Q14003

Examensarbete 30 hp
Maj 2014

Weld Quality in Aluminium Alloys

Rujira Deekhunthod

Abstract
Weld Quality in Aluminium Alloys
Rujira Deekhunthod

Teknisk- naturvetenskaplig fakultet
UTH-enheten
Besöksadress:
Ångströmlaboratoriet
Lägerhyddsvägen 1
Hus 4, Plan 0
Postadress:
Box 536
751 21 Uppsala
Telefon:
018 – 471 30 03
Telefax:
018 – 471 30 00
Hemsida:
http://www.teknat.uu.se/student

The aims of this project are to present an understanding in what happens when
aluminium-(Al) alloys are welded, and to investigate how the Mg-, Si- and Cr-contents
in AA6005A influence the weld strength and cracking susceptibility.
It is known that heat from welding affects the mechanical properties (strength) of the
material. Different heat cycles during welding are one of the main reasons that the
strength varies. Welding can cause various phenomena such as decreased strength,
porosity, deformation, cracks and corrosion. To minimize these phenomena one has
to have a balance between the welding parameters, alloy composition and welding
fixture setup. Al alloys are sensitive to heat from welding because they have high heat
conductivity and high thermal expansion coefficient. They also deform easily when the
material is heated locally. If the material is deformed too much then cracking easily
occurs.
This project has examined how the Mg-, Si- and Cr-contents in AA6005A, affect the
welded material. A V-joint with MIG welding is used for producing weld samples. For
evaluation Vickers micro-hardness, tensile testing, radiography (X-ray), LOM and SEM
with EBSD and EDS was used. The evaluation focuses on mechanical properties and
microstructure.
The results show that small variations of Mg-, Si- and Cr-content do not have any
clear effects on the welded material.
The results from tensile testing show that all samples have failed in the heat affected
zone (HAZ). The tensile strength of all samples are higher than standard but the yield
strength are lower than standard (EN ISO 10042:2005).
The lowering in hardness and tensile strength in the HAZ are believed to be a result
from beta-phase (AlFeSi), lead to transformation and coarsening of the strengthening
and metastable precipitate. The HAZ is wide, ranging about 20 mm from the fusion
line in 5 mm thick plate. The microstructure evaluation has shown that the grain size
in the HAZ has been influenced while welding. The EDS analysis shows that a small
amount of AlFeSi particles occur in the base material and HAZ but not in the weld
seam.
Future research is suggested to focus on understanding more about ageing, coarsening
of beta-phase and precipitation of intermetallic phases.
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Svetskvalitet i aluminiumlegeringar
Rujira Deekhunthod
Bakgrund
Aluminium är ett lätt, starkt och korrosionsresistent material. Därför används aluminium inom
många områden, såsom transportindustri, konstruktionsmaterial och förpackningar.
Aluminium kan legeras med andra element för att förbättra egenskaperna. Den egenskap som
främst behöver förbättras är hållfastheten för att klara av höga påfrestningar. Dessa
påfrestningar kan vara vibrationer, höga belastningar, vind och väder.
Många aluminiumlegeringar kan fogas ihop med svetsning men i vissa fall kan det uppstå
problem. Det är känt att värme från svetsning försämrar hållfastheten. Olika värmecykler
under svetsning är huvudorsaken till att hållfastheten varierar. De problem som kan uppstå
under eller efter svetsning är sprickor, korrosion, porer och snedvridningar i plåtar. Det finns
många tekniker idag som används för att foga ihop aluminiumplåtar. En metod är till exempel
att foga ihop två plåtar med hjälp av en smältande metalltråd. Detta kallas smältsvetsning.
Smältsvetsning kan vara MIG/MAG- (metal inert gas/metal active gas), TIG- (tungsten inert
gas) och lasersvetsning.
Problemställningen i det här projektet är att en viss legering (AA6005A) ibland spricker efter
svetsning. I denna undersökning har varianter av AA6005A utvärderats.
Syfte
För att förstå hur variationen i sammansättningen av aluminiumlegeringar påverkar
svetskvaliteten har tre olika typer av plåtar undersökts. De tre plåtarna innehåller olika halter
av magnesium (Mg)-, kisel (Si)- och krom (Cr) men alla tre är AA6005A legeringar.
Målet med projektet är att presentera en förståelse för vad som händer när
aluminiumlegeringar svetsa. Därefter undersöks hur Mg, Si och Cr-halt i AA6005A påverkar
svetshållfasthet och sprickbildning.
Utförande
Undersökningen fokuserar på mekaniska egenskaper och mikrostruktur. Genom att svetsa alla
plåtar med samma metod och samma parametrar antogs att alla plåtar genomgick samma
värmecykler och påfrestningar under svetsningen. Därefter användes en dragprovmaskin för
att se var de svetsade plåtarna går av och samtidigt mäta hållfastheten. En hårdhetsmätare
användes för att mäta hårdheten längs tvärsnitt av svetsade plåtar. Radiografi (röntgen prover)
användes för att se porer i svetsförbandet. Ljusoptiska mikroskop användes för att se
makrostrukturer. Svepelektronmikroskop (SEM) med elektron diffraktion (EBSD) och
röntgenspektroskopi (EDS) användes för att studera mikrostrukturer och sammansättningar i
svetsade plåtar.
Slutsatser
En slutsats är att små variationer av Mg-, Si- och Cr-halt inte har några tydliga effekter på de
svetsade plåtarna. Alla tre typer av AA6005A-legering uppförde sig lika vad gäller de
mekaniska egenskaperna.

Vid dragprovning gick alla prover av vid den värmepåverkade zonen (HAZ), dvs. ca 15 cm
från svetsförbandet. Hårdhetsprofilen längs tvärsnitt av plåten visade också en minskning i
området där plåten gick av.
Brottgränsen för alla prover är högre än standard, men sträckgränsen är lägre än standard (EN
ISO 10042:2005). Dessa resultat visar att legeringen inte får användas till tågkonstruktioner
efter svetsningen, då plåtarna inte visar den sträckgräns som krävs.
Examensarbete 30 hp på civilingenjörsprogrammet
Teknisk fysik med materialvetenskap
Uppsala universitet, maj 2014
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1 Introduction
Aluminium (Al) is a light weight material which is used in many areas such as transportation
industries, packaging, construction material and many more. Al is light, strong, corrosion
resistant and easy to work with. Al can be alloyed with other elements to improve the
properties, and the common Al-alloys have a number of useful properties.
Al-alloys have several of advantages but in some cases, Al-alloys experience issues during
welding. To understand more what happens when Al-alloys are welded, one has to study the
alloy content and the connection between metallurgy and process. All Al-alloys are not
weldable but there are many welding methods which could be useful in different cases. This
report is going to focus on fusion welding such as MIG/MAG-welding (Metal inert gas/Metal
active gas), TIG-welding (Tungsten inert gas) and laser welding. There are some phenomena
that can occur after or during welding which cause poor quality of the weld material. The
most commonly occurring phenomena are porosity, cracking, deformation and corrosion
which are also going to be considered in this report. All of these phenomena influence the
material properties e.g. strength. To minimize the problems during welding there are several
potential solutions but it depends on the welding method and the base material what could be
used.
The experimental part of this project examines if small differences in AA6005A compositions
can give any effect on mechanical properties and microstructure after welding. The main
differences in composition are contents of Mg, Si and Cr. AA6005A is commonly used in
rail industries.

1.1 Aim
The aim of the literature review is to present an understanding in what happens when Alalloys are welded. The focus of this is Al-alloys in group of AA4xxx, AA5xxx, AA6xxx and
AA7xxx.
In the experimental part, the aim is to produce a weld that is similar to a SAPA specification
which has resulted in low strength after welding. After that the project is going to investigate
how the Mg-, Si- and Cr-content in AA6005A influence the weld strength and cracking
susceptibility in the produced welds.
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2 Phenomena occurring during welding
To get a good result while welding aluminium it is very important to clean the workpiece
before welding. Dirt, oil residues, grease, moisture and oxides must be removed before the
welding can begin, either by mechanical or chemical methods. Dirt, oil residues and grease
can be removed with alcohol or acetone. Oxide can be removed by mechanical methods like
brushing, scraping or blasting. At higher demands on a clean surface, chemical methods may
be necessary to use. The chemical method can be expensive, difficult and in some cases even
impossible because of the design and the surrounding environment. However, the most useful
chemical is sodium hydroxide (NaOH) for removal of thick oxide layers and nitric acid
(HNO3) for neutralization of the sodium hydroxide [1].
When the materials have been welded, there are visibly different zones in the material. Figure
1.1.1 is showing the weld pool and the different zones. When the material is heated to its
melting point during welding, a change in microstructure can occur when it solidifies. The
change in microstructure is shown in Figure 1.1.2. Figure 1.1.2 shows four different zones:
fusion zone, partial melted zone (PMZ) is a part of heat-affected zone (HAZ) and base
material. The microstructure in the fusion zone has elongated grains while the base material
has smaller round grains.

