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Abstract

The aim of this thesis is to produce Al-Si-Mg alloys to be used in large constructions, while
having a small strength decrease from welding. Different cooling methods from solution heat
treatment have been investigated and compared to similar alloys that is commonly used in large
constructions today. What was found, is that cooling metal plates in warm water has the most
promising mechanical properties. It is assumed that this cooling method works best because of
a larger concentration of β′′ particles that contribute to a high strength in Al-Si-Mg alloys. In
addition it was found that FSW seems to be a better welding option for the aim of this thesis than
metal inert gas (MIG). Lastly, the results have been compared to the simulation model NaMo.
This model calculated the hardness in the base material with an error of only 6%, but struggled
more with giving accurate predictions closer to the weld, and to describe the tensile strength of
the metal.
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Sammendrag

Målet med denne masteroppgaven er å produsere Al-Si-Mg legeringer til bruk i store konstruksjoner,
samtidig som styrken ikke skal bli redusert i noen særlig grad som følge av sveising. Metallplater
har gått gjennom ulike nedkjølingmetoder etter innherding, og mekaniske egenskaper har blitt
sammenlikna med plater som har opplevd et temperaturforløp som vanligvis brukes i dag. Det
viste seg at å kjøle platene i varmt vann ga de beste resultatene. Det antas at kjøling i varmt vann
gir bedre mekaniske egenskaper ettersom det bør gi større konsentrasjoner av β” partikler som har
et stort styrkebidrag i Al-Si-Mg legeringer. I tillegg viste det seg at friksjonssveising virker å være
en bedre sveisemetode for målet med denne masteroppgaven enn metal inert gass sveising. Til
slutt har resultatene blitt sammenlikna med simuleringsmodellen NaMo. Denne modellen hadde
en feil i hardhet til basematerialet på kun 6%, men slet mer med nøyaktige beregninger nærmere
sveisen, og med å beskrive strekkfastheten til metallet.
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1 Introduction

1.1 Background and Motivation

In large constructions it is often important to use materials with great mechanical properties in
addition to a low cost and a low weight. A material that meets these requirements is the metal
aluminium. Different aluminium alloys have different properties, but for large constructions the Al-
Si-Mg alloy is commonly used because of the high yield strength. A popular type of the Al-Si-Mg
alloy, is the AA-6082 alloy.

As it is for all metals, the mechanical properties of an Al-Si-Mg alloy depends on the microstruc-
ture. For this metal, the dominating strength contribution comes from the precipitate hardening,
resulting from heat treatment. This means that in order to get great mechanical properties it is
necessary to do a sensible thermodynamical processing in addition to picking the correct alloy.

A good understanding of how a high strength is reached for Al-Si-Mg alloys has already been
obtained. This is done by keeping the metal at a high temperature for some hours. What is more
complicated is when welding also is included in the process. Welding leads to high temperatures
locally, changing the microstructure and often reducing the strength. This means that large con-
structions tend to be made of a high strength alloy with some local weaknesses, leading to these
local weaknesses being what the constructions must be dimensioned after. Often this is solved by
applying some extra material near the weld, by increasing the strength by some clever geometry
or by some similar local strength adding measure.

1.2 Aim and Scope

The point of this thesis is to optimize production of Al-Si-Mg alloys for large constructions, by
proposing a different heat treatment than what is common today. This is based on the question
of the point of having a high strength material, if the point around the weld ends up much weaker
anyway. Could it be that age hardening of Al-Si-Mg alloys is unnecessary, and that time and money
could be saved if this processing step is skipped? Could it also be possible to avoid quenching since
this can deform structures, and implement slower cooling times from the solution heat treatment
temperature? Could this be a better option than having a local strength increase near the weld?
Is this alternative processing method more sustainable?

The way all the questions for this thesis is answered is by considering three different cooling
rates and two different welding techniques, and comparing these to reference alloys of the high
strength T6 state. There has been made an effort of finding good welding parameters for these
processes, and avoid common welding defects. All the different experiments have been documented
by photography in light optical microscope near the weld and in the base material, and hardness
tests have been taken over the same area. In addition, tensile testing has been done across the
weld. This gives a good understanding of the mechanical properties of the alloy, and the connection
to thermal processing.

Lastly, it should be mentioned that the simulation tool called the NaMo model has been compared
to all experimental results. This is a model developed by Hydro over nearly two decades, with
the power of predicting both the microstructure and the mechanical properties of Al-Si-Mg alloys
based on the thermal history of the metal. The point of this is to either validate if the model is
correct or to identify any rooms for improvement, as the model has not been tested against similar
heat treatments before. If this model proves accurate, one possibility is to run this model until
the "perfect" heat treatment is found, and later verify this experimentally. This would then be a
much faster, easier and cheaper alternative than testing a lot of parameters on the lab.

A more detailed description of the Al-Si-Mg alloy and how heat treatment and precipitation harden-
ing works is given in section 2. Here the main equations and assumptions NaMo model is also
explained.

1



2 Theory

2.1 The Al-Si-Mg alloy

Al-Si-Mg alloys are aluminium alloys with silicon (Si) and magnesium (Mg) as the main alloying
elements. These alloys are called the 6xxx series of aluminium. The Mg and Si concentrations have
a range between 0.5-1.3 wt% and 0.4-1.4 wt% respectively [23]. These alloying elements makes
it possible to precipitate particles in the alloys through thermomechanical processing, and these
particles contribute for about 70% of strength of the alloys. What characterises the Al-Si-Mg alloys
is a moderate strength, good weldability, good machinability and good formability [11].

2.2 The Precipitates in Al-Si-Mg alloys

The main strength contribution in Al-Si-Mg alloys come from the precipitates [9]. These precipit-
ates are made from the Si and Mg alloying elements. So to get a metal with desired mechanical
properties, it is necessary to understand the precipitation sequence for the Si-Mg particles. Today
this understanding exists, and is used to produce high strength Al-Si-Mg alloys. The state of
maximum strength obtainable is called the T6 state [59], and this is what is normally obtained
through production. This subsection focuses on presenting the processing steps before explaining
the precipitation sequence and which precipitates contribute to the most strength, and how the T6
state is obtained. In addition, information is given about how precipitates in general will interact
with dislocations increasing the yield strength of metals.

2.2.1 Precipitation Hardening

When a material is subjected to stress exceeding the yield strength, dislocations will move. This
movement of dislocations leads to plastic deformation, meaning that in order to gain a hard material
the dislocation movement must be prevented. Precipitates will take this role. There are two
ways precipitates can prevent dislocation movement, and this is either by having dislocations
shearing through them or having to bow around them. Which of these happen is determined
by the precipitate size. This transition is illustrated in figure 1. It should be noted that when
dislocations bow around precipitates this is called Orowan bowing. Another note is that plastic
deformation will increase the yield strength of metals [9].

Figure 1: How the crirical radius is for the transition between particle shearing and Orowan bowing.
critical resolved shear stress [40].
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For a metal full of precipitates, it is possible to express mathematically how the dislocations will
interact with them. This is achieved by assuming that the precipitates are points of identical
strength within the matrix [9]. Figure 2 shows a physical representation of this interaction.

Figure 2: How dislocations interact with an array of point obstacles [40].

In figure 2, F , is the force necessary to shear through the particle, T is the dislocation line tension,
ϕ is the breaking angle, R is the radius of curvature and λ is the interparticle distance. It is
possible to express the force as [40],

F = 2T cos

(
1

2
ϕ

)
. (1)

For a the beaking angle, ϕ, equal zero, the precipitate acts as an imprenetrable object, but for all
breaking angles above zero, the particle is shearable [40]. For shearable particles, there are several
mechanisms in that the precipitate contribute to preventing dislocation movement. One of these
is the chemical strengthening due to formation of additional particle matrix interface [40].

When the breaking angle is zero the particle is unshearable, which cases the bulging dislocation
to eventually interact with itself and annihilate. This will eventually result in a dislocation loop
surrounding the particle after the passing of the dislocation [9]. This concept is illustrated in figure
3.

3



Figure 3: (a) shows how a dislocation can bulg between particles, while (b) illustrates how a
dislocation loops around particles after the dislocation have passed [40].

2.2.2 Precipitation sequence of the Al-Si-Mg alloy

For extruded profiles of the Al-Si-Mg alloy the processing steps include casting, homogenization,
preheating, extrusion, cooling and aging. This is shown in figure 4.

Figure 4: The manufacturing process used for extruded Al-Si-Mg alloys [65].

The first steps of this processing will not affect the precipitation sequence. This is because high
temperatures will "reset" the microstructure, meaning that the properties of the alloy is determined
from the extrusion and following aging. The precipitation sequence that happens during this steps
are summarized in equation 2 [39].
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SSSS → atomic clusters → GP-zones → β′′ → β′/B’U → β/Si (2)

As can be seen in equation 2, the first step of the precipitation sequence is the formation of a
supersaturated solid solution (SSSS). This is when all alloying elements becomes solved in the Al
matrix at room temperature, and it is obtained through solution heat treated (SHT) followed by
quenching. SHT is a processing step where the metal is heated at temperatures above the solvus
temperature. This treatment will last until all Si and Mg atoms are solved in the Al matrix and
the basis for a SSSS is made. In addition to having all alloying elements solved in the Al matrix,
the SSSS also consists of a lot of vacancies. Quenching will preserve this microstructure to room
temperature [66].

To form a SSSS the Al-Si-Mg alloy must have a Mg2Si content below 1.85 wt%. This can be seen
from the phase diagram given in figure 5 [14]. The phase diagram also show that the temperature
of SHT should be below 595°C to avoid local melting [66]. Normal SHT temperatures for Al-Si-Mg
alloys range from 535 to 575°C [59].

Figure 5: The left side of the phase diagram for Al-Si-Mg alloys [14].

The initial stage of age hardening considers a structure right after quenching. This structure
consists of clusters of solute atoms and vacancies, and is hard to study. atom probe tomography
(APT) and other visualizing characterization methods cannot be done, due to the meticulous
and time consuming sample preparation [10]. This means that characterization methods of a
more indirect nature requiring less sample preparation time must be used. Two such methods are
differential scanning calorimetry (DSC) and positron lifetime annihilation spectroscopy (PALS).
These are often employed to study the onset of ageing [15, 35].

Banhart et al. found that solute Si is believed to accompany vacancies after quenching in pure
ternary Al-Si-Mg alloys using PALS [6]. This is backed up by reportings from Edwards et al. [15],
who suggests that individual clustering of solute Si and Mg occur immediately after quenching
based on DSC analysis. Edwards et al. also suggests that vacancies are accompanying Si clusters,

5



similar to what what happens after quenching binary Al-Si alloys. They mean that Mg clusters
eventually dissolve and act as feeding material for growing co-clusters.

When it comes to the onset of NA, investigations with PALS were done by Liu et al. [35]. The
group proposed a growth mechanism were vacancies tied to solute-vacancy clusters migrate towards
solute atoms. Later these atoms diffuse and bind to the solute vacancy clusters, creating vacancy
free co-clusters of Mg and Si. Still, Liu et al. point out that there still is a lot of uncertainty about
these early phenomena even though some research has been done.

In the early stages of aging several types of co-clusters may form. Some of these acts as nuclei
for strengthening particles, while other do not. Marioara et al. showed that heat treating Al-
Si-Mg alloys at temperatures of 125 or 150°C immediately after quenching to RT improves the
precipitation hardening of strengthening β” particles [38]. Storing the material a while at room
temperate, for later heat treating it at 125 or 150°C, on the other hand, yields a softer material
according to Murayama et al. [48]. The group claims that the co-clusters arising during NA are
smaller than the required size to survive at elevated temperatures, leading to dissolvement during
AA. Furthermore, precipitation kinetics after reversion of these clusters will decline because of
vacancies annealing at the high temperatures. This will continue until the equilibrium vacancy
concentration is reached. Marioara et al. report that a density of GP-zones sometimes ends up
five times less in the material that was stored at room temperature, compared to the material
experiencing heat treatment immediately after quenching.

