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Abstract

AlMgSi alloys, frequently used as extruded profiles, generally show excellent corrosion
resistance, as Mg is incorporated in the protective oxide layer, thus providing additional
stabilization. However, localized corrosion forms such as intergranular corrosion (IGC)
and pitting corrosion may occur as a result of improper heat treatment, or unfortunate al-
loying composition. In this study, four variants of AA6082 with Cu additions ranging from
0.001 to 0.60 wt% have been subjected to an accelerated IGC test, in addition to Cyclic
Acidified Synthetic Sea Water (Fog) Testing (SWAAT). Moreover, the effects of welding
on corrosion behaviour have been examined, and alloys have been subjected to both MIG
welding, friction stir welding (FSW) and weld simulation. The effect of Cu content and
ageing on the susceptibility to IGC and pitting corrosion have also been studied.

Results from this study revealed significant pitting corrosion on most variants, and the
severity was found to increase with increasing Cu content and ageing time. Also, at-
tacks from pitting corrosion was occasionally observed to be accompanied with IGC attack
along sub grains. Moreover, the heat affected zone of samples welded by FSW and MIG
displayed higher corrosion resistance as compared to the weld and the base metal. In ad-
dition, for the FSW variants, increased corrosion resistance was observed also for the base
metal close to the heat affected zone. Despite such observations, no significant variation in
corrosion potential as a function of distance from the weld could be observed. Finally, the
weld seam formed during FSW proved more susceptible to attacks from pitting corrosion
than the weld seam formed during MIG welding.
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Sammendrag

AlMgSi-legeringer, ofte benyttet som ekstruderte profiler, viser utmerkede korrosjons-
egenskaper ettersom Mg innlemmes i det beskyttende oksidsjiktet og dermed bidrar til
ytterligere stabilisering av dette. Likevel kan lokale korrosjonsangrep som intekrystallinsk
korrosjon (IKK) og gropkorrosjon inntreffe som en følge av ufullstendig varmebehandling,
eller uheldig legeringssammensetning. I dette studiet har fire varianter av AA6082 med
kobberinnhold mellom 0.001 og 0.60 wt% blitt utsatt for en akselerert IKK-test, i tillegg
til en kunstig sjøvannstest (SWAAT). Videre har effekten av sveising på korrosjonsoppfør-
selen blitt undersøkt og legeringen har blitt utsatt for både MIG sveising, friksjonssveising
(FSW) og sveisesimulering. Effekten av kobberinnhold og utherding på følsomheten for
IKK og gropkorrosjon har også blitt studert.

Resultater fra dette arbeidet avslørte betydelig gropkorrosjon på de fleste variantene, og
graden av følsomhet ble observert til å øke med økende kobberinnhold og utherdingstid. I
tillegg ble det funnet at gropkorrosjon i noen tilfeller var forbundet med IKK av subkorn.
Videre ble det funnet at den varmepåvirkede sonen av de MIG sveiste og friksjonssveiste
prøvene viste økt korrosjonsmostand, sammenlignet med sveis og grunnmateriale. I til-
legg, for de friksjonseviste variantene, ble det påvist høy korrosjonsmostand også i deler
av grunnmaterialet nære den varmepåvirkede sonen. På tross av nevnte funn, ble det ikke
observert noen vesentlig endring i korrosjonspotensiale som funksjon av avstand fra sveis.
Til slutt ble det observert at sveisefugen dannet etter friksjonsnsveising var mer følsom for
gropkorrosjon enn sveisefugen dannet etter MIG sveising.

vii





Contents

Preface iii

Table of Contents xi

List of Tables xiv

List of Figures xviii

List of Abbreviations xix

1. Introduction 1

2. Background 3
2.1. AlMgSi-alloys . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3

2.1.1. Temper designation . . . . . . . . . . . . . . . . . . . . . . . . . 3
2.2. Precipitation hardening . . . . . . . . . . . . . . . . . . . . . . . . . . . 4

2.2.1. Effect of Cu . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 6
2.3. Welding . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 7

2.3.1. Metal Inert Gas (MIG) welding . . . . . . . . . . . . . . . . . . 7
2.3.2. Microstructure and strength evolution during MIG welding . . . . 8
2.3.3. Friction Stir Welding (FSW) . . . . . . . . . . . . . . . . . . . . 10
2.3.4. Microstructure and strength evolution during FSW . . . . . . . . 11