Figure 1.1.1 This is a typical weld pool and its surrounding area: (a) Pure metal; (b) Al-alloy
PMZ: partially melted zone [2].

Figure 1.1.2 The microstructure when AZ31 Mg has been welded [2].
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2.1 Porosity
It is known that hydrogen is the main cause for porosity in Al-alloys while welding.
Aluminium has a high solubility of hydrogen in molten state, but not in solid state, which can
easily cause pores during welding because the hydrogen is trying to escape before cooling. If
the weld pool cools too quickly, the hydrogen remains in the weld material and causes
porosity. In another way, it looks like porosity in the weld material is formed by the
entrapment of gases in the solidified material as shown in Figure 2.1.1. Moisture is one source
of the hydrogen. Hydrogen within the oxide layer is another. Other gases as nitrogen and
oxygen are bound instead with Al as AlN and Al2O3. There are two types of porosity which
occurs during welding; it is macro pores and micropores. The difference between them is the
sizes.

Figure 2.1.1 Schematic diagram showing formation of porosity at the welded root [3].

Macropores
Macropores is a definition of pores with diameters larger than 200 micrometer. How
macropores arise in the weld material depends on different things. The main causes of macro
pores are oil, grease and dirt, why it is important to clean the workpiece before welding.
Micropores
Micropores are pores with diameters in the micrometer scale, often several micrometers in
size. The pores are caused by shrinkage or instability of the keyhole in laser welding. Pores
with sizes smaller than 1 micrometer is primary caused by hydrogen rejection from the solid
material and can only be seen in optical microscopy [4].
2.1.1 Hydrogen causes porosity
The maximum solubility of hydrogen in melted Al-alloys is much higher than any other
materials. The porosity formation in welded Al-alloys is related to type and amounts of
alloying elements. Al-Si, Al-Cu, Al-Fe and Al-Zn alloys reduce the solubility of hydrogen
while Al-Li, Al-Mg and Al- Ti alloys provide an increased solubility. This can be seen in
Figure 2.1.2. For example Al-Cu alloys give a large reduction of the solubility of hydrogen if
addition of Cu is over 3-wt%. However Al-Mg alloys provide an increased solubility of
hydrogen. At 6-wt% magnesium the Al-Mg alloy have almost doubled the solubility of
hydrogen compared to 0-wt% Mg. The alloy-elements also affect porosity formation in
welded material by affecting the solidification range [5]. Pastor et al [4] shows a result that
hydrogen induced microporosity is not a significant problem in laser welding of AA5182 and
AA5754.
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Figure 2.1.2 The effect of alloy-elements on solubility of hydrogen in liquid aluminium at
1246 ⁰C and 1 atm partial pressure of hydrogen [3].
The most important sources of hydrogen are:
 Hydrocarbons are sources of hydrogen which may be present in form of oil, dirt and
grease on the filler material and base material.
 Moisture (H2O) contains hydrogen and can be present due to unwanted water, nonpure shielding gas, and condensation on the plate. When the oxide layer is breaking
during welding then the Al-alloys are exposed to moisture.
The porosity is a balance between hydrogen absorption and rejection. If there are high rate of
hydrogen absorption and slow rate rejection then formation of pores occur. To control the
absorption/rejection rate of hydrogen is not easy tasked. The solidification mode, cooling rate,
welding parameters, bead shape, shielding gas and external pressure, all of these influence the
result from welding [6]. The porosity does not form when the hydrogen content in Al-alloys is
lower than a threshold level. The threshold level varies for different Al-alloys due to their
differences in hydrogen solubility.
2.1.2 Reduction of the porosity
Reduction of porosity while welding can be performed in different way depending on welding
methods, surrounding environments and geometry of weld materials. Reduction in porosity
level can sometimes be achieved with argon or helium as shielding gas.
The first thing that should be done to reduce the porosity is to eliminate sources of hydrogen
for example by cleaning the workpiece. Quality and purity of the filler material is also an
important thing.
The laser welding has an important main goal that is to avoid porosity formation.
YAG laser/MIG hybrid welding shows minimizing of pore forming by [7]:
 Full penetration welds and increased welding speed.
 Increasing MIG arc current gives a sound weld bead with few defects.
 Twin-spots laser welding.
 Forwardly tilted laser beam.
 Correct pulse modulation [8].
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Pastor et al. [4] have provided an analysis where Nd:YAG laser welding of Al-alloys
(AA5182 and AA5754) shows minimal porosity when the welding is conducted in either
keyhole or conduction mode. The high porosity in weld material is caused from unstable
keyhole. The pores from the entrapped gas like bubbles were formed due to collapse of the
unstable keyhole which shows in Figure 2.1.1. Pastor et al [4] also show that the unstable
keyhole and pore formation can be minimized by controlling the laser beam and welding
speed, although this just work for YAG laser welding [4].

2.2 Deformation
Al has high thermal expansion and thermal conductivity, which can easily result in large
deformation after welding. In welding design there are various types of joints that can be
used, including butt joints, T-joints, lap joints, etc. and that gives various types of distortions.
As shown in Figure 2.2.1 there are transverse shrinkage, angular change, rotational distortion,
longitudinal shrinkage, longitudinal bending distortion and buckling distortion. In fusion
welding shrinkage of the weld material from compression of the base material can occur. This
is a consequence of the solidification which changes the weld volume about 7%. The heated
material shrinks and causes plastic deformation. The total effect of the local shrinkage leads
to deformation of the structure. Distortions are more problematic in welding of aluminium
than in steel due to that aluminium have high thermal expansion coefficient [1].
Deformation and hot cracking in aluminium are actually results from the same phenomena. If
aluminium is exposed to a large temperature range, deformation of the material can easily
occur. When the deformation is too high cracking starts to occur.

Figure 2.2.1 Various types of weld distortion [9]

2.2.1 Effect of the deformation
Deformation of material can be seen as a distortion. The distortions of welded structures lead
typically to uncertainty in design and a high manufacturing cost. The distortions can be
affected by many things, like joint design, welding process and parameters.
Local shrinkage of material results in stresses which may cause deformation. The shrinkage
can lead to a brittle fracture. It can provide a change in the stress corrosion and fatigue
behavior.
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2.2.1.1 Buckling distortion
The various types of distortion can be seen in Figure 2.2.1. In general when thin plates are
welded, tensile stresses occur during welding and compressive stress after welding. This
causes a buckling distortion. How the stresses and the temperature influence the material can
be seen in Figure 2.2.2[10]. The magnitude of distortion depends on the specific thermal heat
input from the welding process. The shrinkage and bending are the main factors that influence
the angular distortion in welding process [11].
An angular distortion influences the weld material in a form of deformation by different of
mechanisms such as:
 Thermal expansion of the components is depending on the temperature range.
 Loss of yield stress due to the temperature rise.
 Relaxation of expansion due to the plastic deformation or shrinkage.
 Shrinkage of the components during the cooling process depending on the temperature
range.
2.2.1.2 Welding stresses
Especially high strength Al-alloys are susceptible to deformation when they are welded.
During welding the base material is heated up locally, almost to its melting point which
causes non-uniform expansion in the weld.
With a moving welding torch, the material behind the welding torch starts to cool, which
causes shrinkage. Figure 2.2.2 shows temperature distribution along the welding section.
Welding in x-direction.
Section A-A shows a distance in front of the welding arc. The thermal stresses caused by the
welding arc are zero.
Section B-B crosses the welding arc. In this section the temperature is highest and the filler
material is melted under the arc. The melted material does not carry any load and the stresses
under the welding arc are zero. The area near the melted material shows a compression stress
in all direction because the expansion of these areas is restrained by the surrounding material
where the temperatures are lower. When the compressive stress is too high (exceeds critical
destabilizing value) in the thin plates, they will have a deflection deformation [12].
Section C-C shows the weld material and the base material area as they start to cool; they
form tensile stresses in area near the weld.
Section D-D is showing stress distributions along the cross section [9].