Investigations of the clustering behaviour of Al-Si-Mg alloys during both NA and heat treatment
immediately after quenching were conducted by Torsæter et al. [74]. They studied two different
Al-Si-Mg alloys, one with a total wt% of Si and Mg less than 1%, and one where the total wt%
of Si and Mg were above 1%. Their research showed that high amounts of clusters with a Si/Mg
ratio close to 1 were formed during heating right after quenching. After some time, these clusters
become GP-zones. During NA different results were obtained. For the alloy with a total Si and Mg
content below 1%, the same clusters were found, but in significantly lower concentrations. When
the solute content was above 1%, a high concentration of clusters with a Si/Mg ratio different
to 1 formed. These clusters were high in either Si or Mg content, and had a negative impact on
GP-zone formation. Fallah et al. have shown that clusters acting as precursors for GP-zones are
spherical with a fcc crystal structure [16].

According to equation 2, the co-clusters will eventually evolve into structures named Guiner-
Preston zones (GP-zones). These structures have a high coherency with the fcc structure of
the former clusters, even though they have another structure themselves [16]. Many different
morphologies of the GP-zones are found in the literature. Some have reported a spherical structure
[77, 49], while others think GP-zones are needle like shaped [37]. Hastings et al. explain how various
GP-zones may form depending on the chemical composition of the Al-Si-Mg alloy [27]. Research
by Matsuda et al. indicates that Mg rich Al-Si-Mg alloys will give plate shaped GP-zones [42] .
Experiments conducted by Marioara et al., indicate that Mg rich environments will suppress the
GP-zone type precisting β” particles [39]. This GP-zone is called pre-β” type GP-zone.

When it comes to the β” particles, these are semi coherent and needle shaped with a monoclinic
crystal structure growing in the <100> directions [77]. Furthermore Marioara et al. show that
the chemical composition of the β” particles are Mg5Si6 [77]. However, other studies conducted in
2009 indicate that a chemical composition of Mg5Al2Si4 may actually be the correct one [27].

As briefly explained before, the β’ particle will form from the β” particle. β’ particles have a
hexagonal structure, with a Mg-Si ratio close to 1.7 [77]. They also are are less coherent in the
Al-matrix than β” particles.

Instead of the β’ particle, the U - and B’-phases may form from the β” particle. The U-phases
can be found were the Si/Mg ratio is above 1.1, and they are split into two parts: U1 and U2
[39]. The U2 phase seems more common than the U1 phase. Another particle is the B’ particle,
which is a lath shaped particle with unknown composition. Neither the U or B’ phases give a large
contribution to the strength of Al-Si-Mg alloys, and will therefore not be described any further.

The final and largest particles to form in the precipitation sequence are the β particles and the Si
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plates. β particles are incoherent and plate shaped particles, with a chemical composition given as
Mg2Si [77]. A study by Marioara et al. showed that Si plates were only found in Al-Si-Mg alloys
with a high Si/Mg ratio [39]. The β particles are thermodynamical stable at room temperature,
and is therefore called the equilibrium phase.

Marioara et al. investigated the strength contribution from each of the different particles, as well
as the connection between alloy composition and strength giving particles. What they found was
that the most strength contribution came from β” particles and GP-zones, where the β” had the
largest contribution. In addition, the concentration of these strength contributing particles were at
the highest in the Si rich regions. During aging at 175°C, a hardness peak was observed twice. The
first came at 3h, while the second showed up after 17h. Peak number one was from the GP-zones,
while the higher second came from the β” particles. When a similar experiment were conducted
for a Mg rich alloy only one peak were found, resulting from the β” particles. The group also found
that β” and β’ particles are present simultaneously in Mg rich alloys. The alloy with the most
strength had an alloying element composition close to Mg5Si6 [39]. The strength development with
aging time for Mg rich Al-Si-Mg alloys is presented in figure 6.

Figure 6: How the strength of Mg rich Al-Si-Mg alloys develop with aging time [24].

From figure 6, it is clear that two different strengthening processes can happen during aging. These
are artificial aging (AA) and natural aging (NA). AA happens at temperatures between 150 and
200°C, and this is what is illustrated in figure 4. This process leads to the maximum strength T6
state for the alloy due to formation of β” particles. It can be seen in figure 6 that this strength
is significantly higher than the strength at other times. A common AA temperature and time for
Al-Si-Mg alloys is 185°C for 5.5 h [59]. Further heat treatment of an Al-Si-Mg alloy in the T6
state will decrease the material strength, and the metal becomes overaged. NA is aging at room
temperature. This both leads to a lower strength and takes longer time, as can be seen in figure 6.

2.3 Welding of Al alloys

In this thesis two different welding techniques are used. These are MIG and FSW. In this sub-
section both these welding techniques are described, as well as their influence on the metal and
the properties arising close to the weld. Lastly, these welding techniques are compared by cost,
sustainability and mechanical properties of the welded Al alloys.
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2.3.1 Metal Inert Gas Welding

MIG welding is a type of gas metal arc welding (GMAW). GMAW processes are traditional welding
methods. A sketch of the GMAW process is given in figure 7.

Figure 7: A sketch of the GMAW process [41].

All GMAW processes utilize gas and wire feeding. An electric current is directed via the wire from
the welding machine through the workpiece, before looping back to the machine through a cable
attached to the workpiece. This makes a closed loop. An arc is stuck between the wire tip and
the workpiece during welding, melting both the wire and the metal workpiece. Because of this,
constant feeding of the wire is necessary to maintain an arc. Another consequence is that the wire
is being utilized as filler material in the weld. Recommended filler wire materials for MIG welding
Al-Si-Mg alloys are AA5356, AA5183 and AA4043 [44]. The shielding gas used in the process is
often a mixture of argon (Ar) and helium (He). The gas engulfs the weld pool, preventing ambient
oxygen from oxidizing the molten metal.

The GMAW machine can be used with a high voltage and current. If this is the case, transportation
of the filler wire to the work piece is done through a spray arc process. Melting of filler material
is done by the arc, and the filler material is later transferred to the work piece as small droplets.
Since high voltage and ampere is used, this welding process has a high heat input. It should also
be mentioned that the filler wire never contacts the weld pool with this setting [79].

When using a low voltage and current on the GMAW machine, the deposition of the filler material
to the weld is done by something called short arc welding. In this process, the tip of the filler
wire melts forming a drop of molten metal. As suggested by the name, a short arc weld length is
required. This allows contact between the weld pool and the metal drop which is attached to the
filler wire. This process repeats itself 200 times per second [79, 80]. Unstable arcs may occur for
short arc welding, meaning that spatter during welding can occur [80]. This is a low heat input
welding process since the applied voltage and current is low.

As an alternative to short arc welding, pulse MIG welding has been developed. This type of MIG
welding employs a power source with ability to apply the power in pulses. These pulses may vary
from 30 to 300 Hz, with a power cycling between high and low values. Drops of molten metal from
the filler wire will pinch of at the same rate as the wire is fed as a result of the pulsations. This
prevents the problem found in short arc welding with short circuiting and spatter when the filler
wire connects with the weld pool [79, 80]. The combination of a low heat input and no spatter
makes pulse MIG welding a great choice for welding of aluminium [80]. Another advantage with
the method is that pulse MIG transmission is able to weld thin materials (1-4mm thick). This is
better than ordinary MIG, which usually only welds materials of a thickness of 3-20mm. [5]
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The equipment manufacturer Fronius International GmbH has developed another MIG welding
method called SynchroPulse. This method uses a welding power that cycles between a low and a
high power state. The duration of the high power tops can be adjusted, resulting in a low heat
input and little spatter. The welding power and the wire feed speed must be changed accordingly
[69]. Figure 8 shows the SynchroPulse concept.

Figure 8: How the power tops in the SyncroPulse method is. The high power tops can vary from
10% to 90%, and the frequency, F , can be between 0.5 to 3.0 Hz [69].

A different MIG welding method based on conventional short arc welding is cold metal transfer
(CMT). In CMT, the filler wire is retracted once it comes in contact with the weld pool. Then
the welding current approaches zero, which prevents spattering of molten metal. After the metal
is deposited and the filler wire is retracted, the process repeats. This can happen up to 70 times
per second. As the welding current approaches zero, the same happens for the heat input, making
CMT have low heat input suitable for welding aluminium and thin sheets [43]. CMT can be utilized
with SynchroPulse [69].

As already stated MIG welding is a traditional welding method, and is widely used today. There
are some reasons why this is the case. Firstly, this process has a high melting rate and welding
speed. Secondly, it is also possible to MIG weld in forced positions. Thirdly, the standard MIG
setup has a small investment cost. Fourthly, the process has excellent appearance of welded joints
and the process can easily be automated [32].

It should, however, be said that the method has some disadvantages too. Firstly, there is a risk of
general welding errors. Secondly, slow welding errors may occur due to leakage of liquid metal in
front of the electric arc. Thirdly, a relatively complicated welding training is needed for welding
high alloy steels and non-ferrous alloys. Fourthly, it is difficult to arc weld aluminium due to the
relatively low melting point compared to the oxide layer (Al2O3). This oxide layer is something
that constantly form on the surface, and means that this layer must be removed before arc welding
aluminum alloys [32].

2.3.2 Fusion Weld zones

During fusion welding two distinctive zones emerge. These are called the fusion zone (FZ) and the
heat affected zone (HAZ). They both have unique microstrucural features and properties, different
from the microstructure far from the weld. The zone far from the weld is called the base material
[9]. An illustration of the different weld zones is given in figure 9.
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Figure 9: An illustration of the different zones in a fusion welded plate [26].

The properties of the FZ arises from the melting of parent material and the fact that this is
where the maximum temperature is found during welding. The grains act as seed crystals for the
initial solidifying material in the semisolid interface between the FZ and the HAZ, meaning that the
coarseness of newly formed grains will be determined by the coarseness of the grains in the interface.
The direction of the grain growth will be similar to the direction of the maximal thermal gradient,
perpendicular towards the center of the weld. This gives all newly formed grains a columnar shape.
Near the weld centre, the grain structure usually becomes equiaxed [25]. Equiaxed grains are able
to nucleate either on detachments from the columnar zone, or from potential grain refining elements
added to the filler material [13]. A general solidification structure in welds is presented in figure
10.

Figure 10: The solidification structure in fusion welds [25].

In the HAZ, the elevated temperatures lead to significant strength reductions. Even though the
temperature in the HAZ does not reach melting temperature during welding, the temperature will
cause dissolution or growth of β′′ particles. The region of the HAZ close to the FZ is called the fully
reverted region. Here the temperature can be approximately 500°C, a temperature high enough to
solution heat treat the material and facilitate natural aging during room temperature storage [25].

As the distance from the weld centre decreases the temperature also decreases, preventing the
precipitates from fully dissolving. With temperatures from about 250°C to 500°C, this part of the
HAZ is called the reverted region. Large particles will coarsen, and small particles will dissolve,
resulting in a a decreased volume fraction of particles. As time progresses after welding, moderate
reprecipitation occurs. Enhancement of reprecipitation can be done by employing heat. This
process is called post weld heat treatment (PWHT). The heating will initiate artificial aging,
but the weakest area of the partly reverted region will be depleted of solute Si and Mg, making
reprecipitation of β′′ particles by PWHT ineffective [53, 25]. Figure 11 shows the strength level of
the various regions in the HAZ.
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Figure 11: The strength in the HAZ, shown for three cases: immediately after fusion welding, after
NA and after AA [25].

2.3.3 Friction Stir Welding

FSW is a relatively new solid-state joining process, invented at The Welding Institute of UK in 1991
[73]. The technique produces welds with a fine microstructure, and good mechanical properties.
In 2005 FSW was considered to be the most significant development in metal joining for a decade
[46].

The concept between the method is that a non-consumable rotating tool with a specially designed
pin and shoulder is inserted between the plates that shall be joined. It then travels along this
line, and produces a joint. This tool both heats the plates that shall be welded and it moves the
material to produce the joint. The heat is produced through Coulomb friction between the the tool
and the plates, and plastic deformation of the plates. Local heating softens the material around
the pin, and combination of tool rotation and translation leads to movement of material from the
front of the pin to the back of the pin. Because of different possible pin geometries, the material
flow in FSW can be quite complex. The welded material undergoes intense plastic deformation at
elevated temperatures, leading to fine and equiaxed grains [46].