2.4. Corrosion of aluminium . . . . . . . . . . . . . . . . . . . . . . . . . . . 13
2.5. Intergranular corrosion (IGC) . . . . . . . . . . . . . . . . . . . . . . . . 13

2.5.1. Effect of chemical composition . . . . . . . . . . . . . . . . . . 14
2.5.2. Effect of ageing and thermal processing . . . . . . . . . . . . . . 17
2.5.3. Effect of quenching rate after extrusion . . . . . . . . . . . . . . 20
2.5.4. Effect of microstructure . . . . . . . . . . . . . . . . . . . . . . 20

2.6. Pitting corrosion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 21
2.7. Corrosion of welded AlMgSi-alloys . . . . . . . . . . . . . . . . . . . . 26

2.7.1. Effect of filler wire . . . . . . . . . . . . . . . . . . . . . . . . . 28

3. Experimental 29
3.1. Alloys . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 29

ix



3.2. Process route . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 30
3.2.1. Casting and homogenization . . . . . . . . . . . . . . . . . . . . 30
3.2.2. Extrusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 30
3.2.3. Artificial ageing . . . . . . . . . . . . . . . . . . . . . . . . . . 31

3.3. Welding . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 32
3.3.1. MIG welding . . . . . . . . . . . . . . . . . . . . . . . . . . . . 32
3.3.2. Friction Stir Welding . . . . . . . . . . . . . . . . . . . . . . . . 33

3.4. Weld simulation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 33
3.5. Post weld heat treatment (PWHT) . . . . . . . . . . . . . . . . . . . . . 37
3.6. Microstructure characterisation . . . . . . . . . . . . . . . . . . . . . . . 37

3.6.1. Sample preparation . . . . . . . . . . . . . . . . . . . . . . . . . 37
3.6.2. Optical microscope . . . . . . . . . . . . . . . . . . . . . . . . . 37
3.6.3. Anodising . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 38
3.6.4. Hardness measurements . . . . . . . . . . . . . . . . . . . . . . 38
3.6.5. Grain boundary microstructure . . . . . . . . . . . . . . . . . . . 39

3.7. Intergranular corrosion test . . . . . . . . . . . . . . . . . . . . . . . . . 39
3.8. SWAAT test . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 40

3.8.1. Pit measurements . . . . . . . . . . . . . . . . . . . . . . . . . . 43
3.9. Potential measurements . . . . . . . . . . . . . . . . . . . . . . . . . . . 43
3.10. Electrical conductivity measurements . . . . . . . . . . . . . . . . . . . 44

4. Results 45
4.1. Material characterization . . . . . . . . . . . . . . . . . . . . . . . . . . 45

4.1.1. Weld seam . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 45
4.1.2. Microstructures . . . . . . . . . . . . . . . . . . . . . . . . . . . 46

4.2. Hardness profiles . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 54
4.2.1. Samples subjected to FSW and MIG welding . . . . . . . . . . . 55
4.2.2. Weld simulated samples . . . . . . . . . . . . . . . . . . . . . . 56

4.3. IGC test . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 60
4.3.1. MIG welded samples . . . . . . . . . . . . . . . . . . . . . . . . 60
4.3.2. FSW samples . . . . . . . . . . . . . . . . . . . . . . . . . . . . 62
4.3.3. Weld simulated samples . . . . . . . . . . . . . . . . . . . . . . 65
4.3.4. Weight loss measurements . . . . . . . . . . . . . . . . . . . . . 68

4.4. SWAAT test . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 69
4.4.1. Samples welded by MIG and FSW . . . . . . . . . . . . . . . . . 71
4.4.2. Weld simulated samples . . . . . . . . . . . . . . . . . . . . . . 77

4.5. Grain boundary microstructure . . . . . . . . . . . . . . . . . . . . . . . 83
4.5.1. Fe-rich particles . . . . . . . . . . . . . . . . . . . . . . . . . . 84
4.5.2. Cu containing phases . . . . . . . . . . . . . . . . . . . . . . . . 86
4.5.3. Fusion zone (MIG) . . . . . . . . . . . . . . . . . . . . . . . . . 88

4.6. Potential measurements . . . . . . . . . . . . . . . . . . . . . . . . . . . 90
4.7. Electrical conductivity . . . . . . . . . . . . . . . . . . . . . . . . . . . 91