Figure 2.2.2 Schematic
representation of changes in
temperatures and thermal stresses
during bead-on-plate welding [9].
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2.2.2 Reduction of deformations
The level of shrinkage is mainly depending on material thickness, welding method, joint
preparation and heat input.
To avoid shrinkage the first step is to think about the joint design. For V-joint the shrinkage is
much higher than I-joint because there is more weld material (molten material). To minimize
the deformation in the material one should in general use low heat input. Welding speed
should be as high as possible. MIG welding is then better than TIG welding in this
perspective[1].
Ohata et al [13] have shown that TIG pre-heating before MIG-welding give a reduction in
material deformation compared to a process without preheating. In this case angular distortion
has been reduced. According to Ohata TIG pre-heating before MIG welding gives a
possibility for control of angular distortion [13].
To minimize distortion welding should be performed in a symmetrical manner, for example,
weld from the center of the structure and outward to the edges or by welding from one fixed
end to the free end. Although this is strongly dependent on the geometry of the component.

2.3 Cracking
Many Al-alloys are known to be susceptible to hot cracking during fusion welding because of
their relatively high thermal expansion coefficient, large solidification shrinkage, and wide
solidification temperature range. Hot cracking is the source of almost all cracking in
aluminium welding. There are two main type of hot cracking during Al-welding. It is
solidification cracking in the fusion zone and liquation cracking in the partially molten zone
(PMZ). PMZ is next to the fusion boundary, which can be seen in Figure 2.3.1.
The risk of cracking in aluminium increases by the presence of e.g. Cu and Pb, which are
included in high-strength alloys. Alloys with higher Cu-contents than 4% can be welded [1].
The high strength Al-alloys such as Al-Cu, Al-Mg, Al-Mg-Si, Al-Zn-Mg and Al-Li are
known to be sensitive to solidification cracking during welding.
It is known that fine-grained microstructures and controlled manufacture process like
casting/extrusions of Al-alloys is helping to prevent hot cracking. Hot cracking susceptibility
depends on alloy content of the material. 6xxx alloys show a strong tendency to hot cracking
during welding, while conventional AA5xxx alloys like the AA5754 and AA5182 shows less
susceptibility to hot cracking.

Figure 2.3.1 A typical hot crack in the weld material. Partial-penetration weld of AA6061: (a)
cross section of weld macrograph; (b) solidification cracking, it is dendritic fracture surface;
(c) liquation cracking, it shows smooth fracture surface [2].
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2.3.1 Solidification cracking
Solidification cracking can often be seen at the solid-liquid interface close to the fusion zone.
Solidification cracking occurs during the last step of solidification, where the dendrites have
grown almost fully in to grains. The dendrites or cellular dendrites are separated from each
other by small amount of liquid in the form of grain-boundary films. In this moment, the
metal is weak and susceptible to cracks that are occurring due to tensile stresses / strains.
Tensile stresses / strains may be induced in the weld, if the material is not free to move during
cooling [3].
There are several factors that can influence solidification cracking; to mention some,
 The solidification temperature range influences formation of micro-segregations.
 The amount and distribution of liquid in the last step of solidification, which also
influences the microsegregation.
 The primary solidification phase.
 The surface tension of the grain-boundary liquid.
 The grain structure.
 The ductility of the solidifying weld material.
 The tendency of weld material contraction and the degree of restraint.
Zhao et al [3] show that solidification cracking during pulsed Nd:YAG laser-welding of
AA5456 alloy occurs by too fast cooling rates. Laser welding of AA6xxx alloys have been
observed with focus on solidification cracking. The cracking occurs more frequently when
welding at high speed due to the consequent high cooling rates [3].

2.3.2 Liquation cracking
Liquation cracking has many names like edge-of-weld cracking, base metal cracking, heataffected zone cracking and so on. Base metal cracking is a suitable name which explains
where the cracking is occurring. However in this report liquation cracking is going to be used.
Liquation cracking occurs along the grain boundaries when the heat is above the eutectic
temperature. Because at high temperature the grains adapt after compressions by material
diffuses along the grain boundaries. Al-alloys have high thermal expansion, and if this is not
relaxed at solidification, it causes high tensile stresses which tend to result in cracks [2].
The liquation cracking susceptibility is affected by temperature range, composition in the base
material and type of construction design. Liquation cracking susceptibility is increasing with
increasing cooling temperature range. For example AA7075 alloy has a higher amount liquid
within the solidification temperature range than AA6061 and that is why the AA7075 alloy
suffers from a higher risk for liquation cracking [14].
The composition of weld material comes from a mixing between the base material and the
filler material. The dilution ratio is a mixing level of the filler material and base material in
the molten material. MIG/MAG-welding of alloy AA6061 with filler material AA5356 (AlMg) at a high dilution ratio can cause liquation cracking, but not if the filler material is
exchanged to AA4043 (Al-Si). This means that the base material and the filler material have
an importance for liquation cracking [15]. From the result of AA6061 one can see that a high
the dilution ratio of Si is better than Mg.
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Liquation cracking occurs generally in the partial-penetration MIG/MAG-welding because
there are more liquation and higher tensile stress/strain in PMZ. It is easier for liquation
cracking to occur in penetration oscillation than welding without it. Penetration oscillation is
caused by fluctuations. Fluctuations in the arc pressure can cause oscillation in the molten
pool which may also affect heat transfer. In welds with penetration oscillation liquation
cracking occurs most often in the PMZ. How the penetration oscillation may look like is
shown in Figure 2.3.2 [16].

Figure 2.3.2 There are two different penetration of the weld pool. (A) Papillary penetration
(oscillation penetration), (B) Smooth weld bottom [16].
2.3.3 Effect of cracking
Cracking is affected by the mechanical properties in the material such as hardness, yield
strength and tensile strength. The deformation in the material can be the beginning of
cracking; when the deformation is too high then it cracks.
The effect of solidification cracking is influenced by welding parameters, alloy composition
and weld fixturing. At welding the crack has a tendency to occur in the grain boundary in the
mushy zone trailing, in the weld pool. Mushy zone is a solid-liquid equilibrium region in the
alloys phase diagram. Figure 2.3.3 shows a complex interaction between metallurgical and
mechanical factors, driven by temperature gradients generated during welding [17].

Figure 2.3.3 Illustration diagram indicating interaction between process parameters affecting
weld solidification cracking [17].
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2.3.4 Reduction of cracking
The important factors for reducing cracking are [18]:
 An appropriate filler material.
 Select filler material with solidification point close to or below the solidification point
of base material.
 Select filler material that can prevent cracking, for example alloy with content of
titanium or zirconium, since they act as grain refiners.[19].
 Formations of fine-grained structure in the weld material.
 Try to choose the techniques that are minimizing the residual stress and give a weld
with acceptable profile.
 Apply a compressive force on the weld joint during welding to prevent the cracking
mechanism.
There are three factors which can influence the hot cracking in welded Al-alloys. These are
susceptible base alloy chemistry, filler material and joint design. For example 6xxx alloys are
very sensitive to cracking if the base material composition remains close to the filler material
composition. AA6xxx alloys can prevent cracking by ensuring that an appropriate filler
material is added during the welding operation. A common filler material is AA5356 with 5wt% Mg and AA4043 with 5-wt% Si. This can be seen in Figure 2.3.4 how cracking
sensitivity of base material can be decreased by addition of filler material. However AA4043
has a problem with coloring after welding due to it gives dark weld material because the filler
material contains silicon [2]. The dark color range depends on how much Si that is in the
dilution.

Figure 2.3.4 Shows the effects of four different alloy additions on the crack susceptibility of
aluminium [18] [20].
S. Kou [14] shows that when Al-alloys have finer-equiaxed grains they show less sensitivity
to solidification cracking. This is because the fine-equiaxed grains can deform more easily to
receive strains of the construction design [14].
Another technique to avoid solidification cracking is by plating a thin Ni layer on the Al.
However, this can give a problem during manufacturing due to occurrence of hydrogen
porosity from the plating operation. It is also a rather expensive process [2].
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Zhao et al [3] show a reduction of crack susceptibility by using powders as filler material.
While CO2 laser welding AA6060 and AA6080 one can add filler material as both wire and
powders. The powder particles contain Si and Al-12Si with size of 40-150 micrometers. The
powder addition proves a reduction in crack susceptibility by increasing the silicon content in
the fusion zone. However, powders tend to give a high porosity [3].
Zhang et al [21] show that pulsed Nd:YAG-laser welding can reduce cracking in AA5083 by
using a pulse shape with a controlled beam power [21].
Balasubramanian et al [22] have investigated TIG-welding. During TIG-welding of highstrength Al-alloy AA 2014 reduction of solidification cracking with vibratory treatment was
shown. The grains are breaking and smaller grains are forming instead. The vibration is at 200
Hz during welding. The aim with the vibratory treatment is to get a fine-grained structure
from welding by applying vibration on the torch [22].