FSW consumes less energy than conventional welding methods, due to its energy efficiency. In
addition, the method does not involve any filler material, removing any issues involving changing
the composition of the alloy, which is an issue in fusion welding. FSW can also be applied to
different geometries, and not just plates as is the case for the main problem of this report. FSW
works for butt joints, lap joints, T butt joints and fillet joints [46].

Still, to obtain a good weld using FSW is not guarantied. Based on the energy input, three different
types of defects can occur. Excess flash is characterized by that the working tool has penetrated
further into the metal plate than it should have done, cavity defects can be seen as cavities (pores)
in the stir zone and tunnel/wormhole can be seen as Groove-like defects are visible from the top
of the weld [3].

How these different defects can form depending on the input parameters to the welding process, is
summarized and given in figure 12.
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Figure 12: The relationship between process parameters and different defects. The region called
Sound Joints is where the good welds are obtained. The figure is taken from [3].

It has been shown that an increase in tool plunge force can reduce the tunnel and cavity defects
[3].

Wormhole and tunnel defects are formed if the ratio of welding speed to rotational speed is high.
It has been shown that an increase in welding speed leads to more and bigger wormhole defects.
In addition, too low tool plunge force can also lead to formation of these defects [3].

When the tool speed is too high, and the rotation speed is too low, groove-like defects will appear
on the top of the weld. These defects are also caused by insufficient heat input. These defects have
been shown to increase in size when the tool velocity is increased [3].

It has been shown that preheating of FSW has a number of benefits [81]. Not only will this reduce
the hardness of the metal that is welded, meaning that the working tool experiences less friction,
and can serve a longer lifetime, but it is also shown to have benefits when it comes to mechanical
properties. Yaduwanshi et al. reached a maximum tensile strength of 93 % of the strength of
the base material when preheating the material, while only 78% was reached using conventional
FSW [81]. However, it should here be noted that this investigation used a 6061 aluminium alloy.
Therefore similar results should not be expected for different compositions.

Something found by Yaduwanshi et al., is that increasing the preheating before FSW, will increase
the temperature of the process. However, it should be noted that these results were obtained by
local preheating [81].

2.3.4 Friction Stir Weld Zones

The weld zones resulting from FSW are different than those arising after more traditional arc
welding. Primary the fusion zone is replaced with a stir zone (SZ), as no melting occurs during
FSW. There is also one more zone between the SZ and HAZ called the thermomechanically affected
zone (TMAZ). In addition, the HAZ can be found further from the weld centre in FSW compared
to arc welding. Figure 13 is a micrograph of a typical FSW profile, highlighting the different zones.
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Figure 13: The profile of the cross section of a FSW alloy [36].

Considering the SZ, significant plastic deformation and temperatures over 500°C may result in
solution heat treatment. This again, may recrystallize the metal, depending on the recrystallization
resistance. Recrystallization will result in both a fine and equiaxed grain structure and a reduced
dislocation density in the SZ. The diameter of the SZ tends to exceed the pin dimensions, but
being smaller than the shoulder. Often the SZ extend from top to bottom of the weld [36].

The TMAZ can be found adjacent to the SZ. This zone will experience lower levels of plastic
deformation and temperatures compared to the SZ. Still, closest to the SZ, grains may be rotated
90°, indicating substantial plastic deformation. Further from the weld centre the plastic deform-
ation is less. The temperatures in the TMAZ range from 350 to 450°C, leading to ageing and
annealing. Softening from the annealing will be compensated for by the work hardening effect of
plastic deformation close to the SZ [36].

In the HAZ, there is no plastic deformation. Temperatures are between 250 and 350°C, and no
changes in the grain structure will occur in this region. This means that the grain structure will be
a similar to the one found in the base material. Still the elevated temperatures will cause recovery
of cold work and coarsening of precipitates, reducing the strength [36].

2.4 The relation between Engineering Stress and Strain, and True Stress
and Strain

When external tensile loadning is applied on a metal, both elastic and plastic deformations will
occur. Firstly, the elastic deformation will happen. This deformation has a linear relationship
between load and extention. Plastic deformation will occur later, and be nonlinear. To calculate
engineering stress, σE , and strain, ϵE , the two relations external load, P , and extention are used.
This is described in equations 3 and 4 [17],

σE =
P

A0
, (3)

ϵE =
Lf − L0

L0
=

∆L

L0
. (4)

The parameter A0 is the original cross-sectional area of the specimen, L0 is the original length of
the specimen and Lf is the final length of the specimen [17].

An observation to be made from the equations above, is that engineering stress and strain uses
the initial cross section of the specimen for calculating stress and strain. This is a simplification
as the specimen will become thinner as the test progresses. So, true stress and strain will use the
instantaneous cross section, A, instead [17].

To find a relation between engineering stress and strain, and true stress and strain, it is assumed no
volume change in the specimen. When combining this assumtion with the equations for engineering
stress and strain, it is possible to obtain equation 5 [17],
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A · L = A0 · L0 ⇒ σT =
P

A
=

P

A0
· L

L0
= σE (1 + ϵE) . (5)

True strain is defined as the instantaneous increase in length. This gives the following calculations,
resulting in equation 6 [17],

ϵT =

∫
dL

L
= ln

(
L

L0

)
= ln

(
L0

L0
· ∆L

L0

)
= ln (1 + ϵE). (6)

2.5 Simulation of the temperature development for medium thick plates

The reason why it is important to know how the temperature changes during welding, is because
the metallurgical reactions are very temperature sensitive. To understand which reactions have
happened, and in how large quantity, it is necessary to know the entire thermal history of the
metal. Therefore, Myhr and Grong have developed a model called weld thermal cycle program
(WTCP). This program is calculating the heat in a given position of the metal during welding [34].

Because of the simplicity of both the equations and the necessary processing, this program solves
the heat problem using an analytical solution. This approximation has proved to work well for
fusion welding [34].

An approximation done to obtain simple analytical solutions for Fourier’s second law of heat con-
duction, is that the thermal properties of the metal are constant and independent of temperature.
In addition, the thermal properties are thought to do not change for a changing composition either.
These two approximations both limit the applications for this model. However, by choosing a av-
erage value can make this model work [34].

For solving how the temperature changes at a given point during welding, there are different models
existing. The difference between these models is the thickness of the welded profile. This WTCP
uses the medium thick plate case [34].

The medium thick plate case considers a point heat source moving at constant speed across a wide
plate of finite thickness, d. This solution assumes that the plate surfaces are impermeable to heat.
Imaginary mirror reflections of the heat source with respect to the plate surfaces are incorporated
to maintain a net flux of heat equal to zero. This is illustrated in figure 14 [34].
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Figure 14: Illustration of the medium thick plate solution, showing real and imaginary point sources
on a medium thick plate [34].

Figure 14 show that the reflections are located symmetrically at distances ±2id perpendicularly to
the real heat source, q0, that is located on the top of the plate. By including contributions from
the mirror reflections, a solution of the three-dimensional differential equation for heat conduction
may be obtained as a convergent series. This expression is given in equation 7 [34],

T − T0 =
q0
2πλ

exp
(
−vx

2a

) i=+∞∑
i=−∞

1

Ri
exp

(
−vRi

2a

)
. (7)

T − T0 is the rise of temperature, q0 is the power from the welding, v is the welding speed, λ, a
is a material property and Ri is the distance shown in figure X. The distance Ri from a reference
point P in the plate, can be described further by equation 8 [34],
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Ri =
√
x2 + y2 + (z − 2id)2. (8)

When considering the cross-section of a weld, it is given that the temperature is highest close to the
fusion zone. It will decrease quite fast as the distance decreases. From the paper made by Myhr
and Grong, these isotherm lines where plotted for temperatures relevant for aluminium welding
(given here as figure 15). It is possible to see that the isotherm lines have a circular shape close to
the fusion zone, and later becomes more vertical further from the heat input. It is assumed that
these isotherms will be completely vertical if the distance from the fusion zone is big enough [34].

.

Figure 15: How the isotherm lines look for a cross section of an aluminium weld. The figure is
taken from [34].

2.6 Simulation of precipitation, work hardening and strength for Al-Si-
Mg alloys

As the nature of age hardening of Al-Si-Mg alloys depends on how the microstructure has become
as a result of previous steps, it is not possible to model these cases analytically. Therefore the nano-
structure model (NaMo) model is a finite difference numerical program. This has been developed
over nearly two decades (2001-2018) [52, 53, 54, 55, 56], and is used to simulate precipitation, work
hardening and strength for Al-Si-Mg alloys. The initial program (in 2001) was quite simple, and
did only calculate the microstructure and material strength for Al-Si-Mg alloys when cooling from
the solution heat treatment temperature. The later versions, on the other hand, is able to calculate
the strength and hardness of aluminium alloys with different compositions, during different heat
treatments and during deformation [52, 53, 54, 55, 56].

Since the NaMo model is calculating a lot of different material properties, the different parts of the
model has been put into different submodels. An illustration of these models are shown in figure
16 [56]. This figure also shows how the different submodels are connected to each other.
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Figure 16: The different submodels in NaMo, showing what was unchanged, modified or new in
2018 [56].

An explanation of the different submodels is given below. Here the most essential assumptions and
equations in NaMo is given.

2.6.1 Precipitation model

The short version of what the precipitation model does, is to calculate the microstructure in Al-
Si-Mg alloys. Inputs for these calculations are the chemical composition and the thermal history.

The more complicated version, on the other hand, explains how the precipitation model is able
to calculate the microstructure in Al-Si-Mg alloys for a number of different thermal processes.
These include cooling from solution heat treatment, room temperature storage and natural aging,
cold deformation, artificial aging, welding and post weld heat treatment. Theory used in the
precipitation model for each of these thermal processes is presented below.

The fist processing step the precipitation model must be able to describe, is cooling from the SHT
temperature. As previously mentioned, quenching will result in a SSSS, while slower cooling will
make precipitates dissolve. According to the model slow enough cooling rates will resolve in β′ and
even β particles, meaning that AA cannot give β′′ precipitates [52].

After reaching room temperature, the model must be able to understand what happens to Al-Si-
Mg alloys at room temperature storage and NA. When investigating this process, Murayama and
Hono and Takaki et al. [48, 70] found that if the metal is kept between room temperature and 70°C
between SHT and AA, clusters will form. These will survive a certain amount of time during the
AA, and tie up solute that otherwise would have contributed to formation of β′′-particles. Higher
storage temperatures, on the other hand, will lead to GP zone formation [48, 70].

What is clear is that in order to make a functioning NA model, evolution of clusters with time
for different deformation conditions must be described. In addition, the mathematical description
must be able to promote free exchange of the solute between the different precipitates [55].

The numerical code is based on the flexible Kampmann-Wagner formalism [55]. In practice, this
means that two separate particle size distributions are used. One of these captures the cluster
evolution during natural aging, while the other one describe β′ and β′′ formation during artificial
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aging. This means that the model for natural aging and the model for artificial aging contain
different nucleation and rate laws, in addition to different input parameters. Still, they are linked
through the continuity equation that keeps a record of the amount of solute being tied-up as
precipitates [50, 78, 28].

Following room temperature storage, Al-Si-Mg alloys tend to go through AA. The most essential
assumption done in the NaMo model for this step, is that an uniform distribution of β′′ particles
will form in the matrix [53].

Typically, welding happens after AA. During this process, high temperatures will make the small
β′′ particles unstable and they will begin to dissolve. At the highest temperatures the model
understands that some of the β′′ will be able to return as the temperature drops after the welding
is done. Further from the fusion line, on the other hand, coarse rod shaped β′ particles will
form instead. These particles will grow rapidly as there is a lot of extra solute coming from the
previously dissolved β′′ particles. As the β′ particles are much larger in size than the β′′ particles,
the precipitate density will decrease in these regions [55].

