircles, while the location of the measurements are indicated by black dotted
lines on the cross-section illustration.

The hardness profile of the specimen with 2000 W laser treatment is given in
Figure 4.20. The measurements in Figure 4.20b show that the specimen with
laser is similar to the reference specimen without laser at 1.8 mm beneath the
surface, which indicates that the laser did not change the properties in the middle
of the sheet. The PWHT increased strength close to the fusion zone similar to
what is observed for the weld without laser (see Figure 4.3 in Section 4.1.2). The
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measurements at 0.8 mm from the surface (Figure 4.20a) show similar behavior as
the measurements at 1.8 mm, except for the hardness values at 9 mm from weld
center. This is 0.5 mm from the applied laser. At this position, the specimen
with laser treatment and without PWHT experiences a drop in hardness, while the
measurements without laser remain unaffected. The specimen with both laser and
PWHT show an increased hardness value at this position.
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Figure 4.20: Hardness profiles at positions beneath the surface of (a) 0.8 mm and
(b) 1.8 mm of specimens with 2000 W longitudinal laser.

The hardness profiles of the sheet with 2200 W laser treatment is plotted in Figure
4.21. The profiles of 1.8 mm beneath the surface, as shown in Figure 4.21b seems
relatively unaffected by the laser. The curve of the specimen with laser and without
PWHT shows a decrease in the region 3-5 mm from the weld center, which could
be due to the laser heat cycle. The measurements at 0.8 mm shown in Figure
4.21a shows the expected drop at 8-9 mm from weld center with an increase in
hardness close to the fusion zone. This zone of lower hardness is wider for these
measurements than for the measurements 1.8 mm beneath the surface. A slight
drop is observed at 12 mm from the weld center corresponding to 3.5 mm from the
laser position. The PWHT increased the hardness further in the zone close to the
fusion zone with similar increase as the observed in Figure 4.3 in Section 4.1.2.

The laser power of 2600 W caused notable changes in the hardness profile, as
seen from Figure 4.22. There is a significant drop in hardness at about 12-13 mm
from the weld center. This corresponds to about 3-4 mm from the laser position,
and a similar effect is observed at the other side of the laser closer to the weld
at 5 mm from weld center. These changes in the hardness profile are observable
where the laser caused significant melting, as seen in Figure H.1 in Appendix 8.
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Figure 4.21: Hardness profiles at positions beneath the surface of (a) 0.8 mm and
(b) 1.8 mm of specimens with 2200 W longitudinal laser.

The measurements at both 0.8 mm and 1.8 mm beneath the surface crossed the
melted region, which explains the wide region of reduced hardness around the laser

position.
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Figure 4.22: Hardness profiles at positions beneath the surface of (a) 0.8 mm and
(b) 1.8 mm of specimens with 2600 W longitudinal laser.
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4.3.2 Tensile test results

The results from the tensile testing of the welded sheets with laser in the HAZ
parallel to the weld, are plotted in stress-strain curves below. Firstly, the reference
specimens are presented in Figure 4.23. Then, the stress-strain curves of the spec-
imens with laser and PWHT are given in Figures 4.24, 4.25 and 4.26 for the laser
powers of 2000 W, 22000 W and 2600 W respectively. The reference specimen re-
sults are plotted separately as they were tested with extensometers, while the ones
with laser were not. The main focus of comparison is the ultimate tensile strength,
since properties such as yield strength and elongation are not directly comparable
due to the difference in test set-up.
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Figure 4.23: Stress-strain curve of reference specimens with and without PWHT,
where there are four specimens of each.

Figure 4.23 shows the tensile test results for the reference specimens. The welded
specimens without PWHT yielded at an average stress of 173.9 MPa and obtained
an average ultimate tensile strength of 245.9 MPa. The PWHT resulted in a
decrease in elongation, but a significant increase in both yield strength and ultimate
tensile strength with average values of 228.5 MPa and 272.9 MPa respectively.
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Figure 4.24: Stress-strain curve of specimens with 2000 W longitudinal laser
treatment in HAZ.

Figure 4.24 shows the stress-strain curve of a GMA welded sheet with 2000 W
laser treatment and PWHT. The specimens with laser and without PWHT show a
small increase in ultimate tensile strength of 4 MPa and withstands less deforma-
tion after the point of necking compared to the reference specimen. The PWHT
increased strength and reduced the ductility significantly, similarly to the reference

specimens. However, the ultimate tensile strength is lower, and a larger decrease
in elongation is observed.
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Figure 4.25: Stress-strain curve of specimens with 2200 W longitudinal laser
treatment in HAZ.
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In Figure 4.25, the stress-strain curves of sheets with 2200 W laser treatment are
plotted. There is a clear difference for the specimens with and without PWHT,
with increased strength and reduces ductility. The laser treated specimens both

with and without PWHT exhibit lower ultimate tensile strength compared to their
respective references.
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Figure 4.26: Stress-strain curve of specimens with 2600 W longitudinal laser
treatment in HAZ.

The stress-strain curve of specimens with laser treatment of 2600 W is presented
in Figure 4.26. The specimens with laser and PWHT show similar behavior of
the specimen with 2000 W laser treatment, hence slightly lower strength than
the reference. The laser treated specimen without PWHT, however, obtains an
ultimate tensile strength increase of 10 MPa compared to the reference specimen.
Both specimens obtained similar strength values with a large elongation prior to

fracture. One of the two specimens fractured at 14 mm from the weld center, which
corresponds to the drop in hardness observed in Figure 4.22.