2.4 Corrosion
Corrosion describes a great number of different aggressive processes during material life. Al
has a good corrosion resistance in most environments because Al is covered with a thin and
effective oxide layer which prevents further oxidation. The aluminiumoxide is strongly
bonded to the Al-substrate. If the oxide layer is mechanically damaged then it re-forms
instantaneously to a new oxide layer.
The most crucial corrosion risk is solidification cracks where there is an opening point for
corrosion to attack. Fusion welding influences the microstructure of Al-alloys and partly
results in a coarse grained structure which reduces the corrosion resistance.
There are three common types of corrosion in Al: galvanic corrosion, pit corrosion and
crevice corrosion [23].

2.5 Strength after welding
The heat from welding always influences the microstructure of Al-alloys. The microstructure
also changes depending on cooling rate. It also differs from heat treatment within production
of the material. Figure 2.5.1 schematically shows how the strength varies with the distance
from the weld seam of hardenable alloys. In Table 2.5.1 typical values of tensile strength
before- and after welding is shown. In the soft annealing zone the material has minimum
strength due to the heat treatment [1].
After fusion welding of non heat-treatable alloys (AA1xxx, AA3xxx, AA5xxx alloys) the
strength of the weld plate is almost the same level as the base material in the soft annealed
zone. Fusion welding of heat-treatable alloys (AA2xxx, AA6xxx, AA7xxx alloys) in fully
hardened condition (T6) results in a reduced strength in HAZ. In HAZ the material is weak
compared to the base material. In fusion welding the weld material (WM) is often weaker
than base material. The material does more often brake at HAZ than in the weld material. The
weld material can be weaker or stronger than HAZ depending on the dilution ratio of the
base/filler material and the geometry of the weld seam [24].
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The tensile strength of the weld material can be described by the reduction factor r as in (1. 1).
Rmwelding = material minimum tensile strength after welding.
Rmbase metal = the material's tensile strength before welding.
(1. 1)

Figure 2.5.1 This figure shows a cross section through the heat affected weld in a hardenable
alloy. 1) Weld zone (solidification structure), 2) Dissolution treated zone, 3) Soft annealed
zone, 4) Aged treated zone, 5) Unaffected zone [1].
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SS-EN
AW

Base metal

Condition

1070A

Al99.7

1200
5005

r

(MPa)

(MPa)

O

70

70

1.0

Al99

H14
H18

100
140

70
70

0.7
0.5

AlMg1

H14, H24
H18

130
160

100
100

0.75
0.6

5052

AlMg2.5

O
H14, H24
H18

180
230
260

180
180
180

1.0
0.8
0.7

5083

AlMg4.5Mn

O
H12

280
300

280
280

1.0
0.95

6063,
6063A

AlMgSi

T4
T6

130
215

105
130

0.8
0.6

6082

AlSi1Mg

T4
T6

205
290

160
190

0.8
0.7

T4
320
0.9
280
T6
360
0.8
Table 2.5.1 Examples of strength before and after welding [1]. O=annealed material, H= cold
worked and 14 is stain hardened (1/2 hard), 18 is strain hardened (4/4 hard= fully harden)
while 24 is strain hardened and partially annealed (1/2 hard), T= that means material has
undergone a complete hardening operation which is solution treatment and ageing.
7020

AlZnMg1

2.5.1.1 Mechanisms of strength reduction
Generally the base material has a reduction of strength in the area that has been welded. How
much the material has been affected, depends on welding method and base- and filler
materials. The strength of materials are expressed with measures as yield strength, ultimate
tensile strength, elongation, fatigue strength, Vickers hardness and reduction in cross sectional
area.
The yield strength and ultimate tensile strength is usually reduced in the HAZ and WM areas.
The hardness is lowest in WM region and the hardness in HAZ is lower than in the base
material. This is illustrated in Table 2.5.2.
Why the strength in the welding area is weaker depends on:
 Microstructure in the welding area differs from the base material. For example in the
fusion zone of MIG/MAG- and TIG-welding the seam weld contains dendritic
structure and this due to the fast heating and fast cooling of molten material. The
difference between MIG/MAG- and TIG-welding is the size of the dendrites; in
MIG/MAG-welding the dendrites is broader than in TIG-welding [25].
 The weld seam has higher amount of precipitate formations and coarse-grains at the
grain boundaries. That why an intergranular fracture has been easily occurring in the
grain boundaries [25].
 The weld material has a tendency to be less ductile after welding [24].
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Base
material
and
Weld
method

Yield strength
(MPa)

Ultimate tensile
Elongation (%)
strength (MPa)

Reduction in
cross sectional
area (%)

AA2219

390

470

15

10.5

TIG

220

242

8.8

6.2

FSW

305

342

12.2

8.6

EBW

265

304

10.4

7.5

AA6061

302

335

18

12.24

MIG/MAG

141

163

8.4

5.8

TIG

188

211

11.8

8.25

FSW

224

248

14.2

9.56

AA7075

537

570

MIG/MAG
110
118
Table 2.5.2 This table shows the strength of base metals before and after welding by different
methods [25][26][27][28][29]. MIG/MAG, FSW=Friction stir welding, EBM= Electron beam
welding, TIG.
2.5.1.2 Control after welding
A control of the welded material is usually done to check the quality of the weld. The control
may be destructive testing or non-destructive testing.
The conventional destructive testing techniques include: rupture test, bending test, hardness
test, tensile test and sectioning. Nondestructive testing techniques are: Visual inspections by
using microscope, leak research is done by use of soapy water brushed on one side of the
weld seam, crack indication with penetrating fluid, radiography, ultrasound testing and eddy
current testing.
In the experimental part used only three of these techniques which explain more below.
Hardness test give the materials ability to resist plastic deformation. It is usually uses a
small, hard tip that is pressed into the material. The permanent residual mark that is left after
unloading is measured. The definition of hardness H is obtained by dividing the maximum
applied load Pmax with the expected contact area Ap. The Ap is the size of the residual mark
which is a geometrical factor for the corresponding tip. K is factor.
(1. 2)
There are different tip geometries and applied loads which can be used for a variety of
hardness scales, i.e. Vickers, Knoop, Rockwell, Berkovich and Brinell [30].
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Tensile testing is performed by loading a specimen to failure in a tensile testing machine. The
method is used for determination of a weld’s ductility and strength. There are a few measures
that characterize the material. The first thing to look at is failure. To observe where the
welded material has failed is important because it indicates the weakest area in the material.
When the weakest area has been found, then the sample can be investigated further to find out
why the behavior is like that.
An example of a test specimen is shown in Figure 2.5.2, before and after tensile testing. There
are two main equations,
(1. 3) and (1. 4), they describe strain ε and stress σ where
is the change in length of the
specimen, is the original length, L is the final length (after testing), is the applied force
and is the cross-section area of specimen.

(1. 4)

(1. 3)

Figure 2.5.2 This is an example of a specimen before and after tensile testing. 1) Shows a
picture before testing, 2) after testing.

Radiography is used for the same reason as “Crack indication with penetration fluid”. But
this method uses x-rays and gamma rays. Radiography can also be used for internal defects
[1].
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3 Experimental
The aim is to produce a weld that is similar what SAPA has specified and investigates how
the Mg-, Si- and Cr-content in AA6005A influence the weld strength and cracking
susceptibility. To examine this, three different variations of AA6005As were used.

3.1 Material for MIG welding
The base materials are AA6005A with three different variants of composition see Table
3.1.1. All produced by extrusion from SAPA and are commonly used in rail industries. The
compositions of the base materials are not much different because it had already decided that
all of them must be in the range of AA6005A.
Two types of filler materials are recommended to weld AA6005A. They are AA4043 and
AA5183, reference from EN 1011-4:2000 standard. In this work AA4043 was used. The
diameter of the filler material is 1.6 mm.
The complete compositions of base-materials and filler material are presented in appendix
III.