5. Discussion 93
5.1. As-received materials . . . . . . . . . . . . . . . . . . . . . . . . . . . . 93
5.2. General corrosion resistance of tested alloys . . . . . . . . . . . . . . . . 94

x



5.3. Effect of microstructure . . . . . . . . . . . . . . . . . . . . . . . . . . . 95
5.4. Effect of quenching rate from elevated temperatures . . . . . . . . . . . . 96
5.5. Grain boundary precipitation and IGC susceptibility . . . . . . . . . . . . 97
5.6. Pitting corrosion susceptibility . . . . . . . . . . . . . . . . . . . . . . . 98

5.6.1. Increased pitting resistance in the HAZ . . . . . . . . . . . . . . 99
5.6.2. Susceptibility of weld seam (FSW) . . . . . . . . . . . . . . . . 103

5.7. Further work . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 104

Conclusion 105

References 107

A. SWAAT - Inspection form 113

B. Pitting measurements 114

C. Temperature profiles during weld simulation 117

D. Electrical conductivity measurements 119

xi





List of Tables

2.1. Selected mechanical properties for AlMgSi alloys . . . . . . . . . . . . . 3
2.2. Overview over some selected temper designations . . . . . . . . . . . . . 4

3.1. Chemical composition of the alloys examined in this study . . . . . . . . 29
3.2. Chemical composition of the filler wire used during MIG welding of alloy

6082-X . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 32
3.3. Selected welding parameters. . . . . . . . . . . . . . . . . . . . . . . . . 32
3.4. Peak temperatures at position of -14 mm from centre line during weld

simulation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 36
3.5. Operating parameters during particle analysis in LV FESEM. . . . . . . . 39
3.6. Overview of samples tested for IGC . . . . . . . . . . . . . . . . . . . . 40
3.7. Composition of stock salt solutions prepared for the SWAAT test accord-

ing to ASTM standard D1141-98 . . . . . . . . . . . . . . . . . . . . . . 41
3.8. Overview of SWAAT-tested samples. . . . . . . . . . . . . . . . . . . . . 42

4.1. Hardness values and the corresponding standard deviation for the base ma-
terial of the four alloys considered in this study. . . . . . . . . . . . . . . 54

4.2. Overview of observed corrosion modes including location of pitting and
IGC attacks as a function of distance from centre line for weld simulated
samples. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 66

4.3. Weight loss measurements of all samples after IGC testing . . . . . . . . 68
4.4. Measured pit density, depth and size for all the SWAAT tested samples . . 70
4.5. Peak temperature regions and the corresponding distances from centre line. 81
4.6. Phases observed on grain boundaries for the alloys considered in this study 83
4.7. Average potential measurements for the different regions of MIG welded

6082-X / T6. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 91

A.1. Regular inspections form during SWAAT testing of samples . . . . . . . 113

B.1. Pit densities after SWAAT testing of weld simulated samples and samples
subjected to MIG and FSW welding . . . . . . . . . . . . . . . . . . . . 114

B.2. Pit diameters after SWAAT testing of weld simulated samples and samples
subjected to MIG and FSW welding . . . . . . . . . . . . . . . . . . . . 115

xiii



B.3. Pit depths after SWAAT testing of weld simulated samples and samples
subjected to MIG and FSW welding . . . . . . . . . . . . . . . . . . . . 116

D.1. Electrical conductivity measurements across the welded section for alloy
6082-X /T6 subjected to MIG and FSW . . . . . . . . . . . . . . . . . . 119

xiv



List of Figures

2.1. Contributions from dissolved alloying elements in solid solution and par-
ticles from precipitation hardening . . . . . . . . . . . . . . . . . . . . . 5

2.2. Effect of artificial ageing and naturally ageing on the strength evolution in
AlMgSi alloys . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 6

2.3. Principles of the gas metal arc welding (GMAW) technique . . . . . . . . 7
2.4. Effect of artificial ageing (AA), welding (W) and post weld heat treatment

(PWHT) on the microstructure evolution in AlMgSi alloys . . . . . . . . 8
2.5. Microstructure and strength evolution during GMAW . . . . . . . . . . . 9
2.6. Principles of the friction stir welding (FSW) process . . . . . . . . . . . 10
2.7. Classification of various regions in the friction stir weld . . . . . . . . . . 11
2.8. Microstructure and strength evolution during FSW . . . . . . . . . . . . 12
2.10. Corrosion rate as a function of Mn content in an AlMgSi alloy with various

Fe levels . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 15
2.11. Conceptual illustration of the IGC mechanism . . . . . . . . . . . . . . . 17
2.12. Isothermal time transformation (ITT) diagram illustrating various corro-

sion modes as a function of temperature and ageing time . . . . . . . . . 18
2.13. Effect of ageing time on the susceptibility to IGC in an air cooled AlMgSi

alloy . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 19
2.14. Effect of ageing time on the susceptibility to IGC in a water quenched