To summarize the results of the longitudinal laser treatment in HAZ, the tensile
properties obtained by the stress-strain curves are given in Table 8 in Appendix
H. The average ultimate tensile strengths obtained for the different specimens are
given in Table 6. The PWHT generally increased the strength and reduced the
ductility of all specimens regardless of laser treatment, and all specimens except

one, fractured in the minimum level HAZ at approximately 8-9 mm from weld
center.
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Table 6: The average ultimate tensile strength, Ryrs, of specimens with laser

treatment in HAZ.

Description Average ultimate tensile strength [MPa]
Reference 245.9
Reference, pwht 272.9
2000 W 250.0
2000 W, pwht 268.6
2200 W 243.0
2200 W, pwht 264.2
2600 W 256.0
2600 W, pwht 268.8

4.4 Results of laser pattern

4.4.1 Hardness profiles

The hardness profiles over the cross-section of the welded sheet with laser pattern
are shown in Figure 4.27. The 2000 W laser pattern was applied to both the upper
and the lower surface, and the hardness is measured at three locations over the
thickness of the sheets, at 0.8 mm, 1.8 mm and 2.8 mm below the surface of the
3.6 mm thick sheets. This is indicated by the black dotted lines, and the blue
semicircles illustrate the positions of the laser lines.
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Figure 4.27: Hardness profiles of specimens with laser pattern, where (a) is with-

out PWHT and (b) is with PWHT.



4. Results

Figure 4.27a shows the hardness profile of a specimen without PWHT. The hardness
profile measured along the center of the thickness, 1.8 mm below the surface, is
unaffected by the laser and shows similar behavior as the weld without laser in
Figure 4.3. A drop in hardness due to the three outer laser lines is observed 0.8
mm and 2.8 mm below the surface, while the remaining hardness profile is similar
to the hardness along the middle of the thickness. The laser pattern on the lower
surface of the sheet resulted in a larger hardness reduction than the ones on the
upper surface of the sheet.

The hardness profile of the specimen with PWHT is shown in Figure 4.27b. The
reduction in hardness due to the laser is less apparent here, but the overall base
material hardness is reduced significantly. The lowest hardness in the HAZ at 8 mm
from the weld center is slightly higher but is still the lowest hardness. It should be
noted that the PWHT for the specimen with the laser pattern was not conducted
together with the other specimens with PWHT in this report. The significant
decrease in base material hardness indicates that overaging occurred to a greater
extent than the other PWHT specimens, and this is further discussed in Chapter
5.

4.4.2 DIC tensile test results

The stress-strain curve of the specimens with laser pattern are plotted in Figure
4.28. The specimen without PWHT obtains similar strength levels as the reference
specimens but improved elongation at fracture. The specimen with PWHT shows
an even larger increase in elongation and fractured at 3.3 %. However, no increase
in ultimate tensile strength is observed and the yield strength is reduced slightly.
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Figure 4.28: Stress-strain curves of specimens with laser pattern.
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The evolution of principal strain shows that the strain localizes in the HAZ on
both sides of the weld for both specimens, as seen in Figure 4.29. For the specimen
without PWHT, the deformation is large in the minimum level HAZ over the entire
width of the specimen and is not interrupted by the laser pattern. This is evident
from the fracture propagation in Figure 4.30a, which shows how the first and final
rupture occurs.

(b)

Figure 4.29: FEvolution of principal strain localization during tensile testing of
specimens with laser pattern, where (a) is without PWHT and (b) is with PWHT.

Figure 4.29b shows how the strain localizes in the HAZ by the edges of the specimen
on both sides for the specimen with PWHT. The pattern of the laser is visible as
blue lines in the strain field, which means less deformation occurred in this area.
The first crack is initiated along the right edge of the specimen, as indicated by the
white circle in Figure 4.30b. Then the crack grows rapidly along the HAZ before

the final fracture occurs.
(b)

Figure 4.30: Crack propagation during tensile testing of specimens with laser
pattern, where (a) is without PWHT and (b) is with PWHT.

(a)
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4.5 Predictions and simulations
4.5.1 Thermal cycle of welding

The peak temperature at different distances from the weld center was calculated for
several arc efficiency factors of the welding process. These predictions are plotted
against the thermocouple values measured during welding in Figure 4.32. The
efficiency factor, 7, for the peak temperature predictions that best comply with
the measured data is 0.7 as seen from the continuous blue line the figure. The
continuous line represents the values estimated by Rosenthal medium thick plate
solution, while the points are maximum temperatures measured by thermocouples.
The efficiency factor of n =0.7 is a realistic estimate as the efficiency factor for GMA
welding on aluminium is usually between 0.7 and 0.85 [28]. Figure 4.31 shows the
predicted thermal cycles plotted together with the measured thermocouple cycles.
The fit of the estimated curve compared to the measured temperature is considered
adequate, and 17 =0.7 was chosen for further temperature estimations in this thesis.
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Figure 4.31: Predicted and measured thermal cycles for single pass GMA weld
with v = 10 mm/s and qo = 3221 W at different distances form the weld center.
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Figure 4.32: Predicted peak temperatures with several efficiency factors plotted
together with measured thermocouple data.