During cold deformation, the generated dislocations will affect the nucleation process in different
ways. One of these, is that they provide favorable sites for heterogeneous nucleation of β′ pre-
cipitates during AA. At the same time, dislocations act as sinks for excess vacancies and solute
atoms. This means that precipitate-free zone (PFZ) will form around the dislocations and the
matrix nucleation rate decreases locally due to depletion [54].

When dislocations are present, there is a competition between nucleation of β′′ and β′. It is known
that matrix nucleation of β′′ dominates for low dislocation densities, while nucleation of β′ happens
the most for high dislocation densities. In between, both of these precipitates may form [54].

The last processing step that the model is able to describe is PWHT. This treatment is done
to increase the material strength after welding, and will result in a re-precipitation of β′′ where
the temperature in HAZ has been high. According to classical nucleation theory, the amount of
re-precipitation depends on the concentration of both the matrix vacancy and the Mg and Si in
solid solution. From this, it follows that re-precipitation should happen most where the matrix is
the most "erased" after welding. This happens close to the fusion line, as this region has both a
high solid solution concentration and a high amount of quenched in particles. In regions where the
temperatures were lower, it is less β′′ formation. This is because there is less vacancies and solid
solution. This gives a permanent soft region in the HAZ, also after PWHT [53].

The first step of making a functioning mathematical model of this theory is a proper definition of
the different particles. In NaMo both the metastable β′′ and β′ particles, and the stable β particle
are given as small equilibrium particles with uniform thermodynamical properties and a given com-
position. As a simplification, the thermal stability is given through the Gibbs-Thomson equation.
By previous verification of the model, this approximation seems to capture the metastable solvus
boundary of Al-Si-Mg alloys [55].

An advantage with using the Gibbs-Thomson equation, is that more complicated cases can be
simulated. This is because complicated industrial alloys can be seen as binary alloys, where all
the particles is a part of the same particle distribution. Since the memory of this particle size
distribution is included in the calculations, the memory of previous processing steps are included
in the thermal history [55].

The precipitation model is made as a finite difference formulation of the classical precipitate model
made by Kampmann and co-workers [52, 28] and Langer and Schwartz [33]. The particle distri-
bution is divided into a series of discrete size classes, each represented by a control volume. A
standard discretisation of the governing evolution equation, makes it possible to calculate the flux
of particles in and out of the control volume at each time step during thermal cycling [50].

The precipitation model can be divided in three parts. These are a nucleation law (predicts the
number of stable nuclei that form at each time-step), a rate law (calculates either the dissolution
or the growth rate of each discrete particle size class) and a continuity equation (keeps record of
the amount of solute being tied up as precipitates) [54]. The rest of this subsection will describe
these laws.
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As a basis for the nucleation law, classical nucleation theory states that nuclei are formed due to
localized compositional fluctuations. These happen statistically in the matrix of the solid solution.
If both the incubation period is neglected and the possible effects from elastic coherency strains
around the particles are ignored, the nucleation rate, j, can be described through equation 9 [2],

j = j0 exp

(
−Qd

RT

)
exp

(
−∆G∗

RT

)
. (9)

The only problem with the equation given above, is that the effect of quenched in vacancies are
neglected. This term is important for PWHT. Since classical nucleation theory is incomplete in
this field, vacancies-solute interactions are difficult to model [53]. Qualitatively, it is assumed that
the term j0 (pre-exponential factor) can be scaled with the equilibrium vacancy concentration at
the peak temperature, Tp, during the process. The nucleation law used to describe this is given as
equation 10 [55],

j = j0 exp

(
−Qd

RT

)
exp

(
−∆G∗

RT

)
exp

(
−∆Hv

R

(
1

Tp
− 1

Tss

))
. (10)

The form of equation 10, makes it simple to implement in the model. An assumption that can be
drawn from the equation, is that the total number of nucleation sites is proportional with the equi-
librium concentration of vacancies in the HAZ at the peak temperature, Tp [55]. This means that
diffusion and annihilation of vacancies near grain boundaries during subsequent cooling/reheating
is neglected, but it is assumed that this still will work as a valid approximation. A property with
equation 10, is that it will be reduced to equation 9 when quenching from the solution temperature,
Tss. This means that no recalibration of the parameters is necessary to use this formula [55].

Since NaMo is able to differentiate between AA and NA, and the separate particle distributions
of β′ and β′′, some of the parameters of equation 9 and 10 changes depending on the case of
the nucleation. This is relevant for the pre-exponential factor, j0, and the energy barrier for
heterogeneous nucleation, ∆G∗. The values for these parameters are given in table 1. The other
parameters, on the other hand, remains constant for all cases. Qd is the activation energy for bulk
diffusion of magnesium in aluminum or diffusion of magnesium across the cluster/matrix interface
(J/mol), R is the universal gas constant (8.314J/Kmol) and T is the temperature (K) [55].

Table 1: Expressions for the different nucleation laws implemented in the NaMo model [55].

Model Expression for j0 Expression for ∆G∗

NA-model (cluster formation) jc10 (1− ρ/ρc) + jc20
(Ac

0)
3

(RT ln (C/CMg
e )−∆Gs)2

AA-model (nucleation of β” in Al matrix) jm0 (1− ρ/ρc)
(Am

0 )3

(RT ln (C/CMg
e ))2

AA-model (nucleation of β’ at dislocations) jd0
(Ad

0)
3

(RT ln (C/CMg
e ))2

The different parameters given in this table, are defined as following: jc10 , jc20 , jm0 and jd0 are
pre-exponential factors, ρ is the matrix dislocation density, ρc is the critical dislocation density,
Ac

0, Am
0 and Ad

0 are parameters related to the energy barrier for heterogeneous nucleation, ∆Gs is
the misfit strain energy, CMg

e is the equilibrium concentration of magnesium at cluster/matrix or
particle/matrix interface and C is the mean solute concentration in matrix [55].

When it comes to the ∆Gs term, that is included in the NA-model given in table 1, Myhr, Grong
and Shäfer found that Al-Si-Mg alloys has values between 1.1 and 7.7 [64]. They chose to implement
a value of 2.7 kJ/mol as a default value in the model [55].

When it comes to how the model describes AA, the two equations given in table 1, makes it clear
that the the matrix nucleation of β′′ dominates at low dislocation densities, while nucleation of β′

at dislocations is the overriding mechanism when ρg ≤ ρ. In between, both types of precipitates
may form at the same time [55].
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A last note about the precipitation equations, is that they neglect the diffusion and annihila-
tion of vacancies at grain boundaries and incoherent particle/matrix interfaces during subsequent
cooling/reheating. Still this is considered a reasonable approximation [53].

When it comes to the growth laws, expressions for what is used in the NaMo model, are summarized
in table 2.

Table 2: Expressions for the different growth laws implemented in the NaMo model [55].

Model Expression for the Growth Rate

NA-model (cluster formation)
dr

dt
= M0 exp

(
−Qd

RT

)(
C − CMg

i

)
AA-model (nucleation of β in Al matrix, and

dr

dt
=

(
C − CMg

i

CMg
p − CMg

i

)(
DMg

eff

r

)
, where

in Al matrix and nucleation of β’ at dislocations) Deff = DMg
[
1 +

(
ρac

DMg
c

DMg

)]

In the NA model, interface controlled growth is assumed. The cluster evolution at room temper-
ature is calculated from the standard expression relating dr/dt to the mean solute concentration
C and the interface concentration of magnesium, CMg

i [4]. The value of CMg
i is updated for each

time step thought the extended thermodynamic model and Gibbs-Thomson equation, something
that makes the rate laws describe the subsequent reversion of the clusters during AA. This cor-
responds to the situation where CMg

i > C, and dr/dt becomes negative. At the same time, the
temperature dependence of the reaction rate is captured by an Arrhenius type of relationship, em-
ploying published data for the pre-exponential mobility therm, M0, and the activation energy, Q0,
for magnesium diffusion across the cluster/matrix interface [4]. These values are used as default
values in the model [55].

In the extended AA model, diffusion controlled growth is assumed and implemented [50, 51]. The
diffusion coefficient of magnesium allows for pipe diffusion through the dislocation core following
cold deformation. The relationship between the effective diffusion coefficient, DMg

eff , the bulk
diffusion coefficient, DMg, the core diffusion coefficient, DMg

c , the matrix dislocation density, ρ, and
the cross-sectional area of pipes, ac is identical to what is frequently quoted in scientific literature
[62, 61]. This means that all necessary input data can be obtained from well-established sources
and used as default values in the numerical code [61]. The parameter CMg

p is the concentration of
magnesium inside clusters or particles.

In addition, an expression for how large the particles will become is implemented through derivation
from the Gibbs-Thomson equation. Equation 11 gives an explicit expression for the critical radius
r′, where the particle will neither grow or dissolve [1],

r′ =
2γVm

RT

(
ln

(
C

Ce

))−1

. (11)

γ is the particle/matrix interfacial energy, Vm is the molar volume of the precipitates and Ce is
the equilibrium concentration at cluster/matrix or particle/matrix interface [52].

Based on equation 11, it is clear that r′ depends on Ce. This means that the thermal stability of the
precipitates is sensitive to changes in temperature, something that happens during heat treatment.
It can be seen that heating leads to particle dissolution, while cooling or isotherm annealing leads
to nucleation, growth and coarsening. From this it is clear that the thermal program has a huge
effect on the microstructure. It is clear that to get a correct result, the microstructure must follow
a numerical scheme to take account for the "memory" of the microstructure [52].

The mean solute content in the matrix, C, is calculated from the continuity equation to obtain the
instantaneous values of the nucleation and growth rates in the precipitation model. This equation
assumes that all precipitates have identical chemical composition and mass density [50, 51, 52, 54,
53]. These assumptions largely simplify the mass balance without contributing to loss of predictive
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power [51, 52, 53, 54]. Since the model is calculating what happens for two separate particle size
distributions, two separate number of particles, Ni and Nj , and discrete radius intervals, ri and
rj , must be included in the equation. This equation is given as equation 12,

C = CMg
0 −

(
CMg

p − C
)∑

i

4

3
πr3iNi +

∑
j

4

3
r3jNj

 . (12)

In equation 12, the volume fraction of clusters and hardening precipitates are calculated through
separate summation formulas. However, since all particles are assumed to have the same mag-
nesium content, their volume fraction, f , can also be calculated from the composition parameters
CMg

0 , C and CMg
p . This relation is given as equation 13 [55],

f =
CMg

0 − C

CMg
p − C

. (13)

This equation shows that the continuity equation actually is a "lever rule" that takes the inherent
constraints provided by the phase diagrams into account [55].

The thermodynamic model providing input data for CMg
e and CMg

i is a simplified quasi-binary
description of the phase relations within the Al-rich corner of the Al-Mg-Si phase diagram (see
figure 5) [51, 53]. Corresponding data for the metastable phases also exist [63], and the same
approach can be employed to find the thermodynamic solvus temperatures for the clusters that
form during NA as a function of magnesium content. When using reported values for the stable
α-Al-β system as a starting point for the curve fitting, a general equation for CM

e g is obtained [53].
This relation is given as equation 14,

CMg
e (wt pct) = Cs exp

(
− Qs

RT

)
= 290 exp

(
− (41000− Ωc)

RT

)
. (14)

Ωc is a correction term which accounts for the reduced thermodynamic stability of the clusters
compared with the other metastable phases β, β′ and β′′. Qs is the solvus boundary enthalpy [55].

From equation 14 it follows that the hardening β′ and β′′ precipitates are characterized by the
same solvus boundary enthalpy, Qs, as the equilibrium phase, β. Therefore it is assumed that
the reduced stability of the metastable phases are due to the smaller particle sizes compared to β
[8, 52, 53]. The clusters, on the other hand, have a highly different atomic structure, and have their
own equilibrium solvus within the phase diagram. This is allowed for through the Ωc parameter
in the expression for Qs [55].

The value of Ωc has been determined by calibrating equation 14 to reported data for cluster
formation in Al-Mg-Si alloys [63]. A default value of 18.3 kJ/mol is used in the model [55].