AA6005A
Ingot

Compositions

Si
[wt-%]

Mg
[wt-%]

Cr
[wt-%]

2

High Si and low Mg

0.63

0.49

<0.01

3

Low Si and high Mg

0.60

0.52

<0.01
(0.00815)

Low Si, high Mg
0.60
0.52
and high Cr
Table 3.1.1 This is a table of the main compositions of the ingots studied.
4

0.04

3.2 Welding setup
The size of the base material coupons before welding is 300x80x5 mm and one edge has a
joint preparation for a V-joint. The edge has 35⁰ angles and a parallel cut of 1.5 mm and 3
mm from the bottom as shown in Figure 3.2.1. There were two trials periods performed. The
first trial period used plates with 1.5 mm parallel edges. The second trial period used plates
with 3 mm parallel edges. Figure 3.2.2 shows the set up for MIG-welding. A root support
was used to simulate conditions in SAPA’s extruded profiles. The root support increases the
cooling effect on the joint and minimizes root penetration and burn through of the sheets. For
increased cooling effect on the root side of the plates a thick square tube of copper is used.
The root support is made from AA6005A with an embedded thin plate made of 1050 for
cover towards the bottom. The root support size is 300x21x5 mm and has a square hole in the
center along the plate. The size of the hole is 300x7x2 mm. The function of the hole is to give
support for the molten material at the root of the weld. The thin plate of 1050 has a size of
300x6x2 mm. The complete MIG welding setup can be seen in Figure 3.2.3.
The base materials are welded against themselves and the welding parameters are kept
constant. Table 3.2.1 shows the test matrix.
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Figure 3.2.1 Extruded plates, A) shows an extruded plate with parallel cut at 1.5 mm for
welding of trial period 1, B) shows an extruded plate with parallel edge of 3 mm for welding
of trial period 2.

Figure 3.2.2 The butt welding setup for 70⁰ V-joints.
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Figure 3.2.3 This is a picture of the welding setup.

Trial period 1

Trial period 2

Ingot

2

3

4

Weld

2 completed
weld plates.

2 completed
weld plates.

2 completed
weld plates.

Tensile samples

0

0

0

Metallurgical
samples

1 piece

1 piece

1 piece

Weld

2 completed
weld plats.

2 completed
weld plates.

2 completed
weld plates.

Tensile test
samples

10 pieces

10 pieces

10 pieces

Metallurgical
samples

0

0

0

3 pieces to
12 completed
metallurgical
All total
weld plates
samples from
trial period 1.
Table 3.2.1 The table shows a test matrix with three variation of ingot.
30 pieces to
tensile test from
trial period 2.
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3.2.1 Weld parameters
The aim is to produce a weld that is similar to earlier trials from SAPA. MIG-welding is used.
Welding parameters was optimized to achieve appropriated weld result.
The welding was performed in two trial periods, trial period 1 used plate with 1.5 mm parallel
edge and trial period 2 used plates with 3 mm parallel edge. The welding parameters are
shown in Figure 3.2.2. From the trial period 1 the samples were prepared for metallurgical
analyses. The samples from trial period 2 were only used for evaluation of mechanical
properties by tensile testing, especially yield strength.
Robotized MIG welding was used for the welding trials. The MIG power source was a
Fronius CMT push-pull system. The shielding gas used was Ar and metal transfer mode was
spray arc.
The workpiece was cleaned prior to welding to minimize porosity formation during welding.
The plates and the root support were cleaned with acetone.
The BM has a tendency to distort during welding due to the heat. In order to avoid this
problem, 2 cm tack welds were placed at both sides of the material coupons prior to welding
the complete length of the coupons. The track welds were cleaned using a brush to remove
any oxide and then acetone prior to welding of the complete coupon length.
Trial period 1
Used plates with 1.5
mm parallel edge

Trial period 2
Used plates with 3 mm
parallel edge

Wire diameter (mm)

1.6

1.6

Wire feed rate [m/min]

4.8-4.9

4.8

Welding speed [m/min]

0.45-0.46

0.45

Current [A]

186-189

190-191

Voltage [V]

26.1-26.7

25.7

Heat input [kJ/mm]

0.52-0.54

0.52

Arc-type

Spray

Spray

Shielding gas

Ar

Ar

Gas flow [l/min]

20

20

Arc length correction [%]

23-19

20

Contact tip to workpiece
distance [mm]

20

20

Torch travel angel

15⁰
15⁰
Table 3.2.2 The weld parameters for MIG-welding, using AA4043 wire.
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3.3 Evaluation and analysis
3.3.1 Sample preparation for tensile testing
After the samples have been welded, 5 pieces from one completed weld plate were taken for
tensile testing as shown in Figure 3.3.1. The sizes of the samples showed in Figure 3.3.1. 30
(ISO6892-1:2009) samples in total were prepared for tensile testing (10 from each ingot). The
start and stop points were cut off, is not included in the evaluation.

Figure 3.3.1 This is a schematic illustration of how sample were cut out from the weld. The
start- and the stop-point of the welded removed. The numbering shows the order of the
samples, the number 1 is at the beginning and the number 5 is at the end of the weld.

3.3.2 Sample preparation for metallurgical analysis
For LOM (Light Optical Microscopy) and SEM (Scanning electron microscopy) analysis the
weld samples are prepared in 5 steps; cutting, mounting, grinding, po Light Optical
Microscopy lishing and etching. Figure 3.3.2 shows a schematic of a sample preparation for
cross section image. Figure 3.3.3 shows another sample appearance. This sample is cut to 100
mm long and 25 mm wide and then put together with screws. One sample from each ingot
were put together i.e. ingot 2, 3 and 4. These samples were prepared for microhardness testing
and then EBSD / EDS analyzes.
The effect of the heat from MIG welding on HAZ can studied by determining variations in the
hardness along the weld cross section. To study this phenomenon one weld-sample from each
ingot is prepared as shows in Figure 3.3.3 and polished with 3 μm diamond paste.
1. The sample size after cutting is about 30x10x5 mm.
2. A hot mounting press is needed in this case for sample preparation. The pellet
(Bakelite) is made from Konductomet powder (conductive filled phenolic mounting
compound). The pellet has a diameter of 40 mm and a thickness of 20 mm afterwards.
3. Grinding is use to reduce the surface roughness.
4. Polish with diamond paste with a grain size of 7, 3, 1, and 0.25 μm. For EBSDanalyze the samples must be polished with SiO. SiO-polishing is performed in a
vibratory polisher machine Buehler VibroMet 2. This step takes one hour.
5. The last step is to etch the material, two etch media have been used see at Table 3.3.1.
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Name

Compositions and concentrations

1

SAPAetch

70.8% HNO3 (about 70 ml from 68%
concentration), 26.8 % HCL (about 27
ml from 37% concentration) and 2.4
%HF (about 2 ml from 38%-40%
concentration)
The parentheses indicate actual
concentration of acid reagent used to
compose the final solution.

Very good and fast for
macroetching. This takes
about 10 second.

2

NaHOetch

20% (30 g) NaOH and 80% (150 ml)
distilled water

Can be used for both
macro- and microetching.

Specific use

Table 3.3.1 Etch media.

Figure 3.3.2 An illustration of a sample preparation for metallurgical analysis.

Figure 3.3.3 A big sample for microhardness test and EBSD/EDS-analysis. The picture shows
the cross section side of three welded samples which were put together.
3.3.3 LOM
LOM provides a good picture of the macro-and microstructure of the sample. However, the
samples have to be etched to see the microstructure.
The project uses a stereo microscope (macro-LOM), a metal microscope and a Nikon Epiphot
microscope (NEM). The settings on NEM are; lens 40x, magnification of 400x, to calculate
the grain size. The NEM has an extra lens to produce an image of a circle. The circle has a
circumference of 1.01 mm.
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3.3.4 SEM
The SEM used is a LEO 1520 Field Emission Gun Scanning electron Microscope equipped
with Oxford EDS/EBSD system. The EDS (Energy Dispersive Spectroscope) in SEM is used
for composition analyses of the sample. It gives element distribution. Backscattering electrons
(BSE) is also used to identify phases visualizing shape and contrast of the element content.
EBSD (Electron Backscatter Diffraction) is used to image the grain structures. Secondary
electron (SE) is used. To observe the morphology. For calculating the grain size from EBSD
images a software called Tango was used.