4.5.2 Hardness profiles predicted by NaMo

Figure 4.33 shows the hardness values predicted by NaMo plotted together with
the measured hardness profile of a weld with the same welding parameters. Each
point in the curve corresponds to a simulation based on the calculated temperature
history for that specific position in the cross-section area. The simulations were
tuned to match the base material strength before any additional heat cycles due
to weld, laser of PWHT were added.
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Figure 4.33: Comparison of measured and predicted hardness profiles of welded
specimens, where (a) is without PWHT and (b) is with PWHT.
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The prediction curves for hardness both with and without PWHT, Figure 4.33b
and 4.33a respectively, follow the measured hardness profile with an increase out-
side the fusion zone followed by a large drop before increasing until base material
hardness is reached. According to Figure 4.33a, NaMo predicts the drop due to
the thermal cycle of welding to be at 7 mm from the weld center with a larger
decrease in hardness compared to the measured values. The natural aging between
the drop and the fusion line is slightly overestimated, while the extent of the HAZ
is precisely predicted. For the simulations with PWHT in Figure 4.33b, the ag-
ing is accurately predicted, but the hardness drop is overestimated. The width
of the HAZ is accurately simulated, while the base material hardness is slightly
overestimated.
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Figure 4.34: Comparison of measured and predicted hardness profiles welded
specimens with 2200 W longitudinal laser treatment in HAZ, where (a) is with-
out PWHT and (b) is with PWHT.

Predicted and measured data of the HAZ with 2200W laser treatment 8.5 mm
from weld center are plotted together in Figure 4.34 for comparison. All estimated
peak temperatures and hardness values for each simulation are given in Table 7 in
Appendix E. The lowest hardness in the HAZ is in a region at 7-9 mm from the heat
source. Both simulations with and without PWHT predicts a large reduction due
to the thermal cycle of the laser, with an additional drop at 7 mm. The measured
hardness profile without PWHT (Figure 4.34a) additionally indicates a reduction at
5 mm and 12 mm from the weld center which corresponds to 3.5 mm from the laser
center on each side. This effect is not registered for the predicted hardness profile
and not for the specimen with PWHT in Figure 4.34b. However, the simulations at
8.5 mm from weld center, i.e., at the position of the laser, predicts a large increase
in hardness similar to the aging close to the fusion line. This effect is predicted for
both cases with and without PWHT but is not observed in measurements.
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5 Discussion

5.1 Introductory remarks

In the following chapter, relevant findings and results are discussed. Firstly, the
degradation of mechanical properties in the joining gas metal arc weld are assessed.
Then, the results of mechanical testing regarding the local heat treatments are
evaluated, where important findings are highlighted and possible explanations are
discussed. Lastly, the accuracy of predicted values regarding both temperature and
hardness estimations are evaluated.

5.2 Mechanical properties of the weld
5.2.1 Degradation of properties in the HAZ

The hardness profiles in Figure 4.3 in Section 4.1.2 show a characteristic behavior
of welded 6082-T6 alloys. The hardness is overall lower in the HAZ than the base
material hardness as expected. The increased hardness outside the fusion zone
is due to natural aging. This occurs in the region where the temperature during
was sufficiently high to cause full reversion of the strengthening 3 particles which
allows for reprecipitation by aging. Even more strength is regained by artificial
aging during the post weld heat treatment as evident from the hardness profile.
The lowest hardness observed for the weld with weld speed 16 mm/s is 65.2 HV
at 9 mm from weld center, which corresponds to about 64% of the base material
hardness, thus a significant reduction. The hardness values can be translated into
an equivalent ultimate tensile strength by Eq.2.12, which gives a minimum tensile
strength value that is 69% of the base material strength. This is slightly higher
than the expected reduction factor, pgaz, of 0.65 as suggested for GMA welding
of Al-Mg-Si alloys [13], as stated in Chapter 2. The PWHT mainly increased the
strength in the HAZ region with Mg and Si in solid solution, but the lowest level
hardness does experience a small increase as well.

5.2.2 Strength of reference specimens

The tensile tests perpendicular to the weld were conducted with two different ten-
sile specimens with regards to geometry and dimensions. Due to this, a direct
comparison of the different local heat treatments (eg. laser and cross welds) are
not recommended. However, the relative changes in material properties compared
to reference specimens of equal dimension are highly relevant to account for the
possible of effects of these treatments.
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Figure 5.1: Comparison of the ultimate tensile strengths of the reference spec-
imens from the two different tensile test set-ups. The value for the reference for
laser is based on an average of four specimens.

The maximum stress level observed is valid for comparison between the different
specimens and test set-ups. The reference specimens used for the DIC testing
and the reference specimens for the laser treatment show similar characteristics.
Figure 5.1 shows the ultimate tensile strength of the two different tensile test
specimens side by side. As seen from the bar plot, the two specimens without
PWHT exhibited a tensile strength just below 250 MPa, where the larger specimen
reached a maximum at a few MPs higher. The same trend is evident for the
specimens with PWHT, where the larger specimen reaches a higher maximum at
279.7 MPa compared to 272.9 MPa. This could be a result of several factors, such
as differences in weld quality or the large difference in specimen size. The latter
is considered more likely, as the welding parameters are equal and the sheets are
from the same extruded profile with equal thermomechanical history. The cross-
section area of the DIC specimens is five times larger than the smaller specimens.
The thickness is 3.6 mm for both, which means the geometry is very different.
Since the HAZ consists of regions of varying strength levels, it can change how the
specimen deforms. This affects where and when strain localization and necking
occurs, which again influences global load-bearing capacities. This is why each
local heat treatment is only compared to its specific reference of equal geometry.

5.3 Effect of local heat treatments

5.3.1 Cross welds

In the following section, the effect of the local heat treatment by cross welds is
evaluated. Firstly, the specimens with cross welds and without PWHT are dis-
cussed based on their properties compared to the reference specimen and each
other. Then, the effect of the PWHT on the cross welded specimens is considered.
Bar plots are used to illustrate the improvements and differences in mechanical
properties, and possible explanations are discussed.