AlMgSi alloy . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 19
2.15. Effect of cooling rate after extrusion on the susceptibility towards IGC . . 20
2.16. Pitting corrosion around an Al3Fe particle and an oxide particle in an

aluminium alloy . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 21
2.17. Effect of ageing on pitting potential in an Al-Cu alloy containing 3.33 wt%

Cu . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 22
2.18. Dissolution potential of solid solution and some common intermetallic

phases observed in aluminium alloys . . . . . . . . . . . . . . . . . . . . 24
2.19. Maximum pit depth as a function of exposure time for some selected alloys 25
2.20. Polarization curves for samples welded by GTAW and FSW . . . . . . . 27
2.21. Polarization curves for T6-samples welded by GTAW and FSW . . . . . 27

3.1. Temperature profile during artificial ageing of alloy 6082-X . . . . . . . . 31
3.2. Geometry of samples and placement of thermocouple for weld simulations 33

xv



3.3. Experimental set-up of the Gleeble weld simulation station . . . . . . . . 34
3.4. Peak temperature profile for the specimens subjected to weld simulation . 35
3.5. Temperature profile during weld simulation of alloy 6082-A from T1 start-

ing temper . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 36
3.6. Location of sections that have been examined in optical microscope after

corrosion testing . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 38
3.7. Experimental set-up for the IGC test of weld simulated samples as well as

samples subjected to FSW and MIG welding . . . . . . . . . . . . . . . . 40
3.8. Experimental set-up for the SWAAT test of weld simulated samples as

well as samples subjected to FSW and MIG welding . . . . . . . . . . . 42
3.9. Figure illustrating sections measuring 50x40 mm were pit analysis were

done. Measurements were taken in the extrusion plane at one side of the
centre line/ weld only. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 43

3.10. Location of samples where potential measurements were done. All mea-
surements presented in the figure are given in millimetres. . . . . . . . . 44

4.1. Macro images of weld seams after FSW and MIG welding of alloy 6082-X
/ T6 prior to corrosion testing . . . . . . . . . . . . . . . . . . . . . . . . 46

4.2. Optical micrographs of the base metal in alloy 6082-X . . . . . . . . . . 47
4.3. Micrographs of the welded section in alloy 6082-X after FSW and MIG

welding . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 48
4.4. LV-FESEM secondary electron micrographs of alloy 6082-X across the

welded section and the base material after MIG welding. . . . . . . . . . 49
4.5. LV-FESEM secondary electron micrographs of alloy 6082-X across the

welded section and the base material after FSW. . . . . . . . . . . . . . . 50
4.6. Micrographs of the base metal in alloy 6082-A . . . . . . . . . . . . . . 51
4.7. Micrographs of the base metal in alloy 6082-B . . . . . . . . . . . . . . . 52
4.8. Micrographs of the base metal in alloy 6082-C . . . . . . . . . . . . . . . 53
4.9. Hardness profiles of MIG welded AA6082-T6 and AA6082-T1. . . . . . 55
4.10. Hardness profiles of 6082-X subjected to FSW and FSW with subsequent

post weld heat treatment (PWHT) from T6 starting tempers . . . . . . . . 56
4.11. Hardness profile after weld simulation and post weld heat treatment (PWHT)

of alloy 6082-A from T1 starting temper. . . . . . . . . . . . . . . . . . . 57
4.12. Hardness profile after weld simulation and post weld heat treatment (PWHT)

of alloy 6082-B from T1 starting temper. . . . . . . . . . . . . . . . . . . 58
4.13. Hardness profile after weld simulation and post weld heat treatment (PWHT)

of alloy 6082-C from T1 starting temper. . . . . . . . . . . . . . . . . . . 58
4.14. Hardness profile after weld simulation and post weld heat treatment (PWHT)

of alloy 6082-X from T1 starting temper. . . . . . . . . . . . . . . . . . . 59
4.15. Hardness profile after weld simulation and post weld heat treatment (PWHT)

of alloy 6082-X from T6 starting temper. . . . . . . . . . . . . . . . . . . 59
4.16. Corrosion of weld metal in 6082-X / T6 and 6082-X / T1 . . . . . . . . . 61
4.17. Intergranular corrosion of weld metal in alloy 6082-X. . . . . . . . . . . 61
4.18. Micrographs of corroded FSW samples . . . . . . . . . . . . . . . . . . 62
4.19. Pitting corrosion in the recrystallized layer in alloy 6082-X / T6 subjected

to FSW and PWHT . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 63

xvi



4.20. Pitting corrosion in the nugget zone in alloy 6082-X / T6 subjected to FSW
and PWHT . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 64