3.3.5 Tensile testing
The aim of this test is to determine mechanical strength and identify the weakest part of the
weld plate.
An Instron 4505 was used for tensile testing and it was rebuilt with Zwick / Roells electronics
with a softwere called TestXpert2. A Macroextensiometer was used for high accuracy along
the entire measurement path. A test speed of 0.00025 s-1 is used in the beginning when the Emodulus and yield strength are measured and is then increased to 0.006 s-1 according to
standard ISO 6892-1:2009.
3.3.6 Hardness test
A Vickers microhardness is used for the hardness test. A small square-based diamond
pyramid tip is pressed on the surface with loads of 100 g (HV 0.1). The microhardness test is
made on a profile along the cross section of the material. The minimal distance between
points is 0.2 mm. The used machine is a qness Q10 A+ and the software for measurement is
Qpix control.

3.3.7 Radiography
Radiography is done by a company called Inspecta.
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4 Results and Discussion
The first objective of this work is to find out where the weakest area (minimum strength area)
is and after that to understand why it has weakened. To find out the weakest area of the weld,
tensile testing and hardness testing is used. For investigation of the weld material LOM and
EDS/EBSD in SEM is used.

4.1 X-ray images
The x-ray images give a picture of internal defects such as porosity. Figure 4.1.1 shows an
example of an x-ray image and the pores can be notice as very small dark dots. The result
shows the presence of pores in the welds and ingot 4 have more pores than the others.
Additional x-ray images can be seen in appendix V.

Figure 4.1.1 An x-ray image of a weld shows small pores. An enlargement of the images
shows the pores more clearly like dark dots.

Ingot

Number of pores

2

12

3

9

4

31

Table 4.1.1 Number of pores from the X-ray images.
4.1.1 Discussion from the observations
The porosity in this case does not affect the strength of welding because the fracture occurred
in the HAZ according the result from tensile testing. Even though there much more porosity
in ingot 4. X-ray images cannot be compared with the standard (SS-EN ISO 10042: 2005)
since that requires evaluation on cross sections.
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4.2 Macro images
6 selected plates from trial period 1 are used in the evaluation and they look similar on the
weld reinforcement side. But at the root side they are different, which shows in Figure 4.2.1.
In ingot 2 there is sticking at the root support at 3 points on each plate (start and stop not
included). Ingot 3 and ingot 4 has been sticking at 2 points in one of the plate. However all
ingot appearance are approved in accordance with standard (SS-EN ISO 10042:2005) and all
of them did not show any cracking. The sticking in this case indicated that the root side got
stuck in the root support. It is not associated with complete burn through or holes.
Figure 4.2.2, Figure 4.2.3 and Figure 4.2.4 show the cross section structures after SAPA-etch.
The pictures are taken with a macro-LOM with 0.5x 0.8 zoom. The pictures show that ingot 2
and ingot 3 have similar structures along the fusion line. The structure looks like long
columnar grain between weld area and the HAZ area. Ingot 4 has a different structure of
equiaxed grains along the fusion line. Ingot 4 also has a larger root penetration and wider root
side.
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Ingot

Weld root side

Weld reinforcement

2

3

4

Figure 4.2.1 The weld plates from weld trials 1. The arrows on the pictures show sticking
points.
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Figure 4.2.2 Ingot 2 etched with SAPA-etch.

Figure 4.2.3 Ingot 3 etched with SAPA-etch.

Figure 4.2.4 Ingot 4 etched with SAPA-etch.
4.2.1 Discussion from the observations
The sticking through on the root side is caused by the rather high welding parameters used.
The weld penetration varies along the weld length, and it depends on the thermal conductivity
of the base material and the heat generated by the welding process. At the beginning of the
weld smaller penetration is achieved because the plate still cold. The plates are sometimes
sticking after welding a longer distance due to the heat that is built into the sheets.
All materials were welded using the same conditions. Even small variations in process setup
can make a big difference for the final weld result. As an example the root face varied
between 0-2 mm which resulted in relatively large variations in penetration depth. This is one
potential reason to why sticking irregularly occurred although it is not an issue since SAPA’s
extruded profiles contains a built-in root support.
Hot cracking did not appear on any of the weld plates. Weld appearance follows the standard
EN ISO 10042:2005 in quality level C.
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4.3 Tensile testing
30 tensile tests were performed in total. The result of the tensile testing shows that the
weakest area is located in the heat affected zone (HAZ), roughly 10-15 mm from the weld.
Figure 4.3.1 shows a samples after tensile test and notice that the material has been deformed
and necking occurs before fracture. This is a typical ductile fracture.
Table 4.3.1and Figure 4.3.2 show the average value for tensile strength (Rm) and Yield
strength (Rp0.2).All samples have higher tensile strength than the standard value which is 165
MPa (SS-EN 13981-1). Ingot 3 has a slightly higher tensile strength than the others but it is
not a very big difference.
The yield strength’s average values are quite low for all samples, lower than standard which is
115 MPa.

Figure 4.3.1 The picture shows fractured tensile samples on the cross section side.

Ingot

Yield strength
Rp0.2 [MPa]

Tensile strength
Rm [MPa]

E-modulus
[GPa]

2

103

197

71

3

109

200

73

100
188
68
4
Table 4.3.1 The table shows the mechanical properties of the welded materials.

Average value of tensile- and yield strength (30 samples)

MPa

210
190

Tensile Strength[MPa]

170

Yield Strength[MPa]

150

SS-EN 13981-1 [165
MPa]

130
110
90
70
Ingot 2

Ingot 3
Weld material

Ingot 4

Figure 4.3.2 Average value of tensile strength and yield strength with standard deviation
marked. The dashed lines are the values of the standard (SS-EN 13981-1).
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4.3.1 Discussion from the observations
For all three types of ingots the fracture always happened in the transition between HAZ and
BM. In this case the BM has been affected by the heat from welding resulting in a heat
affected zone of lower strength that caused failure. This fracture area can be linked to the soft
annealed zone in the HAZ. At the soft annealed zone the temperature can be 300-500 ⁰C.
The precipitation hardened AA6082 alloy is dependent of its metastable precipitates to
achieve its relatively good strength properties. As the material is exposed to heat from
welding a so called soft annealed zone or over-aged zone is formed because the material has
been heat treated over 180 ⁰C but under melting points. The metastable precipitate may form
large particles that do not prevent dislocation movement to the same extent and thus lowers
the strength in this area [31].
The values of yield strength of ingots are lower than standard.

4.4 Hardness test
The Vickers microhardness test was performed along the weld cross section, the results are
shown in Figure 4.4.1, Figure 4.4.2 and Figure 4.4.3. The results of the three weld materials
show similar appearance and the following results can be mentioned:
 In the WM at A, the average hardness is about 60 HV.
 The hardness at B was measured in the fusion line and the value are similar as A.
 At C the hardness were higher than A and B.
 A little drop of the hardness shows in a region D between 10-15 mm. This region is
the same as where the fracture during tensile test was observed. The average value of
the hardness is about 68 HV.
 The region between D-E (15-25 mm) shows an increasing of hardness and reaches
BM hardness at a distance of 25 mm from the weld.
 In the BM at E, the average hardness is a little bit more than 100 HV.