Mechanical properties
All cross welded specimens yields at lower stress compared to the reference, as seen
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from the grey bars in Figure 5.2. The specimens with the slowest welding speeds
(18 mm/s and 20 mm/s) suffers from a larger reduction in yield strength than the
specimens with cross weld speeds of 22 mm/s and 26 mm/s. This indicates that
the heat generated during the cross welding process causes an reduction of the
yield strength whereas slower welding speeds implies a larger decrease. This could
be because slower speeds increases the exposure time of critical temperatures and
results in a larger HAZ and possibly lower strength in this region. This is evident
from the hardness profiles in Figure 4.4 in Section 4.1.2 where the extent of the
HAZ from welding speed 14 mm/s is significantly larger than for the welding speed
of 18 mm/s. Thus, the larger area of softening can be an explanation of the lower
yield strength values observed for the slower cross weld speeds.

CW: 26 mm/s
CW: 22 mm/s
CW: 20 mm/s

CW: 18 mm/s

s PWHT
N no PWHT

Reference

150 ' : 300
Stress [MPa]

Figure 5.2: Comparison of yield strength for specimens for cross welds of different
welding speeds with or without post weld heat treatment (PWHT).

Although the cross welds generally have a negative effect on the yield strength,
the ultimate tensile strength is increased for all cross welded specimens compared
to the reference specimen. The grey bars in Figure 5.3 shows the ultimate tensile
strength of the different cross welded specimens. The ultimate tensile strength
varies from 259.6 MPa to 264.4 MPa corresponding to an increase of 10-15 MPa.
This is considered a significant strength increase that shows the effect of cross
welds. This is likely due to the reinforcement by the increased welds beads of the
cross welds and the aging reaction (reprecipitation) close to the cross welds causing
a strength increase in this area. This indicates that the overall strengthening effect
of the cross welds predominates the softening in the HAZ made by the cross welds
when it comes to the ultimate tensile strength. All the specimens with cross welds
experience larger elongation during tensile testing, as seen from Figure 5.4. This
means increased ductility due to the cross welds since the specimens’ resistance to
plastic deformation is increased.

The two faster weld speeds (22 mm/s and 26 mm/s) show better properties than
the lower weld speeds, both with regards to yield and ultimate tensile strength.
All cross welded specimens experienced a large increase in percent elongation at
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CW: 26 mm/s

CW: 22 mm/s

CW: 20 mm/s

CW: 18 mm/s

. PWHT
B no PWHT

Reference

200 250 300
Stress [MPa]

Figure 5.3: Comparison of ultimate tensile strength for specimens for cross welds
of different welding speeds with or without post weld heat treatment (PWHT).

fracture, as seen in Figure 5.4, but the impact of welding speed is not clear regarding
elongation. The increase in elongation can likely be explained by the same effects
that resulted in lower yield strength values, where the softening effects of the cross
welds’ heat affected zones allow for more deformation prior to fracture.

CW: 26 mm/s
CW: 22 mm/s 4.7

CW: 20 mm/s

CW: 18 mm/s
3.68

Reference s PWHT
1.8 B no PWHT
0 1 2 3 4 5

Percent elongation [%]

Figure 5.4: Comparison of percent elongation at fracture for specimens for cross
welds of different welding speeds with or without post weld heat treatment (PWHT).

The PWHT generally resulted in a significant increase in both yield and ultimate
tensile strength for all specimens, with an increase in yield strength of more than
50 MPa and a 20-30 MPa increase in ultimate tensile strength compared to similar
specimens without PWHT. This is evident from Figure 5.2 and 5.3. To account
for the effects of the cross weld, the further comparison is done with respect to
the reference specimen with PWHT. The specimens with 18 and 20 mm/s cross
weld speeds experience a decrease, while the specimens with welding speed of 22
and 26 mm/s show a slight increase compared to the reference. However, not by
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more than a few MPas. This indicates that the effect of PWHT in combination
with cross welds is minor when it comes to yield strength, but has a slightly better
effect on the specimens with faster cross weld speeds. It is evident from Figures
5.3 and 5.4 that the specimens faster cross weld speeds of 22 and 26 mm/s with
PWHT experienced the best overall improvement of properties with an increase of
more than 15 MPa in UTS and almost 2.4 % in elongation when compared to the
PWHT reference specimen.

Strain localization and fracture location

The cross welds change the geometry of the HAZ, as shown in Figure 5.5 where
the extent of the HAZ and the lowest level HAZ is illustrated. This causes strain
to localize in several different locations during tensile testing for the different spec-
imens, as shown in the Figures showing strain evolution and crack propagation in
Section 4.2. All specimens without PWHT fractured along the minimum strength
level in the HAZ where the crack initiated in the center of the specimen, e.g., be-
tween the two cross welds on one side of the weld (see point B in Figure 5.5). For
some of the specimens subjected to the PWHT, the fracture location shifted out
of the HAZ and fractured along the cross weld tips about 35 mm from the center
of the joining weld (point A Figure 5.5). This indicates that the reinforcement
of the cross welds is increased by the additional post weld heat treatment which
reprecipitation of 3”-particles in a region close to the cross weld beads similar to
whats observed in the hardness profile of the joining GMA welds, e.g., Figure 4.3
in Section 4.1.2. This causes strengthening of a larger area and results in different
deformation behavior. The strain does not localize in the HAZ between the cross
welds, but rather in the HAZ at the tips of the cross welds, which now is the points
of lowest strength in the specimen.

W Weld
HAZ

— Minimum hardness level

Figure 5.5: Illustration showing the HAZ and minimum hardness level due to the
welds, where A, B, and C indicate locations of crack initiation.