It is possible to calculate the magnesium concentration at the cluster/matrix interface, CMg
i ,

through the Gibbs-Thomson relation [50, 51, 52, 53, 54]. This is given in equation 15 [55],

CMg
i = CMg

e exp

(
2γcVm

rRT

)
. (15)

Vm is the molar volume of the clusters, and is assumed to be constant and the default value used
in the model is 7.62 ×10−5m3/mol [51, 52, 53, 54]. Since Vm is fixed, the cluster/matrix interfacial
energy, γc, is adjusted so that equation 15 gives realistic values for CMg

i [63]. The default value in
the model is 0.02 J/m2 [55].
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2.6.2 Strength model

It is assumed that the particles are spherical and of equal size. This makes it possible to derive
equations based on classical analytical solutions for the dislocation-particle interaction [52].

Based on a equation described by Deschamps and Brechet [12], Myhr, et al. expressed an equation
for the increase in in overall macroscopic yield strength, σp, due to the mean obstacle strength, F
[12, 19, 47]. This expression is given as equation 16 [52],

σp =
M

br
(2βGb2)−1/2

(
3f

2π

)1/2

F
3/2

. (16)

M is the Taylor factor, b the magnitude of the burgers vector, r is the mean particle size, f is the
volume fraction, β is a constant close to 0.5 and G is the shear modulus of the aluminium matrix
[52].

The mean obstacle strength is combination of weak (shearable) and strong (non-shearable) particles,
and can be estimated numerically through equation 17 [52],

F =

∑
i NiFi∑
i Ni

. (17)

Fi is the obstacle strength corresponding to the correct number density of particles, Ni, and size
class, r [52].

The parameter Fi does however depend on the the particle radius ri. For weak particles, it can be
assumed that Fi is proportional to the particle radius r, given that this radius is below the critical
radius for shearing, rc [12, 22]. This can be expressed as equation 18 [52],

Fi = 2βGb2

(
ri
rc

)
, forri ≤ rc. (18)

For strong particles (ri > rc), the obstacle strength, Fi, is constant and independent of particle
size [12, 22],

Fi = 2βGb2. (19)

2.6.3 Overall hardness and yield strength

It can be assumed that the several strengthening mechanisms that operate at room temperature
can be added linearly. This is described in equation 20 [52],

σy = σi + σss + σp. (20)

σy is the macroscopic yield strength, σi is the intrinsic yield strength of pure aluminium, σss is
the yield strength from alloying elements in solid solution and σp is the yield strength from all
precipitates. [52] This again can be converted to Vicker’s hardness (HV) [25]. This follows equation
21 [52],

HV = 0.33σy + 16.0. (21)
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2.6.4 Work hardening model

To express the yield stress, the contribution from dislocations, σd, has to be found. The total
dislocation density, ρ, us assumed to be the sum of all statistically stored dislocations, ρs, and
the geometrically necessary dislocations, ρg. Their contribution to the yield stress, σd, is given in
equation 22 [29],

σd = αMµb
√
ρs + ρg. (22)

α is a constant with numerical value close to 0.3 and µ is the shear modulus for which the tem-
perature dependence is accounted for through the equation 23 [67],

µ = µ0

(
1− T

Tm
exp

(
θg

(
1− Tm

T

)))
. (23)

µ0 is the shear modulus at 0 K, Tm is the melting temperature of the material and θg is a material
constant equal to 2.295 [56].

Something that should be noted, is that ρs and ρg affect the flow stress directly through equation 22
in addition to affect the precipitation structure that forms since nucleation of metastable β′ particles
along dislocation lines takes place to an increasing extent during aging when the dislocation density
increases [71, 72]. In the NaMo model, this transition from matrix nucleation of β′′ particles to
nucleation of β′ particles at dislocations with increasing ρs through back coupling from the work
hardening model [56].

The Kocks-Mecking relationship gives the evolution of the statistically stored dislocations [30, 45].
This is given as equation 24 [56],

dρs
dϵp

= k1
√
ρs − k2ρs. (24)

Dynamic recovery depends on temperature and strain rate, and k2 can be correlated with the
Zener-Holomon parameter, according to Bergstrøm and Hallén [7]. What is assumed, is that
dislocation climb is the dominant dynamic recovery mechanism, and that diffusion of vacancies to
dislocation cell walls is the rate cooling reaction, determining the climb rate [56] .

The equations used in the NaMo model, is valid for plastic straining at room temperature, where
the Zerner-Hollomon parameter is high (Z ≫ Zs). The model also introduces a reference alloy
state for a temperature of 0 K in the equations, and assumes that the reference alloy has a Taylor
factor, Mr, that is equal to the Taylor factor of the actual material, M . From all of this, a final
equation for the model is determined, and given her as equation 25 [56],

k2 = k02

(
µ

µ0

)(
C ′

ss

Css

) 3
4
[
1 +

(
Zs

Z

)m]
. (25)

k02 is the k2 value for the reference alloy at 0 K, µ is the shear modulus for the actual alloy, while
µ0 is the shear modulus for the reference alloy. C ′

ss is the effective solid solution concentration for
the reference alloy (set to 1wt% in the model), and Css is the effective solid solution concentration
for the actual alloy. Zs and m are constants [56].

As for statistically stored dislocations, the evolution law for geometrically necessary dislocations
can be expressed by two terms. One of these is for storing the dislocation, while the other is for
dynamic recovery. The evolution law for ρg used in the NaMo model is given in equation 26 [54],

dρg
dϵp

=
k1g
λg

− k2gρg. (26)
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k1g is a characteristic material constant and ϵp is the plastic tensile strain. k2g determines the rate
of which dynamic recovery during plastic deformation depends on the actual solute content of the
alloy, and the effect of strain rate and temperature can be included in this term. This makes the
constant k2g defined through equation 27 [30, 45, 75, 18, 54].

k2g = k02g

(
f0
f ′
0

)[
1 +

(
Zg

Z

)m]
. (27)

k02g is the dynamic recovery constant for the reference alloy where Z ≫ Zg and f0 = f ′
0. It is

assumed that k2g is propotional to the volume fraction of non-shearable particles, f0 [56].

When the precipitate structure remains constant during plastic deformation, at the same time as
plastic straining is carried out through constant strain rate and temperature, the net contribu-
tion from dislocations hardening, σd, can be calculated by an analytical equation. This equation
is derived by integrating the dislocation densities ρs and ρg from the equation 24 and 26, and
substituting the values into equation 22. The expression is given in equation 28 [56],

σd = αMµb

√(
k1
k2

)(
1− exp

(
−k2ϵp

2

))2

+

(
k1g

λgk2g

)
(1− exp (−k2gϵp). (28)

In equation 28 effects of temperature and strain rate are included in the dynamic recovery constants
k2 and k2g. Both of these depend on temperature and strain rate through the Zener-Hollomon
parameter, Z [56].

A note that should be made, is that equation 28 cannot be used for a general situation including a
non-constant strain rate or temperature. For those situations, σd has to be calculated numerically
with a stepwise increase in time, where relevan solute and precipitate parameters (Css, f0 and λg)
are transfered to the work hardening model for each time step [55].

During AA, the dislocation density that came as a result of cold deformation, ρ, will be reduced
due to static recovery processes occurring at elevated temperatures [57]. The static recovery model
of Nes et al. [57, 68, 58] has been implemented in the model. This equation, describing dρ/dt is
adopted to capture the dislocation annihilation, and is given as equation 29 [55].

dρ/dt = −k3ρ
3/2 exp

(
− Us

RT

)
sinh

(
k4
√
ρ

RT

)
. (29)

Us is the average activation energy for the solute diffusion constricting the dislocation movement,
as defined in [68, 58]. k3 and k4 are two fitting parameters, which are separately calibrated by
comparing the static recovery model to experimental data. The default values in the model are
k3 =5.68 m/s and k4 = 0.0048 Jm/mol after reported data by Furu et al. [21].

2.6.5 Solid solution hardening

The alloying elements Mg, Si and Cu each give a considerable solid solution strengthening, σss,
for aluminium alloys. These contributions are assumed to be additive giving equation 30 [60, 20],

σss =
∑
j

kjC
2/3
j . (30)

Cj is the concentration of a specific alloying element in solid solution, and kj is the corresponding
scaling factor [52].

A note about this formula is that for the elements Mg and Si, the concentrations CMg and CSi will
vary during heat treatment depending on the volume fraction of clusters and metastable particles.
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When there is a high volume fraction of clusters and metastable particles, the consecration of both
Mg and Si will be low, since the elements are removed from the matrix. This relation between
elements dissolved in the matrix and elements as part of particles or clusters is integrated in the
continuity equation described in the precipitation model.

2.6.6 Yield stress model

To include the effects of temperature and strain rate on the yield strength, a model based on
obstacle limited dislocation glide has been chosen. The model is derived, based on the Orowan
equation model that describes the relationship between the average speed of the mobile dislocations
and the strain rate, and introduces the Gibbs free energu of cutting bypassing of barrieres as a
function of the applied stress [20, 31]. The resulting folw stress, σ, is expressed in equation 31
[20, 31],

σ = σ̂
µ(T )

µ0

{
1−

[
RT

∆G
ln

(
ϵ̇0
ϵ̇p

)]1/q}1/p

. (31)

σ̂ can be considered the yield stress at 0 K, meaning that the barrieres are overcome in the basence
of any thermal activation. ∆G is the total free energy corresponding to the activation energy
required to to overcome the obstacle without external stress. The constants p and q depend on
the spacial distribution and shape of the obstacles [20, 31]. Their values can vary (0 ≤ p ≤ 1 and
1 ≤ q ≤ 2) [20], but the influence of these changes are relatively small compared to sufficient large
∆G-values [20]. In the NaMo model, both of the constants are assumed to be 1, as this has been
used as a reasonable approximation for the relevant alloys before [76].

A similar argument is made for the reference strain rate, ϵ̇0. Since ∆G is sufficiently large, a
constant strain rate of 106s−1 [20] is implemented in the NaMo model.

The previously developed room-temperature yield stress model can be coupled to the new model
that includes the effect of temperature and strain rate. If the room temperature (Tr = 298 K) and
representative strain rate (ϵ̇r = 10−4s−1) that was used when calibration the room temperature
yield stress model into equation 31 is used, the resulting flow stress, σy, can be expressed as
equation 32.

σy = σ̂
µ(Tr)

µ0

{
1−

[
RTr

∆G
ln

(
ϵ̇0
ϵ̇r

)]1/q}1/p

. (32)

If a constant c1 is used, equation 32 can be rewritten simply as σy = c1σ̂, where the constant c1 is
given in equation 33,

c1 =
µ(Tr)

µ0

{
1−

[
RTr

∆G
ln

(
ϵ̇0
ϵ̇r

)]1/q}1/p

. (33)

After calibration of ∆G, equation 33 gives the output c1 = 0.83. It is clear that the representative
strain rate is approximated, giving an inexact solution. Still, since ϵ̇r is entering a logarithmic
term in equation 33, this approximation is not critical for getting an exact value for c1 [56].

After getting values for c1, it is easy to convert the yield stress at room temperature, σy, to a
corresponding yield stress at 0 K, σ̂. This value can be substituted into equation 31, to get a
temperature and strain rate depending flow stress, σ [56].
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3 Experimental

3.1 Chemical Composition

The chemical composition of the Al-Si-Mg alloy investigated in this thesis is given in table 3. This
alloy follow a common industrial standard. This composition is a AA-6082.5 alloy.

Table 3: The chemical composition of the Al-Si-Mg alloy investigated in this thesis. All the values
are given in wt%.

Si Fe Cu Mn Mg Cr Al
0.9 0.32 0.1 0.55 0.65 <0.001 Bal.

3.2 Plate preparation, Heating and Cooling

As described in section 1, the motivation for this master thesis, is to see if welding of large con-
structions can be done in a cheaper and simpler way than what is normal today. Therefore, this
alternative processing has been tested and compared to a reference that is processed in a traditional
way. The reference Al-Si-Mg alloy was in a T6 state.