Figure 4.4.1 Vickers microhardness analysis on welded samples. Under the graphs of ingot 3
show the sample and the traces of the impressions. The green line marks the fusion line.
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Area

A (WM)
[HV]

B
[HV]

C
[HV]

D
[HV]

E (BM)
[HV]

Ingot 2

62

56

72

68

103

Ingot 3

62

64

72

69

104

Ingot 4

57

57

72

67

109

Figure 4.4.2 The picture shows positions that the hardness average values are measured and
the table shows the value of the hardness.
Vickers microhardness profile

A

Microhardness [HV]

120
110
100
90
80
70
60
50

B-D

D-E

E
Ingot 2
Ingot 3
Ingot 4

0

5

10 15 20 25 30 35 40
Distance from center of the weld [mm]

45

Figure 4.4.3 The Vickers microhardness profile for every ingot.
4.4.1 Discussion from the observations
The following gives an observed result of microhardness testing:
 The weld area is softest in all of the weld materials. This is because they use same
type of filler material AA4043 which is softer than AA6005A.
 The hardness in A, B, C, D have almost the same value in all ingot, which means the
heat from the welding process has affected all three materials in the same way.
 At E, the ingot 4 has highest hardness but it is still not big difference.
 Between B-D is the soft annealed zone, which is about 10 mm from the fusion-line.
This can explain why the weld materials are breaking at this area as observed in the
tensile tests. The weld materials did not break in A, it is because of the seam
geometry which strengthened that area.
 The result of microhardness testing and tensile testing shows that the HAZ is 20 mm
broad from the fusion line. The relatively wide HAZ is caused by the high heat
conductivity of the aluminium base material. The fracture from tensile test and a drop
of hardness at D could based on that over-aging, according to the literature[31][32],
leads to transformation and coarsening of the strengthening and metastable precipitate
(AlFeSi).
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4.5 LOM-micro images
A LOM investigation was performed to see the grain size in the BM. Figure 4.5.1 shows the
different in grain sizes of the BM. The grain sizes have been calculated with NEM-LOM and
the result can be seen in table Table 4.5.1. Ingot 3 has the biggest grain size and ingot 4 has
the smallest.
The evaluation from LOM has been noted that there are small black particles over the entire
BM but not in WM. The small particles start to appear at the fusion line. They can be seen in
Figure 4.5.2. The small particles can be precipitates of alloys elements.

Figure 4.5.1 Grain sizes in base materials (Non-weld). LOM is used with magnification of
200X. Etch with NaOH-etch.
Ingot

Grain size [μm]

2

154

3

222

4

114

Table 4.5.1 The table shows the grain sizes of the base materials.

Figure 4.5.2 Different areas in ingot 4 from WM to BM.

30

4.5.1 Discussion from the observations
The grain size of ingot 4 is smallest which could be related to the elevated Cr content. Cr
generally prevents grain growth in aluminium alloys.
NaOH-etch gives better grain boundary imaging than SAPA-etch, but it takes much longer
time to etch. SAPA-etch medium is too strong, the etch medium over-etches on the material
and makes small holes everywhere in the grain; it is not visible at low magnification. It
becomes harder to distinguish grain boundaries.

4.6 EBSD-analyses
EBSD-analyses were performed to investigate the grain size of the samples and three
important focus areas on the samples have been chosen, which are shown in Figure 4.6.1.
Table 4.6.1 shows the grain sizes that have been calculate by using the Tango program with
the line intercept method. B is between 2-4 mm from the fusion line, i.e. the blue line in
Figure 4.6.2 marked as 0 mm. D is between 13-17 mm, this area must be where the material
has a minimum strength according the results from tensile testing and the same area that
shows a little drop in microhardness. Area E is BM that is far from the fusion line (it is the
same area as in 4.4).
Grain size calculation gives information based on the images from the EBSD analysis. Figure
4.6.3 shows all aresa on the samples.
Comparing grain size in each ingot separately:
 Ingot 2 has its largest grain size at B and its smallest grain at E.
 Ingot 3 has its largest grain size at E and its smallest grain size at B.
 Ingot 4 has its largest grain size at 4-6 mm from the fusion line and its smallest grain
size at E. The image at E shows that, there are many small grains located around large
grains.
Comparing all 3 ingots in each area:
 At B-closest to the fusion line, all three ingots have different appearance, ingot 2 and 4
has many large grains and few small grains. Ingot 3, has many small grains and all
grains look like they are quite similar in size, there is not much difference between
them. Ingot 4 has the largest variation in grain sizes, the sample contains many largeand many small grains.
 At D shows that ingot 4 has the largest grain size and appears very different from the
others.
 At E shows that the average value of grain size is on the same level for all ingots. This
area is BM, there are many large elongated grains and many small round grains.
All pictures of the EBSD-analysis can be seen in appendix VI.
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Figure 4.6.1 This is a SiO2-polished sample for EBSD-analysis and letters are showing the
main focus points of the grain size analysis. The blue line marks the fusion line, 0 mm.

Ingot

B
[μm]

D
[μm]

E
[μm]

2

152

126

109

3

95

110

119

4

135

135

98

Table 4.6.1 The grain sizes in the different areas of the samples.

Grain size calculation from EBSD+Tango
Ingot 2
Ingot 3
Ingot 4

Grain size [μm]

300
200
100
0
0

5

10

15

20

25

30

35

Distance from fusion line [mm]

Figure 4.6.2Grain size variation in the ingots from fusion line 0 mm to base material (30 mm).
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Figure 4.6.3 Grain images from EBSD-analysis.
4.6.1 Discussion from the observations
Grain size of the ingots has been influenced from the weld heat, but all three ingots have been
influence in a different way.
 Ingot 2 has received grains growth at B which decreases the further away from the
fusion line.
 Ingot 3 has no significant change in the grain size. The grain structure is retained from
the fusion line to the BM which may mean that the heat from the welding did not
affect the sample as much as in ingot 2.
 Ingot 4 has grain growth at B and D. This indicates that the heat from the weld has
caused significant changes in the grain structure.
Since the heat has affected the micro structure in different ways for different ingots, it may be
due to the differences from the manufacturing process. Because during production there are
many factors that effects the microstructure. In this case there were three different ingots
produced in different times. If there were any coarse grains from welding it would show a
continuous coarsening from the fusion line to BM with largest grain at fusion line.
When comparing grains calculation from LOM analysis and EBSD analysis large differences
can be noticed. In the LOM analysis small grains size of 5 μm cannot be seen clearly which
might be the main cause for the deviation. NaOH etching does not give as clear imaging of
grain boundaries either. NaOH-etch was used only on the samples that analysed with LOM
(from 4.5).
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4.6.2 Comments from SAPA
SAPA has commented that the extruded profiles have larger grain size variations between
profile front and end, and it can therefore be the reason for to the grain variations seen in this
investigation. The difference in grain size is too little, to be a result to welding. AA6005A can
have both non-recrystallized structure and recrystallized structure or mixture structure. What
you get depends on the amount of Mn, Cr and the extrusion conditions. The grains are already
big before welding, so the driving force for growth is small.
Microstructure can give a feeling for how elongation / ductility should be. By looking at the
grain boundaries of the different zones one would assume that between zones B and D more
intergranular precipitates should be present for ingot 2 with high Si.
To confirm this argument more investigations needed.

4.7 EDS-analysis
An EDS investigation was performed in order to analyze the precipitation of Mg2Si phase and
FeAl3 phase. The investigated area are showed in Figure 4.7.1.
Figure 4.7.2 shows a result in the weld area in ingot 2, from EDS-analysis show that Si is
present in the dendrites arm at point 2.
Figure 4.7.3 shows a result from ingot 2 at the fusion line, B. There is Al, Fe and Si content in
the light gray area. This particle can be AlFeSi-particles. But in the bulk material there is no
Fe. The samples also contain carbon cover on the whole sample. Carbon-particles are just
contamination.
Figure 4.7.4 shows a picture that is taken from SEM at the HAZ, between B-D, quite long
from fusion line and there are also many small light gray particles.
Figure 4.7.5 shows a result from ingot 3 at the fusion line, B. The result is similar as ingot 2
(as shows in Figure 4.7.3) but there is less Fe-content.
EDS-analysis provides great information about precipitate particles located in the weld area
because there are most noticeable dendrites that appear.
Figure 4.7.6 shows EDS-mapping in the WM where the aluminium dendrites are surrounded
by Si, Fe and Mg containing particles.
Figure 4.7.7 shows a mapping of ingot 4 at D. The small grey particles contain Si, Fe, Cu and
O.

Figure 4.7.1 The area that EDS-analysis has been examined.

34

Element
(Atomic-%)

1

2

3

C

4.5

3.8

4.5

O

0.7

0.8

0.9

Mg

3.2

0.6

0.1

Al

81.5

74.3

93.9

Si

8.4

20.6

0.6

Mn

0.2

Fe

1.0

Cu

0.6

Figure 4.7.2 BE images and EDS analysis of ingot 2. The analysis area is in the WM, at A.

Element
(Atomic-%)

1

2

C

4.2

5.1

O

0.9

Mg

0.5

Al

70.2

93.1

Si

8.7

0.5

V

0.1

Cr

0.1

Mn

4.5

Fe

11.9

Cu

0.3

Figure 4.7.3 EDS (BE)-analysis of ingot 2. The analysis area is near the weld area, at B (in the
fusion line).
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Element
(Atomic-%)

1

2

C

5.3

4.8

O

1.6

0.9

Mg

0.5

Al

72.6

93.5

Si

7.1

0.4

V
Cr
Mn

1.9

Fe

11.2

Cu

0.3

Figure 4.7.4 BE images and EDS analysis of ingot 2. The analysis area is far away from the
weld (HAZ), between B-D.