The reduction in strength at the tips of the cross welds is less for the faster cross
weld speeds of 22 mm/s and 26 mm/s, while still gaining the strength increase.
This results in increased global strength compared to the specimens with slower
cross weld speeds. The specimen with cross weld speed of 22 mm/s obtained the
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best mechanical properties. For this specimen strain localizes in several locations,
including the cross weld tips and the HAZ as shown in Figure 4.14b in Chapter
4. The first crack occurred at the tip of one cross weld (point A in Figure 5.5),
just before a new crack appeared the HAZ of the joining weld at the edge of
the specimen (point C in Figure 5.5). This indicates that the strength of these
regions is similar, causing competing regions for strain localization. This postpones
necking and promotes more plastic deformation before the maximum stress level
is reached, thus resulting in higher elongation at fracture and increased strength.
The large improvements in both strength and ductility confirm the predictions by
H. G. Fjeer [31], and show that cross welds could be a valid method for improving
mechanical properties of welds. However, these results are based on tensile loading
perpendicular to the weld for extruded sheets with one specific specimen geometry.
The results are promising, but more extensive testing and optimization of the
method is required before this could be applied to industrial applications.

5.3.2 Longitudinal laser

The results from the tensile testing and hardness measurements of the specimens
with longitudinal laser treatment are discussed in this section. As the tensile spec-
imens were tested without extensometer, the elastic properties of the specimens
could be inaccurate. Thus, the ultimate tensile strength is the main results used
for comparison of the effect of laser treatment. The relative differences of the stress
strain curves gives an indication of the behavior of the specimens. Figure 5.6 shows
the comparison of the ultimate tensile strength of the laser treated specimens. The
specimens with PWHT showed increased strength and lower elongation at fracture
compared to specimen without PWHT. Compared to the reference specimen with
PWHT, all laser treated specimens experienced decreased ultimate tensile strength,
indicating that the laser had a negative effect when combined with PWHT. It is
therefore concluded that the PWHT does not benefit from the laser treatments
presented in this thesis.

2600 W
2200 W
2000 W
Reference f— PWHT
s no PWHT
200 250 300

Stress [MPa]

Figure 5.6: Comparison of ultimate tensile strength of specimens with longitudinal
laser.
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The strength results regarding laser powers are not consistent, as the 2000 W and
2600 W treatments show increased strength, while the specimens with 2200 W laser
treatment experience a reduction. The specimen with 2600 W laser treatment ex-
hibited the largest increase of 9 MPa in UTS, along with increased elongation.
Melting due to the laser is observed on the surface of these specimens to a vary-
ing extent, and the increased strength and elongation indicates that the heat has
been sufficient to change the global properties of the specimen. For one of the
2600 W specimens, the fracture did not occur in the HAZ of the weld (8.5 mm
from weld center), but further out at approximately 14 mm from weld center. This
corresponds to the position of the lasers’ HAZ, which is observable from the hard-
ness profile in Figure 4.22 in Section 4.3.1. The other specimen with the same
laser treatment fractured in the weld HAZ 8.5 mm from weld center, but obtained
similar strength level. Since this specimen fractured at a higher strength than the
specimens without laser, this could indicate that the minimum strength level of the
weld HAZ is increased by the laser, or that the changes in the HAZ cause strain
to distribute and localize in a different manner which increases the global strength
of the specimen.

5.3.3 Laser pattern

It is evident from the hardness plots in Figure 4.27 in Section 4.4.1 that the laser
treatment has changed the hardness profile of the weld cross-section close to the
surfaces. The measurements along the center of the thickness seem fairly unaffected
by the laser lines, which indicates that the heat of the laser can only change the
microstructure close to the surfaces. The large drop in hardness along the lower
surface of the sheet is likely because these laser lines were added after the laser on
the upper surface, which means the temperature of the sheet was higher initially.

The PWHT of the specimen with laser pattern was conducted independently from
the rest of the post weld heat treatments, and the hardness profiles presented in
Figure 4.27 show a significant drop in base material hardness of almost 20 HV. This
decrease is larger than the other post weld heat treated specimens which indicates
that the temperature was likely higher than 220°C. During the heat treatment,
there was a discrepancy between the thermocouples attached to the specimen and
the temperature indicator of the oven. The correspondence of these temperature
indicators was tested before the heat treatment was conducted with a difference of
only a few degrees Celsius. However, during the actual treatment of the specimens,
this discrepancy increased to about 15 °C. The thermocouple temperature was
held at the treatment temperature of 220 °C, but due to the large decrease in
hardness, the actual temperature was likely higher. Despite the wrong temperature,
the PWHT did cause reprecipitation of strengthening particles and increased the
hardness of the HAZ, but not to the same extent as for the other specimens in this
report.
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Laser pattern

EEm PWHT

Reference B No PWHT

0 1 2 3 4
Percent elongation [%]

Figure 5.7: Percent elongation at fracture for specimens with laser pattern com-
pared to reference specimens.

The strength level of the laser treated specimen PWHT remains similar to the
reference, while the ductility is significantly improved as seen from Figure 5.8 and
5.7. This improvement in ductility could be due to the altered HAZ geometry
causing the strain to distribute differently. This is evident from the strain fields
during deformation in Figure 4.29b in Section 4.4, since the laser pattern is visible
as darker regions at the DIC strain field. The ductility is increased for the specimen
without PWHT as well, but not to the same extent, indicating that the effect of the
laser pattern has not been large enough to alter the HAZ geometry significantly.
The strain field in Figure 4.29a in Section 4.4 confirms this. However, a small
strength increase is observed. It is not clear whether this is due to differences in
weld quality or caused by the laser pattern. Based on the results from the tensile
test of specimens with laser lines in the HAZ at 8.5 mm from weld center, the laser
power might have been too low to cause significant changes. A laser power of 2600
W rather than 2000 W, could have a larger impact on strength and ductility and
be beneficial in such a laser pattern.