General production of Al-Si-Mg alloys tend to result in large profiles, unsuited for experimental
investigation. This meant that in order to start the heat treatment, the profiles first had to be
cut into smaller pieces. This cutting was done using a bandsaw, and the plate dimensions were
75x150x6mm.

Before heating, holes were drilled so that the temperature in the plates could be measured. These
holes had a thickness of 2mm in diameter, and was about 20mm deep. Only six holes were made,
one hole for each of the different cooling experiment (cooling in warm water, air and oven at two
different temperatures). The plate dimensions as well as the positioning of the holes can be seen
in figure 17.

Figure 17: The dimensions of each plate, as well as the position of the hole

The plates were placed in a Nabertherm N17/HR Muffle furnace. Here the heating were done two
separate times, one until 430°C and one until 550°C. The plates were in the oven for 30 minutes
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before they were removed. The reference alloy came from an industrial produced T6 state, and
was not heated in the oven.

When the plates were taken from the oven, the temperature measurements were turned on. As
can be seen in figure 17, the temperature was measured inside the plates, and the temperature was
logged ten times per second. The results from these two logins can be seen in figure 18 and 19.

Figure 18: The temperature in the plates during cooling from 430°C

Figure 19: The temperature in the plates during cooling from 550°C

Later one side of the plates were milled down into a smooth surface suitable for welding. It was
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these smooth surfaces that were welded together. For the plates that were FSW, the side had a
I-shaped surface, while the plates that were MIG welded had a X-shaped surface. The X-shaped
surface had an angle of 60°. This shape is illustrated in figure 20. Since an I-shaped surface is
pretty self explainable, no illustration of this shape is given.

Figure 20: The X-shaped surface on the plates prepared for MIG welding. As can be seen in the
figure, the angle was 60°.

3.3 Friction Stir Welding

The welding was done at SINTEF Manufacturing. Seven welds were done in total, two parallels
for each of the heated cases, and one for the reference.

Three thermocouples were inserted in each plate, at the distances 5, 9 and 13mm from the weld
centre. This is illustrated in figure 21. These temperature measurements were later used as inputs
for the program NaMo.

Figure 21: The position of all thermoelements used for FSW. The text in the figure tell the distance
of the thermoelement from the weld centre

3.3.1 Welding parameters

Welding parameters used in the FSW experiments can be found in table 4. Since all the different
plates are from the same material, it was natural that a lot of the parameters were kept the same.
The only difference between the welds, was that a higher rotation speed was used for the T6

28



reference. The reason for this, is that this material was assumed to have a higher strength than
the rest, meaning more energy would be required to make a deformation necessary for the FSW
process to work. Only small differences were assumed in the hardness for the heated plates, making
it possible to use identical parameters for all these.

Table 4: Welding parameters used in the FSW experiments.

Welding parameter Plates heated to 430°C T6 reference
Rotation speed [rpm] 1500 2000

Speed [mm/s] 6.3 6.3
Downforce [kg] 820 820

Peak at current [A] 7 7
Start delay [ms] 2000 2000

Acceleration [mm/s2] 100 100
Rotation direction [CW/CCW] CW CW

Tilt [°] 3 3

3.3.2 Welding tool

When it comes to the welding tool, the same tool was used for all the welding experiments. The
shoulder dimensions were based on the 6mm plate thickness (3.5 x thickness). From previous trails,
this welding tool provided high strength defect free welds. Information of the welding tool is given
in table 5. Figure 22 shows a picture of the welding tool.

Table 5: Information about the welding tool used in the friction stir welding experiments. Inform-
ation is given about both the pin and the shoulder.

Pin Shoulder
Type Diameter Pin length Plate thickness Type Diameter

[mm] [mm] [mm] [mm]
Cylindrical finned 6 5.86 5.9 S1 20
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Figure 22: A picture of the welding tool used in the friction stir welding experiments.

3.4 Metal Inert Gas Welding

Different MIG welding methods are described in section 2. The one used in this thesis is the
SyncroPulse method. A frequency of 3.5 Hz was used in all the MIG welding experiments.

Five thermocouples were inserted in each plate, at the distances 5, 9, 13, 25 and 75mm from the
weld centre. The thermocouple placed at a 75 mm distance from the weld centre was positioned
at the end of the plate. The positioning of the thermocouples are given in figure 23.
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Table 6: Welding parameters used in the MIG experiments. All parameters were kept the same
for both welding except the current, which were 165A for the first weld and 185A for the second.

Welding parameter Plates heated to 430°C Plates heated to 550°C T6 reference
Current [A] 165/185 165/185 165/185
Voltage [V] 20 20 20

Gross power [kW] 3.57 3.57 3.57
Welding speed [mm/s] 13 13 13

Figure 23: The position of all thermoelements used for MIG welding. The text in the figure tell
the distance of the thermoelement from the weld centre.

The welding was done at SINTEF Industri. Seven different cases were welded. These are all the
three cooling methods after heating to the two temperatures 430°C and 550°C, in addition to the
reference T6-state.

For each of these welds, the plates were welded two times, one on each side. The welding direction
was opposite for each of these welds. A higher current was used for the welding on the second side.
All parameters from the welding experiment can be found in table 6.

The temperature was measured for both weldings of each plate for all seven different cases. This
resulted in 14 total temperature measurements. These were later inserted into the simulation
program NaMo.

3.5 Material Characterization

3.5.1 Grinding and Polishing

Smaller samples were cut from the cross section of each weld using a Discotom-5 watercooled saw.
The blade was a 10S25 SiC cutting blade provided by Struers. Later, the samples were mounted
in an Epofix cold-setting epoxy resin. Grinding and polishing were done at a Struers Tegramin-30
machine, and the different steps of this process is presented in table 7.
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Table 7: The grinding and polishing steps.

Step Surface Lubricant Time [min] Force [N]
1 SIC FEPA #320 Water 3.5 30
2 SIC FEPA #1200 Water 10 30
3 MD-Largo Diapro/Lar. 9µm 7 30
4 MD-Mol Diapro Mol 3µm 12 50
5 MD-Nap NAP-R 1µm 15 50
6 MD-Chem OP-U NonDry 15 50

The samples were rinsed with hot water and ultrasound between each step given in table 7. In
addition, washing with soap, ethanol rinsing and blow drying were included after washing in
ultrasound after the final step.

3.5.2 Optical Microscopy and Hardness Measurements

The samples were anodized in a mixture of 5% HBF4 and 95% H2O for 90 seconds.The potential
for the anodizing was 20 V, and the maximum current 3 A. This was done to make the grain
structure show.

The microscope used in this thesis was a Zeiss Axio Vert.A1 Inverted light microscope, with a
magnification of 25.

The Vicker’s hardness was measured using a Duramin-40 machine. One measurement was done on
the top of the weld, and one measurement was done at the bottom, to show the difference between
the different parts of the welds, if there are any. The distance between each measurement was
1mm. The machine used a force of 1kg, and a holding time of 10 seconds for each measurement.

The hardness measurements were compared to simulations done by NaMo. The simulations used
the measured temperature from the cooling methods and welding processes as inputs. This means
that the hardness was calculated only at the same positions as the temperature was measured
during welding, resulting in a lot of hardness measurements and only a few simulated hardnesses.

3.6 Conductivity Measurements

The conductivity have been measured for all the plates at three different positions using a Sigmatest
2.069. When using this machine, a calibration first had to be made with two references with a
conductivity of 4.4 MS/m (8% IACS) and 58 MS/m (100% IACS). A picture of the Sigmatest
2.069 is given in figure 24.
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Figure 24: A picture of the Sigmatest 2.069.

The three positions where the conductivity were measured was at the end of the plates, 2-3 cm
from the fusion line and right outside the fusion line. Five measurements were done per plate, and
the plates were kept at room temperature during each measurement.

3.7 Tensile Testing

Tensile tests were done for all the samples described in this report. This includes two different
heating temperatures, three different ways of cooling and two different welding techniques. Three
samples were taken from each plate, resulting in a total of 42 tensile tests. These were all done at
a MTS 810 testing machine. A picture from these tensile tests is given in figure 25.
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Figure 25: A picture of the tensile testing process.

The dimensions of each specimen used in the tensile testing is given in figure 26.

Figure 26: The dimensions of the specimens used in tensile testing.

After conducting the tensile tests, the results were compared to simulations done by NaMo. The
issue here, is that NaMo calculates true stress and true strain, unlike the MTS 810 testing machine
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that measures engineering stress and engineering strain. Therefore all the experimental data had
to be converted into true stress and strain. This was done using equation ?? and ?? as described
in section 2.

A note about the simulations done by NaMo is that the model has no understanding of necking
or fracture yet. This results in infinite work hardening, something that definitely is not the case.
Therefore it is a bit difficult to compare experimental data to simulated data. What is done, is that
it is assumed that necking will start as the true stress from the measured data starts to decrease.
This means that the output from NaMo has been compared to experimental data that first were
converted to true stress and strain, to later only being drawn until the maximum stress value.

Over to the simulations, some explanation is necessary to understand how these were done. Since
the mechanical properties depend on the distance from the weld centre, it is clear that it is im-
possible to give a perfect input to the NaMo model. Instead a choice has to be made for which
part of the weld that should be used in the simulations. In this thesis, it is assumed that the region
with the least hardness is the region that limits the tensile strength. Therefore the heat treatment
of this region has been used as input for the simulations. From investigating the hardness test
results, a minimum hardness value was found 9 mm from the weld centre for all cases, meaning
that the measured temperatures in this point has been used as input for NaMo.

A note to be made, is that even though the temperature had not been measured at the same
distance from the weld centre as the weakest point in the plate, it would have been possible to
model the tensile strength using NaMo. It would only require an additional step of calculating the
heat input for the NaMo model before the model can be used. A way of doing this is through the
WTCP model described in section 2. This model is able to take welding parameters as an input
and calculate the heat output in a metal plate at a given distance from the weld centre. Even
though this model is made for arc welding, it can also be used for FSW, but then the temperature
has to be measured at a given distance from the weld centre and the different welding parameters
have to be calibrated until a similar temperature is both measured and calculated. In this thesis
this step has been seen as unnecessary and therefore avoided. Still the model is described in section
2 as it could be used for similar problems, and it shows a more general solution to the problem.
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4 Results

4.1 Grain structure

From light optical microscope investigations, pictures of the grain structure were taken. Most of
these pictures are very similar, and therefore only the two best pictures are highlighted. These
pictures are made large, so that it is easier to see the contrast between the grains. These are the
grain structure of a FSW material (figure 27 ) and a MIG welded material heated to 550°C before
welding (figure 28).
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Figure 27: The grain structure of the FSW plate heated to 430°C and cooled in the oven.
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Figure 28: The grain structure of the MIG welded plate heated to 550°C and cooled in warm water.
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Note that in addition to different welding techniques, figure 27 and 28 show material that was
heated to different temperatures. This is important to remember when observing that the grain
structure clearly is different also far from the weld for these figures.

It should also be mentioned that the grain structure clearly is different in the SZ and the FZ,
compared to the base material. The welding has clearly had an impact on the grain structure.

A last note to figure 28, is that some black dots can be seen in the fusion zone.

Still, all experiments have been characterized in LOM. Figure 29 shows the grain structure of all
the FSW plates, and figure 30 shows the grain structure of all MIG welded plates. These figures
include all the different cooling methods in addition to the reference T6 state.

Figure 29: The grain structure of the FSW plates.
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Figure 30: The grain structure of the MIG welded plates.

The observation that should be done from these two figures, is that the main difference between
all grain structures are the welding technique and the heating temperature. Apart from these
two things, all the grain structures seem to be similar. This indicates that the grain structure is
independent on cooling method.

A second observation is that some pictures show a larger area of the plate than other pictures. This
is simply because the grain structure is really the same for all cases, making it needless to report
more than what is done here. To save time, only the necessary regions have been photographed
for some samples, while the entire samples have been taken photo of for other samples. This is
therefore only a choice made in the characterization process, and not a characteristic of the plates.