Element
(Atomic-%)

1

2

C

5.9

6.6

O

1.2

0.7

Mg

0.3

0.4

Al

73.2

91.9

Si

10.5

0.4

Mn

0.5

Fe

8.4

Cu

0.1

Figure 4.7.5 BE images and EDS analysis of ingot 3. The analysis area is near the weld area,
at B (in the fusion line).
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Element
(Atomic%)

1

2

3

4

5

C

9.3

7.3

8.2

7.3

11.7

O

3.7

0.6

1.3

0.7

5.6

Mg

1.6

4.6

10.5

0.3

Al

60.3

64.5

89.7

66.6

81.0

Si

18.8

22.5

0.7

13.2

1.2

Cr

0.2

Mn

0.9

Fe

5.1

0.2

0.2

Cu

0.3

0.5

1.5

Figure 4.7.6 BE images and EDS analysis of ingot 4 with mapping information. The analysis
area is in the WM, at A.
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Figure 4.7.7 BE images and EDS analysis of ingot 4 with mapping information. The analysis
area is at D, 10 mm from fusion line.
4.7.1 Discuss from the observations
From the investigation, no Mg2Si or FeAl3 particles can be observed. They are most likely too
small to be noticed in SEM. Therefore, the precipitates particles are not easy to find. The size
of the precipitate particles can be in nanometer level.
AlFeSi particles are found in all samples.
Carbon scattered over the whole sample can come from dirt, grease and diamond paste from
the polishing. The minimum diamond grains used is in size of 0.25 µm. Moreover, Al alloys
are quite soft therefore it is easy for carbon residue to settle into the sample.
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5 Conclusions
This work has involved analyses in several areas. From all of the results and observations,
some final conclusions are made:
 No significant difference in tensile and yield strength could be seen between welded
samples from the different ingots.
 MIG welding had an effect on the HAZ-microstructure and the mechanical properties.
The HAZ range was distributed to 20 mm from the fusion line with 5 mm plate
thickness.
 Hot cracking did not appear during investigations. Weld appearance follows the
standard EN ISO 10042:2005 in quality level C.
 Tensile strength of all welded samples joins has similar strength value and all are
higher than applied standards (SS-En 13981-1).
 Yield strength of all welded samples have lower value than standard and that why
AA6005A should not be used when they are welded, according SS-En 13981-1.
 In all cases, the fracture in tensile testing is located in the HAZ.
 Intermetallic phase particles as Mg2Si and FeAl3 were not seen which meant they may
be too small and to find with SEM.
 The loss of hardness and tensile strength in the HAZ (at a distance from fusion line
about 10-15 mm) is believed to be a result of coarsening of the strengthening betaphase (AlFeSi).
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6 Future Work
There are several future directions for further work as a result of this thesis.
1. Better joint design for MIG-welding. For example longer parallel edge can be easier to
work with and generate more stable penetration during welding.
2. Examine the intermetallic phase particles in more detail using, methods like XRD and
TEM.
3. For more understanding of the effects of Mg, Si and Cr in Al, the compositions in the
base materials should differ more.
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9 Appendix
I.

Symbols and Abbreviations

AC

Alternative current

Al(OH)3

Aluminium hydroxide

Al2O3

Aluminiumoxid or alumina

AlF3

Aluminum fluoride

CO

Carbon monoxide

CO2

carbondioxide

DC

Direct current

FCC

Face centered cubic

FSW

Friction stir welding

H2O

Water

HAZ

Heat-affected zone

HF

High frequency (generator)

Mg2Si

Magnesium-silicide

MIG/MAG

Metal inert gas/Metal active gas

NaOH

Natriumhydroxide

Nd:YAG-lasers

Neodymium Yttrium Aluminium Garnet-lasers

NO

Nitrogen oxide

PMZ

Partially melted zone

SO

Sulfur oxide

TIG

Tungsten inert gas

I

II.

Phase diagram

II

III

IV

III.

Alloys elements in the base materials and filler
material

AA6005A-Ingot 2
Si

0.63

Ti

0.04

Be

<0.02

Bi

<0.02

Al

98.35

Fe

0,21

Zn

<0.01

Na

<0.02

Cd

<0.02

Ag

<0.02

Cu

0,10

Zr

<0.02

Li

<0.02

Ga

<0.02

Co

<0.02

Mn

0,14

Pb

<0.01

V

0.03

B

<0.02

Hg

<0.02

Mg

0.49

Ni

<0.01

H2

<0.02

Sb

<0.02

P

<0.02

Cr

<0.01

Sn

<0.02

Ca

<0.02

Sr

<0.02

Pb+Bi

<0.02

Table III.1 The composition in ingot 2 is showing in the table and information is from SAPA.
The amount is in wt-%.
AA6005A – Ingot 3
Si

0.6055

Ti

0.019850

Be

0.0002

Bi

0.0008

Al

98.35

Fe

0.2144

Zn

0.0260

Na

0.000150

Cd

0.0001

Ag

0.0003

Cu

0.08

Zr

0.0013

Li

0.0001

Ga

0.012350

Co

0.0001

Mn

0.1379

Pb

0.001950

V

0.009050

B

0.0010

Hg

0.0003

Mg

0.52

Ni

0.005050

H2

0

Sb

0.0001

P

0.0003

Cr

0.008150

Sn

0.0010

Ca

0.000850

Sr

0.0001

Pb+Bi

0.002750

Table III.2 The composition in ingot 3 is showing in the table and information is from SAPA.
The amount is in wt-%.
AA6005A– ingot 4
Si

0.6

Ti

0.0163

Be

0.0002

Bi

0.0008

Al

98.300002

Fe

0.227050

Zn

0.0240

Na

0.0001

Cd

0.0001

Ag

0.0004

Cu

0.08

Zr

0.0011

Li

0.0001

Ga

0.0121

Co

0.0001

Mn

0.126650

Pb

0.002250

V

0.009550

B

0.000250

Hg

0.0003

Mg

0.52

Ni

0.005450

H2

0

Sb

0.0001

P

0.000350

Cr

0.0388

Sn

0.0010

Ca

0.000950

Sr

0.0001

Pb+Bi

0.003050

Table III.3 The composition in ingot 4 is showing in table and information is from SAPA. The
amount is in wt-%.

V

4043-filler material
Si

5.0

Ti

0.02

Be

0.0001

Bi

-

Al

94

Fe

0.2

Zn

0.02

Na

-

Cd

-

Ag

-

Cu

0.02

Zr

-

Li

-

Ga

-

Co

-

Mn

< 0.01

Pb

-

V

-

B

-

Hg

-

Mg

< 0.01

Ni

-

H2

-

Sb

-

P

-

Cr

-

Sn

-

Ca

-

Sr

-

Pb+Bi

-

Table III.4 The composition in filler material 4043 and the information is from ESAB. The
amount is in wt-%.

VI

IV.

Welding parameters

Trial period 1

Ingot
2
2
3
3
4
4

ID

Travel
speed
[cm/min]

database

222-47
223-48
328-31
327-33
437-36
438-39

46
46
45
45
45
45

DB 0777
DB 0777
DB 0777
DB 0777
DB 0777
DB 0777

Contact
tip to
workpiece
distance
[mm]
20
20
20
20
20
20

Gas Flow
[l/min]

Torch
travel
angle [°]
[+ Push]

Spec.
settings
(Synergy,
Program)

Wire
speed
[m/min]

Arc
lenght
corr

Voltage
[V]

Current
[A]

20
20
20
20
20
20

15
15
15
15
15
15

189
189
189
189
189
189

4,9
4,9
4,8
4,8
4,8
4,8

19
20
25
20-25
23
25

26,1
26,3
26,6
26,1
26,3
26,7

188
189
186
188
188
189

Trial period 2

VII

Arc
energy
inst
mean
[kJ/mm]
0,66
0,66
0,66
0,66
0,66
0,67

Heat
input
inst
mean
[kJ/mm]
0,52
0,53
0,53
0,53
0,53
0,54

Arc
power
inst
mean
[kW]
4,92
4,96
4,96
4,91
4,93
5,03

V.

X-Ray images

VIII

IX

X

VI.

EBSD-analysis

XI