Laser pattern 279.3
252.3
= PWHT
Ref 279.7
eterence 2405 = No PWHT
200 250 300
Stress [MPa]

Figure 5.8: Ultimate tensile strength for specimens with laser pattern compared
to reference specimens.

5.4 Predictions and simulations
5.4.1 Validation of peak temperature predictions and thermal cycles

Figure 4.31 shows a comparison between the measured thermal cycle during weld-
ing and the predicted cycle of equal input parameters. The predictions with the
Rosenthals medium thick plate solution are considered to represent the thermal
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cycles adequately, with an accurate representation of the heating rate and peak
temperatures. The measured temperature indicates a slower cooling rate imme-
diately after the peak temperature is reached, which is due to the simplifying
assumptions of the Rosenthals medium thick plate solution. The predicted ther-
mal cycles with an efliciency factor of n=0.7 were chosen based on the conformity
of measured and predicted peak temperatures, as shown in Figure 4.32 in Section
4.5.1. This correspondence is illustrated in Figure 5.9, which shows the predicted
peak temperatures plotted against the measured data. It is evident that there is
a good correlation between the predicted and measured data, which is why the
predictions were considered adequate for the predictive analysis using the NaMo
model in this thesis.

600

500

400 A e

300+

200

Predicted peak temperature [°C]

100 T T T T
100 200 300 400 500 600

Measured peak temperature [°C]

Figure 5.9: Comparison between the measured and predicted (n=0.7) peak tem-
peratures during welding. The grey line shows where measured temperatures are
equal predicted temperatures.

Figure 2.13b in Chapter 2 shows that the lowest hardness level of welded 6082-T6
corresponds to a peak temperature of approximately 430°C. Hardness profiles are
plotted together with the predicted peak temperature values in Figure 5.10 for
data observed in this thesis. As seen from Figure 5.10, the lowest hardness level
is observed at a distance of 8-9 mm from weld center which corresponds to peak
temperatures of 448 and 408°C respectively. Similar correspondence between the
peak temperatures and hardness profiles was observed by Myhr and Grong [36].
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Figure 5.10: Measured hardness profile from welding process and corresponding
peak temperatures.

5.4.2 Evaluation of hardness predictions

The results of the NaMo simulations presented in Figures 4.33a, 4.33b, 4.34a and
4.34b in Section 4.5 show that the extent of the HAZ is predicted precisely by NaMo
in all cases. In general, all the predicted hardness profiles follows the measured
profiles accurately, regarding the position of increased and decreased, although the
hardness drops are overestimated.
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Figure 5.11: Comparison between the measured and predicted hardness of welded
specimens with 2200 W longitudinal laser. The grey line shows where measured
temperatures are equal predicted temperatures.
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Figure 5.11 show the correspondence between the predicted and measured data for
weld and laser treatment, and the results are satisfactory both with and without
the PWHT. The higher hardness values are generally well described by the NaMo
model, while the lower hardness is underestimated compared to the measurements.
However, conclusions can not be drawn on whether the model overestimated the
aging response and the drop in hardness due to the weld thermal cycle, based on
this single comparison to empirical data. More experimental data is needed in
order to investigate this deviation of the predicted hardness in this region.

The simulations in Figure 4.34 in Section 4.5 show that the hardness just beneath
the laser at 8.5 mm from weld center should experience a large increase as the laser
temperature theoretically reached a value of 538°C. This temperature is predicted
by Rosenthal medium thick plate solution at a position 0.8 mm beneath the 2200
W longitudinal laser. This temperature level is high enough to reverse precipitates,
thus increase the aging potential in this region. However, measurements indicate
that this effect is not achieved. An explanation to this is that the temperature
never reached this predicted peak level. Due to the point heat source assumption,
the laser power is concentrated at one single point in the predictions. Since the
spot size of the laser was 3 mm, this assumption does not hold for predicted values
close to the heat source. This suggests that the actual peak temperature was lower
than the predicted value at this exact point, and thus not high enough to facilitate
the aging predicted by the simulations.
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6 Conclusion

6.1 Summary and conclusions

The post weld heat treatment increased the ultimate tensile strength by 25-30
MPa, while the local heat treatments generally improved ductility. However, large
strength improvements are observed as well. The most relevant results from the
mechanical testing are presented below:

1. All specimens with cross welds show increased ultimate tensile strength of
more than 10 MPa, and fracture strains are increased by over 70%. However,
the yield strength values are not improved. The two faster welding speeds
of 22 mm/s and 26 mm/s show the most significant improvements in both
strength and ductility. Additionally, these cross weld speeds resulted in the
largest effect of the PWHT, where the ultimate tensile strength is 47 MPa
higher than the untreated reference specimen, while the fracture strain is
increased by over 120%. The combination of PWHT and cross weld speed
of 22 mm/s causes competing regions for strain localization. Thus several
locations of necking occur, which results in significant strength and ductility
improvements.

2. For the specimens with longitudinal laser in HAZ, the highest laser power
of 2600W showed the largest improvements in mechanical properties. The
ultimate tensile strength was increased by 9 MPa, and the fracture location
shifted out of the lowest level HAZ for one of the specimens, which indi-
cates competing zones of deformation. However, further investigation of this
method is required to conclude on the effects.

3. The 2000 W laser pattern has a positive effect on ductility, but the laser power
is likely too weak to give any significant strengthening effect, although a small
increase in tensile strength of 3 MPa is observed. The PWHT did not ben-
efit from the laser pattern regarding strength, but ductility was significantly
improved by the combination of laser pattern and PWHT.