Black dots can be seen in multiple of the pictures of the MIG welded plates, given in figure 30.

4.2 Hardness

As described in section 3, hardness measurements were done across the weld for all the different
experiments. Since this means a lot of measurements, they are presented in three different figures,
separating each of the welding techniques as well as the heating temperature. The lines show the
measured values, while the single dots show the result from simulations done by NaMo. These
three figures are given as figure 31, 32 and 33.
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Figure 31: The hardness of all the FSW plates

Figure 32: The hardness of all the MIG plates heated to 430°C
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Figure 33: The hardness of all the MIG plates heated to 550°C

When it comes to what information the measurements can give, there are some observations that
should be done. First off, it is clear that the reference state has the highest base material strength
for all measurements, and that faster cooling rates lead to a higher base material strength. All the
three figures show the same tendency where the reference state is hardest followed by warm water
cooling, then air cooling and cooling in oven as the softest option.

As a second observation, it can be seen that the hardness also in the SZ decreases as the cooling time
increases for the FSW. For MIG-welding, on the other hand, the hardness in the FZ is independent
of the initial cooling time.

A third property of these welds, is that the dimension of the HAZ decreases when cooled slower.
This is the same for all the different welds and heating experiments.

A forth observation, is that a higher heating temperature results in a higher hardness, as the plates
warmed to 550°C has a higher hardness than the plates heated to 430°C. This can be seen in figure
33. In addition, the difference between cooling in warm water, air and oven is more significant for
this case. It should also be made clear that the plate that was heated to 550°C, and later cooled
in warm water is the only result were the base material strength is similar to the weakest point in
the reference.

One note to be made about these figures, is that the one showing MIG welding after heating to
430°C (figure 32) only shows hardness measurements on the right hand side of the weld, instead of
showing the hardness on both sides, as is done in the other figures (figure 31 and 33). In addition,
the hardness of the T6 reference for MIG heated to 550°C (figure 33) has only been measured on
the right hand side. This has nothing to do with the plates, and is only a choice done to save time.
The other cases have been measured on both sides of the weld, and no significant difference can
be seen between the sides. Therefore it is assumed no significant difference would have been found
for the MIG welded plate after heating to 430°C either.

4.3 Conductivity

The conductivity measurements are given in figure 34, 35 and 36. These figures show both the
position and the value of all measurements.

42



Figure 34: The conductivity of all the FSW plates heated to 430°C.
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Figure 35: The conductivity of all the MIG plates heated to 430°C.
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Figure 36: The conductivity of all the MIG plates heated to 550°C.

A note from the conductivity measurements, is that slower cooling results in higher conductivity.
This is similar for all cases. It is also clear that the T6 reference has the lowest conductivity.

Another note is that the conductivity is relatively similar for all distances from the fusion line.
There is some decrease as the distance increases, but this difference is small compared to the
difference between each cooling method. Therefore it seems valid to assume cooling time has a
larger impact on conductivity than the distance from the fusion line.

In addition, the conductivity is relatively similar between both the plates that was FSW and the
plates that was MIG welded after being heated to 430°C. Therefore it can be assumed that also
welding technique has a small impact on conductivity.

Lastly, it can be seen that the case were the conductivity is quite different is for the case were
the material was heated to 550°C, and later MIG welded, compared to plates being heated only
to 430°C before welding. This indicates that heating temperature has a significant impact on
conductivity, in addition to the cooling time, as previously mentioned.

4.4 Tensile test

After conducting tensile tests and comparing these to simulations, a lot of graphs were obtained.
Since there were so many results, the results from the tensile tests are split into three figures, one
figure for each of the different welding experiments. These figures show both experimental data
and simulated data from NaMo. The dashed lines are what is simulated. The tensile test results
from each welding are presented in figure 37, 38 and 39.
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Figure 37: The conductivity of all the MIG plates heated to 550°C.
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Figure 38: The conductivity of all the MIG plates heated to 550°C.
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Figure 39: The conductivity of all the MIG plates heated to 550°C.

From these graphs it is possible to see that the reference T6 state alloy has a higher strength than
the rest. When considering the cooling time, it seems faster cooling leads to an increased tensile
strength. This is the case for all the figures.

Another observation that should be made, is that the simulated values gives a lower stress at
the same strain than the experimental data for FSW. For MIG welding, on the other hand, the
simulations show a higher stress value than what is measured. This means that welding procedure
clearly has an impact on how the model is able to describe the process.

Lastly, the different figures should be compared. It is then clear that the material experiencing
FSW has a slightly higher tensile strength than the plates that was MIG welded. It also seems
a higher heating temperature leads to a higher tensile strength when comparing the two different
MIG welding experiments.
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5 Discussion

5.1 The Microstructure in the Base Material

From section 4, it seems like slower cooling methods lead to less strength in Al-Si-Mg alloys. This
can be seen from both the hardness tests and the tensile tests.

In section 2 it is explained that to get high strength for Al-Si-Mg alloys, what is important is to
get the correct microstructure. The preferred precipitates are the needle shaped β” particles. β’
and β particles will not contribute to high strength, making a softer material, were β has the least
strength contribution of the two.

It could naturally be assumed that there is a higher concentration of β” particles in the alloy were
the strength is higher, compared to metals with less strength. In fact the difference in strength in
the base material is so significant when comparing the reference alloy to the alloys cooled in oven,
that there probably is a lot of strength contribution from precipitates such as β” in the reference
alloy and none in the slower cooled metals. For the slower cooled alloys, the strength is so much
lower that it seems almost like no strength contribution from precipitates can be found in the
metals, leading to a high probability that the microstructure consists of mostly β. This makes the
slowly cooled metals overaged.

Further assumptions can be made about the microstructure in the base material, also for the
other cooling methods. The summary of these assumptions is given in table 8 and 9, showing the
microstructure of the base materials for the two different heating temperatures.

Table 8: The most likely microstructure in the base material for each cooling method after heating
to 430°C

Cooling method Microstructure
Cooled in oven β
Cooled in air β

Cooled in warm water β’ and β
Reference β”

Table 9: The most likely microstructure in the base material for each cooling method after heating
to 550°C

Cooling method Microstructure
Cooled in oven β
Cooled in air β’ and β

Cooled in warm water β” and β’
Reference β”

It should be noted that the microstructure given in table 8 and 9 is only based on the hardness tests,
and cannot be taken as a given fact. It could be possible to determine the exact microstructure
for each case, but that would require SEM analysis, which has not been done in this thesis.
Still, a qualitative guess of the microstructure is probably quite right, and can at least give some
understanding of how the properties of the different cases has emerged.

Something clear is that slow cooling gives more equilibrium, β, particles. This can be explained by
the precipitation hardening sequence presented in section 2. There it was written that the SSSS
phase is a necessity for gaining any precipitation hardening during aging. This phase arises when
the metal is quenched after SHT. Most of the cooing methods are very slow, meaning that there is
no quenching. This then means that Si and Mg atoms will dissolve from the solid solution during
the cooling. At high temperatures, the diffusion will be very high, making the phase transformation
to the equilibrium phase very fast. Therefore it would be natural to assume that the microstructure
consists of mostly equilibrium phase, β. The structure is overaged, and low strength is a given.
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The conductivity measurements support the assumption that there is mostly β particles for the
cases with slow cooling. In section 4 it can clearly be seen that there is a higher conductivity for
the cases with fast cooling than when the cooling is low. As explained in section 2, this means
that less alloying elements are in the solid solution, making a relatively pure Al matrix with some
particles consisting of Si and Mg. For the cases were the conductivity is low, there is more elements
in the solid solution, resulting in a less pure Al matrix.

A last note about the microstructure in the base material of the Al-Si-Mg alloys considered in this
thesis, is that clearly 550°C is a temperature high enough to initiate grain growth and recrystal-
lization, while 430°C is too cold.

5.2 Properties of the Weld Zones

In section 4, it was observed that a slower cooling rate leads to a thinner HAZ. This indicates that
there are some differences in the microstructure originating from the heat treatment, affecting how
the mechanical properties end up after welding.

It is already made clear that the base material of the slowly cooled plates consist of mostly β phase,
in contrast to the faster cooled plates that has a mix of β” and β’. For the plates with a mix of
β” and β’ precipitates, high welding temperatures will result in the particles reacting into more β
phase, resulting in a hardness decrease. This reaction will then happen at a relatively large area
due to the fact that β” particles are very unstable at high temperatures. When a microstructure
of β is heated, on the other hand, the microstructure is already at the equilibrium, making it
impossible for any reaction to happen. Still, the hardness does change close to the weld centre,
even though the microstructure consists of mostly β. This is because the temperatures are high
enough to make the particles go into solid solution and then restart the precipitation process.
This makes it possible to get some β”, even though the initial composition consisted of mostly β.
This restart of the precipitation process happens at a shorter distance from the weld centre than
formation of β’ from β”, due to the fact that higher temperatures are needed to make β particles
unstable and go into the solid solution. This explains how slower cooling rates lead to more β, and
then a shorter HAZ, compared to faster cooling rates that result in β” and a longer HAZ.

In addition, some differences can be seen in the weld zones between the two different welding
techniques. This is documented in the LOM pictures given as figure 29-30 in section 4. Firstly,
it should be mentioned that pictures of the FSW are more flat in the weld zone than the MIG
welded plates. This is due to the fact that MIG welding introduces new material, that makes the
weld zone thicker, unlike FSW that does not add any new material. When considering that the
aim of this thesis is to find a welding technique suited for constructions, a point should be made
that having welded plates without any added thickness should be seen as an advantage.

More importantly, pictures of the grain structure show how there is a significant difference between
the different zones of the weld. There is clear that a lot has happened to the microstructure during
the welding process. To give a short answer, what can be seen is what is described as normal for
these welding techniques in section 2. This means that the welds are of a good quality, and that
the welding parameters described in section 3 results in good quality welds.

There is one aspect of the WZ, however, that rises a minor concern. In both figure 28 and 30, some
small black circles can be seen inside the fusion zone for the MIG welded plates. These dots are
what is called pores, and they are parts of the weld were there is no metal. This is something that
happens during welding if gas is trapped inside the metal, and does not escape before solidification.
To get a perfect weld, an effort should be made to get rid of all these pores. Still, during both
hardness testing and tensile testing, it was shown that the weakest point of the welds were in the
HAZ and not in the FZ. Therefore the pores does not have a large enough negative impact on the
mechanical properties to be the limiting factor when dimensioning the metal.
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5.3 The Preciseness of the NaMo model

Based on the results in section 4, it is possible to tell something about the preciseness of the
simulation model NaMo. This model has been compared to both hardness tests and tensile tests,
giving a clear picture of how well the model is able to predict these phenomena.

Starting with the hardness tests, what can be observed is that the model struggles to describe
what happens for a Al-Si-Mg alloy close to the weld centre. This is the case for both welding
methods. This can be explained by the fact that the NaMo model is limited to only calculate
what happens to the microstructure of Al-Si-Mg alloys and the resulting hardness based on a heat
input or on plastic strain. The nature of FSW and MIG welding is not included in the model,
making it expected that the model would fail to calculate a correct microstructure close to the
weld centre. The model should not be able to calculate what happens at positions were extreme
plastic deformation or adding of new material has happened.

Further from the weld centre, the model is able to give a reasonable good approximation of the
hardness. Simple calculations give an error of only 6% when an average was taken for all hardness
measurements at distances above 5mm from the weld centre. This means that the model is able
to predict how Al-Si-Mg alloys react to thermomecanically processing. NaMo is able to predict an
accurate hardness when only temperature is the input. This means that the model works for the
cases were it would be expected to work as well.

The tensile tests are different. Here, the model seems to have some problems agreeing to exper-
imental data. It is already observed in section 4 that the model predicts a lower strength than
what is measured for FSW, while the opposite is true for MIG welding. There could be multiple
reasons why this is the case.

Firstly, it should be mentioned that something could be off with the assumptions described in
section 3. It could be that the transformation from engineering stress-strain to true stress strain
has an impact on the result, shifting the shape of the experimental graphs.