There is an excellent agreement between peak temperatures predicted by Rosenthal
medium thick plate solutions and thermocouple measurements. Simulations using
the predictive model NaMo slightly overestimated the reduction in the lowest level
HAZ and the strength increase close to the fusion zone. The model predicts the
extent of the HAZ precisely and the overall correspondence with measured data
regarding the shape of the hardness profile is very good.
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6.2 Recommendations for further work

The method of applying cross welds to improve global strength properties should
be explored further to find the optimal weld speed and pattern of the cross welds.
Results of this present report indicate an optimal cross weld speed of 22 mm/s.
The PWHT increases the strength contributions of the cross welds enough to shift
the strain localization out of the HAZ, but this does not occur for the specimen
without PWHT. It is therefore recommended to decrease the spacing between the
cross welds. Hardness measurements over the cross-section of a cross weld are
suggested to determine the extent of the increased strength around the cross weld
due to aging, and the optimized spacing between cross welds can be found.

The specimens with 2600 W laser showed the most promising results with increased
strength and elongation, while the samples with lower laser power did not show
significant improvements. The effects of different laser power, as well as the position
and pattern of the laser treatment, should be further tested to find an optimal
treatment for a significant increase in mechanical properties. One suggestion would
be to apply the laser treatment of 2600 W in the same pattern as presented in
this thesis. Predictive models, e.g., the NaMo model as presented in this thesis,
could be used to simulate the hardness response to different heat treatments and
find an optimized heat input for local heat treatment. Finite element analysis is
recommended for finding an optimized pattern of this local heat treatment.

Other heating technologies could be considered, as well. The possibility of using
induction for the local heat treatment of welded specimens should be explored.
A local post weld heat treatment of stainless steel welds using a robot and an
induction heating system are studied by E. Boudreault et al. [42]. The heat
distribution is controlled by moving an induction pancake coil in a specific pattern,
where the finite element simulations are used to calculate the optimal path for the
coil. Although this method is optimized for reducing residual stresses in stainless
steel welds, the analogy should be applicable for the local heating of the Al-Mg-Si
welds to facilitate reprecipitation of strengthening particles, similar to the local
heat treatments in this present thesis.
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Appendices

A Finite element analysis (FEA) results

HAZ Yield HAZ shape Plate Minimum Transversal  Transversal Ultimate

(MPa) thickness plastic 2z stress load elongation stress load
strain (%) (Mpa)

Straight

112 115 Straight 5mm -16.1 WL\\ 0.72 208
121 115 Wavy 2mm 147 FSNM 1.17

122 115 Wavy Smm -15.8 w\/ 115
211 125 Straight 2mm -14.8 (201\P\ 0.75 203

212 125 Straight 5mm 111 WL\ 0.60 2155
221 125 Wavy 2mm 148 ﬁaw 1.18
22 125 Wavy 5mm -11.1 s34/ o

Figure A.1: Table summarizing the results from finite element simulataions of
straight and bulged HAZ shape, where stress and elongation are presented for two
different plate thicknesses and HAZ yield strength values. Copied from [31]
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C. Tensile test specimens

C Tensile test specimens
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Figure C.1: Specimen for DIC tensile testing of sheets with cross welds

~ R

Figure C.2: Specimen for tensile test of sheets with longitudinal laser in minimum

level HAZ.
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Figure C.3: Specimen for DIC tensile testing of sheets laser pattern.
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D. NaMo inputs

D NaMo inputs

Alloys Temperature-Time Alloys Temperature-Time
e nen
[0 ] [0 |
Mo (%) % Time T1-T2(s) 4 time steps Mo (wez) H Time T1-T2(s) 4 time steps
Si (wtz) 20 £l 100 Si (wt%) w | [0 | ’Fr

019 Fe (wt%) Iw rc) | lTime 1273 (s) lu time slers Fe (wt%) ‘Ta (c) | ‘Time 12-1‘3 (s) # time steps
20 86400 100 185 18000 100
M) TiREL TimeTaa (s) # time steps MW SO Time T34 s) lu time :lelps
[por5s Jcumemy s | |14 EC Cutwx) 20 | [0 | [sm
T5(°C) Time T4-T5 (s) 4 time steps T5(°C) Time T4-T5(s) & time steps
(185 | [18oo0 |  [so0 | R | o
T6 (°C) Time T5-T6 (s)  # time steps T6 (°C) Time T5-T6 (s) # time steps
2 1000 500 185 0 0
T7(C)  Time T6-T7(s) 4 time steps T7(0) Time T6-T7 (s) # time steps
2 1200000 500 185 0 0
T8 (°'C) Time T7-T8 (s) # time steps T8 (°C) Time T7-T8 (s) # time steps
[ o s ] o o
19 (°C) Time T8-T9 (s)  # time steps T9(°C) Time T8-T9(s) # time steps
s Jo ] o] 5 | [ | o

(a) (b)

Figure D.1: NaMo input for hardness predictions (a) before simplification and
(b) after simplification of the thermal history.

Alloys Temperature-Time
e

D8 [MIMT e e T1126) 1 time steps
s[5 RO ey

019 Fe(wtz)  T3(C) _ Time T2-T3(s) # time steps
[N [s6400 | [100 |

o) 2
T41°01 Time T3-T4 (s) # time steps

[po5 Jeumwz 15| [14 | EX
TS(C)  Time T4-T5(s) 4 time steps
[185 | [18000 | EX

Te (°C) Time T5-T6 (s)  # time steps
20 1000 500
T70C)  Time T6-T7(s) # time steps

408 3 500

T8(°C) Time T7-T8 (s) # time steps
[20 | [15 | EX
TI(C)  Time T8TI(s) H# time steps
[0 | [1200000 | ECN!