Secondly, it should be made clear that the tensile strength are measured above the welds. Therefore
the strength of the welds could definitely have an impact on the final result. In section 3 it was
assumed that most elongation happened in the region of least strength, and that this strength is
what determined the shape of the curves. In reality the strength depends on the distance from the
weld centre, making it a complex task to predict exactly how much the metal is able to elongate
before fracture. Especially when there is a large area with relatively similar hardness, it can be
expected that some elongation and work hardening also will happen in regions of slightly larger
strength too. This will then lead to different results than what the model assumes, which is a
sample without any differences in tensile strength.

The fact that the model predicts a too low strength for FSW and a too high strength for MIG,
indicates that some elongation must have happened also in the weld zone. So, why is there a
difference in what happens for the two different welding techniques? A clear difference between
them is that FSW gives a lot of deformation in the weld zone, while MIG only introduces a new
metal. From the hardness tests described in section 4, it is possible to see that the FSW plates
have a hardness above 80 HV1 at the weld centre, while the hardness of the MIG welded plates
is below 80 HV1 at the same position. This means that the added metal for MIG has a lower
strength than the deformed metal after FSW. This difference is probably the reason for why the
model fail to describe the relationship between stress and strain in opposite directions for the two
different welding techniques.

Thirdly, the values for strain from the experimental data should be taken with a grain of salt. From
the experimental setup described in section 3, it is clear that only extensions between two points
are measured. All extensions outside of these points will therefore not be included in the graphs.
Normally this would not be a problem since these points are in a thinner region of the sample, and
the assumption that nearly all extension happens here is almost entirely valid. The problem with
these experiments, is that the properties vary with the distance from the weld centre. This may
lead to the graphs showing less extension than what is actually the case in the experiments. If this
is the case, all experimental graphs should be shifted more to the right, and if this would happen,
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they would also match the calculations from NaMo better.

The problem with this argument, is that it proves how the graphs showing true stress-strain
has little value. The main information from the figures is the point showing maximum strength
before fracture. This is very good to know, to get an understanding of the maximum strength
the alloy have, but it is very little useful when comparing it with NaMo. Since the model has no
understanding of necking or fracture, it assumes work hardening will continue forever, meaning
that no maximum value will ever be found. This means it is really not possible to tell how accurate
the model describes the tensile strength for the experiments conducted in this thesis.

5.4 Which Cooling Method and Welding Technique is the Best?

As stated in section 1, the goal of this thesis is to produce large profiles of aluminium with similar
properties as traditional production, but at a lower cost. This then means that the economy aspect
also should have its impact on the choice of welding technique.

Firstly, MIG welding needs more processing steps before welding is possible than FSW needs. This
includes the oxide layer at the surface of the aluminium that must be removed for MIG and not
for FSW, making FSW preferred. In addition the X-shaped surface used for MIG welding in this
thesis is more complex than the I-shaped surface used for FSW.

In addition the added material in MIG welding will increase the cost, compared to FSW were no
material is added. Another point is that since there is only one alloy in the final product, FSW
materials will be easier to recycle, making the process more sustainable.

The welding time itself is quite similar between the two methods, but in this thesis the MIG
welding was done twice (on both sides of the plate). Therefore the welding time ended up almost
the double for MIG compared to FSW.

Lastly, the cost of a protective atmosphere is another disadvantage with MIG welding. When
compared with FSW, this is an additional cost, since FSW does not need this.

When considering other factors than prize, it is shown that FSW only leaves small extensions to
the welded profiles. In section 4, it can be seen how arc welding leads to a local increment of
the thickness of the plates. This non-flat geometry can potentially lead to problems, and should
therefore be avoided if possible.

When it comes to the mechanical properties, FSW has a higher hardness in the weld zone than
MIG has, as previously mentioned. This is due to deformation of already existing material instead
of introducing new material.

When considering tensile strength, it can be seen that FSW has a higher maximum strength
than MIG after heating to the same temperature. Therefore it seems FSW gives a higher overall
strength.

When considering cooling methods, two observations were made in section 4. Firstly, an initial
heating temperature of 550°C gives a much higher strength than heating to 430°C. Secondly, faster
cooling leads to higher strength. The only experiment in this thesis that proved a promising result
was when the plates were cooled in warm water. All other experiments, except the references,
had a base material strength below the strength in the weld and will therefore not be suitable
for applications this thesis is trying to find good welds for. Therefore it seems only warm water
cooling is the only useful result from this thesis.
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6 Conclusions

Based on the discussion in section 5, some conclusions can be made. These include the most likely
microstructure resulting from each cooling method in the base material, why the properties of the
weld zones are as they are, how precise the NaMo model is and which cooling method and welding
technique is the best of all that were tested.

So, as a beginning it seems slower cooling rates lead to higher concentrations of β particles in the
material. In addition, this concentration is even higher when the metal is only heated to 430°C
than when heating to 550°C. This is because longer times at higher temperatures make most of
the structure to consist of the equilibrium phase, β. The β particle gives only a small strength
contribution to the alloy, resulting in a soft metal.

The weld zones have are of a similar nature to what could be expected from the theory described in
section 2. In addition slower cooling methods lead to thinner HAZs as a result of more β particles
in the base material. These particles will be stable up to high temperatures, meaning that changes
in the microstructure only will happen close to the weld centre. When the metal has more β”
and β’ lower temperatures are required to make β particles, meaning that the HAZ will be larger.
Some small pores were found from the MIG welds, indicating that the welding parameters could
be changed if similar welding would be done in the future.

When it comes to the NaMo model, this seems to give good predictions for the experiments
described in this thesis. When comparing the hardness, the model worked fine for calculating the
hardness in the base material with only an error of 6%. Closer to the weld centre, the model
struggled due to the fact that the model is not programmed to understand either FSW or MIG.
For the tensile strength, the model had more problems. Since there is no way the model is able
to understand necking and fracture, it is hard to compare the results between the model and the
experimental tests, especially when there is a lot of uncertainty about how accurately the elongation
measurement really is valid for the tests.

It is clear that the best welding technique is FSW, and that the best cooling method is cooling
in warm water after heating to 550°C. Therefore it is natural to assume that combining these will
give the best result. This has not been done in this thesis, so if this indeed is the case, is something
that should be validated in further work. Still this is what all the results point towards. All the
other experiments result in a significantly softer material than the reference T6 alloys.

One last mention is that even though warm water cooling seems promising, it is clear that it might
not be the only possible solution to the problem described in section 1. It could well be that
strengthening the HAZ with increased material or some clever geometry is still the best option for
a lot of cases.
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7 Further Work

As a starting point for this section, it should be made clear that this thesis only focused on what
can be described as a starting point for further investigations. This means that a lot can be put
into further work.

As a start, most of the experiments fail to give any meaningful answer to the aim of the thesis.
The only promising result is cooling in warm water from a temperature of 550°C. All the other
results are really only giving so bad results that the only point of them is to show how not to
heat treat Al-Si-Mg alloys. Therefore it is natural to assume that optimization of heating to 550°C
followed by warm water cooling and FSW can result in increased strength in the metal. In addition
it should be mentioned that this experiment has not even been conducted, making it natural to
validate this assumption as the next step in this investigation.

Further, it could be natural to change the parameters slightly if further work were to happen. One
possibility is that warm water cooling work better if the temperature in the water is something
different than 90°C. Maybe 50°C is the perfect temperature, maybe 70? One way of determining
this, is by using the NaMo model. This model has in this work proved to be able to describe
this type of thermomechanical processing with a low error. Therefore it is natural that this could
be used in the optimization process in the future. This would make it possible to make more
qualitative guesses of thermal treatment for the alloys, so that all the experiments have a purpose,
unlike most of the experiments in this thesis that only proved how not to heat treat Al-Si-Mg
alloys.

In addition, only one set of welding parameters have been investigated. It could be that changing
the pressure or the welding speed during FSW will make a better weld.

Also it could be possible to look into other properties of the Al-Si-Mg alloy than only hardness
and tensile strength. For example corrosion resistance could be of interest, and should be taken
into account depending on the situation.

If further verification of the results in this thesis were to be considered, transmission electron
microscope (TEM) analysis could be able to spot the precipitates in the Al-Si-Mg alloy. Therefore
these investigations could be considered doing in the future.

When considering sustainability, it is natural to assume the solution proposed in this thesis is a
good choice. By avoiding any complicated geometries or added structures to strengthening the
HAZ after welding, the aluminium alloy maintain the same purity also after melting and recycling,
as no non-aluminium structures are added. Still, the recycling process of Al-Si-Mg alloys has not
been investigated in this thesis, and is a natural next step for further work.

Lastly, it is clear that the NaMo model has a good understanding of Al-Si-Mg alloys. It can
with good accuracy describe a lot of processes. Still, it is hard to draw any conclusions from the
tensile measurements done in this thesis due to how the model cannot describe necking, fracture
or welding. Therefore if some of these mechanics had been included in the model, it would make
even more useful than it is today.
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Appendix

A Temperature Measurements During Welding

As can be seen in section 4, a lot of weldings were done in this thesis. The temperature was
measured at different distances for all of these, and it seems unnecessary to include all of the
temperature measurements as many of them are very similar. Only the measurements from the
FSW of the T6-reference alloy (figure 40), the FSW alloy after water cooling (figure 41), the
MIG welded alloy after heating to 430°C and cooling in the oven (figure ?? and 42) and the MIG
welded alloy after heating to 550°C and air cooling (figure 44 and 45) are included in the appendix.
Since two weldings were done for MIG, two figures of the temperature measurement is shown here,
describing both the first and second welding. All the figures are given below.

Figure 40: The temperature during FSW of the T6-reference alloy. The temperature was measured
at the distances 5mm, 9mm and 13mm from the weld centre, as can be seen in the figure.
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Figure 41: The temperature during FSW of the warm water cooled alloy after heating to 430°C.
The temperature was measured at the distances 5mm, 9mm and 13mm from the weld centre, as
can be seen in the figure.
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Figure 42: The temperature during MIG welding of the alloy cooled in the oven after heating to
430°C for the first weld. The temperature was measured at the distances 5mm, 9mm and 13mm,
25mm and 75mm from the weld centre, as can be seen in the figure.
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Figure 43: The temperature during MIG welding of the alloy cooled in the oven after heating to
430°C for the second weld. The temperature was measured at the distances 5mm, 9mm and 13mm,
25mm and 75mm from the weld centre, as can be seen in the figure.
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Figure 44: The temperature during MIG welding of the air cooled alloy after heating to 550°C for
the first weld. The temperature was measured at the distances 5mm, 9mm and 13mm from the
weld centre, as can be seen in the figure.
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Figure 45: The temperature during MIG welding of the air cooled alloy after heating to 550°C for
the second weld. The temperature was measured at the distances 5mm, 9mm and 13mm from the
weld centre, as can be seen in the figure.

B Inputs NaMo

Similarly as for the temperature measurements, only a small number of the NaMo simulation inputs
are included in this appendix. All the NaMo simulation inputs are from a distance 9mm from the
weld centre. The given screenshots of inputs are the same as the given temperature measurements.
These are the T6-reference alloy for FSW (figure 46), the FSW alloy after water cooling (figure
47), the MIG welded alloy after heating to 430°C and cooling in the oven (figure 48) and the MIG
welded alloy after heating to 550°C and air cooling (figure 49). The figures can be found below.
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Figure 46: The input to NaMo at a distance 9mm from the weld centre for the plate in a T6
reference state experiencing FSW.
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Figure 47: The input to NaMo at a distance 9mm from the weld centre for the warm water cooled
plate experiencing FSW.
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Figure 48: The input to NaMo at a distance 9mm from the weld centre for the plate cooled in the
oven experiencing MIG welding after being heated to 430°C.
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Figure 49: The input to NaMo at a distance 9mm from the weld centre for the air cooled plate
experiencing MIG welding after being heated to 550°C.

In these figures, it should be noted that the FSW plates has less heating steps than the MIG
welded plates. This is because the FSW only included one welding, while the MIG welding needed
two weldings, as described in section 3.
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