Figure D.2: NaMo input for hardness predictions of welded sheet 9 mm from weld
center at the upper surface (through thickness depth = 0).
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D. NaMo inputs

Alloys Temperature-Time Alloys Temperature-Time
T(c) [sos250 +| T1(C)
Mg (wt%) Mg (wt%)

) T2(°C) _ Time T1-T2(s) 4 time steps T2(°C)  Time T1-T2(s) # time steps
Si (wt%) 185 20 100

Si (wt%) 185 100
Fe(wtx) T3(C)  TimeT2-T3(s) # time steps

Fe(wt¥)  T3(C)  Time T2-T3(s) # time steps
Mn (wt) [185 | [18000 ] [100 | Mawz) [P | [18000

.

[100 |

T4[*C] Time T3-T4 (s) # time steps Tarc Time T3-T4 (s) # time steps
Cutwz)  [408 3 “ Cutwz)  [408 3 500

T5(C)  Time TAT5(s) 4 time steps T5(C)  Time T4-T5(s) 4 time steps

20 | [15 | [500 | IZIJ ] l15 ] 500 |

T6 (°'C) Time T5-T6 (s) # time steps T6 (°C) Time T5-T6 (s) i time steps

467 3 500 467 3 500

T7(C) Time T6-T7 (s) 4 time steps T7(0) Time T6-T7 (s) i time steps

m s ] O

T8(°C) Time T7-T8 (s) 1 time steps T8(°C) Time T7-T8 (s) # time steps

[ ] [1200000 | [so0 | 20 100 500

TI(C)  Time T8-T3(s) # time steps T9(C)  Time T8-T9(s) # time steps

G | [o | [0 ] [s0 ] [s0 ]

(a) (b)

Figure D.3: NaMo input for hardness predictions of welded sheet with 2200 W
laser 9 mm from weld center 0.8 mm from the upper surface (through thickness
depth = 0.8), where (a) is without PWHT and (b) is with PWHT of 220°C/15min.



E. Temperature calculations and corresponding NaMo output

E Temperature calculations and corresponding NaMo
output

Table 7: Predicted temperatures for NaMo inputs.

Distance from Laser peak Weld peak Predicted hardness Predicted hardness

weld center temp. temp. with PWHT without PWHT
[mm] ["Cl ["Cl [HV] [HV]
4 153 755 113.3 89.6
5 177 639 108.7 83.1
6 215 558 101.6 76.9
6.5 247 526 86.7 63

7 292 497 50.6 47.5
7.5 364 471 52 53.6
8 467 448 57.2 55.5
8.5 538 428 108.6 79.8
9 467 408 57 56
9.5 364 391 67.9 68.3
10 292 375 73.4 73.5
10.5 247 360 80.4 79.6
12 177 323 95.2 92.2
14 137 284 98.9 101.2
16 114 253 99.2 102.5
25 - - 99.3 102.7
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F. Stress-strain plot of all DIC tensile specimens

F Stress-strain plot of all DIC tensile specimens
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Figure F.1: Stress-strain curves of all specimens tested with DIC.
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G. Fractured DIC tensile specimens

G Fractured DIC tensile specimens

Figure G.1: Fractured reference specimen, without PWHT.

Figure G.2: Fractured reference specimen, with PWHT.

Figure G.3: Fractured specimen with cross weld speed 18 mm/s, without PWHT.

Figure G.4: Fractured specimen with cross weld speed 18 mm/s, with PWHT.
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G. Fractured DIC tensile specimens

Figure G.5: Fractured specimen with cross weld speed 20 mm/s, without PWHT.

Figure G.6: Fractured specimen with cross weld speed 20 mm/s, with PWHT.

Figure G.7: Fractured specimen with cross weld speed 22 mm/s, without PWHT.

i

Figure G.8: Fractured specimen with cross weld speed 22 mm/s, with PWHT.
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G. Fractured DIC tensile specimens

Figure G.9: Fractured specimen with cross weld speed 26 mm/s, without PWHT.

Figure G.10: Fractured specimen with cross weld speed 26 mm/s, with PWHT.

Figure G.11: Fractured specimen with laser pattern, without PWHT.

Figure G.12: Fractured specimen with laser pattern, with PWHT.



H. Longitudinal laser in HAZ

H Longitudinal laser in HAZ

H.1 Tensile results

Table 8: Tensile properties from tensile testing of samples with laser in HAZ.
Yield strength are excluded for the samples with laser as they were tested without
extensometers.

Description Yield strength [MPa] Ultimate tensile strength [MPal
Reference, 1 171.3 245.4
Reference, 2 173.5 245.3
Reference, 3 174.8 246.0
Reference, 4 175.9 247.0
Reference, P1, pwht 230.5 273.4
Reference, P2, pwht 229.1 273.4
Reference, P3, pwht 227.4 272.3
Reference, P4, pwht 227.0 272.4
2000 W, 1 - 250.1
2000 W, 2 - 249.9
2000 W, 1, pwht - 268.5
2000 W, 2, pwht - 268.7
2200 W, 1 - 243.3
2200 W, 2 - 242.7
2200 W, 1, pwht - 264.9
2200 W, 2, pwht - 263.4
2600 W, 1 - 255.8
2600 W, 2 - 256.1
2600 W, 1, pwht - 268.2
2600 W, 2, pwht - 269.3

H.2 Fractured tensile specimens

Figure H.1: Fractured specimens with longitudinal laser of 2600 W, without
PWHT.

XI



I. Risk assessment

I Risk assessment
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