4.21. Micrographs of the corroded samples subjected to weld simulation and
post weld heat treatment . . . . . . . . . . . . . . . . . . . . . . . . . . 65

4.22. Corrosion frequency of alloy 6082-A, 6082-B and 6082-C as a function of
distance from centre line . . . . . . . . . . . . . . . . . . . . . . . . . . 66

4.23. Micrographs taken 5 mm from the centre line showing pitting and IGC in
alloy 6082-C / T1 after PWHT. Micrographs taken parallel to the direction
of extrusion. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 67

4.24. Weight loss as a function of Cu-content on samples subjected to weld sim-
ulation and post weld heat treatment . . . . . . . . . . . . . . . . . . . . 69

4.25. Macro images after SWAAT testing of alloy 6082-X / T6 subjected to FSW
and MIG as well as hardness profiles prior to corrosion testing . . . . . . 71

4.26. Micrographs of MIG welded 6082-X / T6 after SWAAT testing . . . . . . 72
4.27. Macro images after SWAAT testing of alloy 6082-X / T6 subjected to MIG

where pits are highlighted. . . . . . . . . . . . . . . . . . . . . . . . . . 73
4.28. Micrographs of sample friction welded 6082-X / T6 after SWAAT testing 73
4.29. Macro image showing a high density of pits in the centre of the friction

weld in alloy 6082-X . . . . . . . . . . . . . . . . . . . . . . . . . . . . 74
4.30. Observed pit densities in the weld, the heat affected zone (HAZ) and the

base material for alloy 6082-X / T6 welded by MIG and FSW . . . . . . 75
4.31. Observed pit diameters in the weld, the heat affected zone (HAZ) and the

base material for alloy 6082-X / T6 welded by MIG and FSW. . . . . . . 76
4.32. Observed pit depths in the weld, the heat affected zone (HAZ) and the base

material for alloy 6082-X / T6 welded by MIG and FSW. . . . . . . . . . 76
4.33. Hardness profile and macro images after SWAAT testing of alloy 6082-X

subjected to weld simulation and PWHT . . . . . . . . . . . . . . . . . . 78
4.34. Macro images after SWAAT testing of alloy 6082-A, 6082-B and 6082-C

subjected to weld simulation and PWHT, as well as hardness profiles prior
to corrosion testing . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 79

4.35. Corrosion attacks after SWAAT testing of weld simulated alloys . . . . . 80
4.36. IGC and pitting corrosion after SWAAT testing of alloy 6082-X / T6 . . . 80
4.37. Observed pit densities for sample subjected to weld simulation and post

weld heat treatment (PWHT) . . . . . . . . . . . . . . . . . . . . . . . . 81
4.38. Observed pit diameters for sample subjected to weld simulation and post

weld heat treatment (PWHT) . . . . . . . . . . . . . . . . . . . . . . . . 82
4.39. Observed pit depths for sample subjected to weld simulation and post weld

heat treatment (PWHT) . . . . . . . . . . . . . . . . . . . . . . . . . . . 82
4.40. LV-FESEM secondary electron micrograph of a Fe-rich particle in alloy

6082-X . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 84
4.41. EDS analysis of a Fe-rich particle in alloy 6082-X . . . . . . . . . . . . . 85
4.42. LV-FESEM secondary electron micrograph of a Cu-rich particle in alloy

6082-C . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 86
4.43. EDS analysis of a Cu containing particle in alloy 6082-C . . . . . . . . . 87

xvii



4.44. LV-FESEM secondary electron micrograph of a particles in the weld metal
of alloy 6082-X after MIG welding . . . . . . . . . . . . . . . . . . . . . 88

4.45. EDS spectrum of precipitates in the weld metal in alloy 6082-X after MIG
welding . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 89

4.46. Open circuit potential measurements of MIG welded 6082-X . . . . . . . 90
4.47. Electrical conductivity of samples welded by MIG and FSW for various

locations along the welded section. . . . . . . . . . . . . . . . . . . . . . 91

5.1. Effect of microstructure on the susceptibility to IGC . . . . . . . . . . . . 95
5.2. Effect of welding on the microstructure evolution in artificially aged AlMgSi

alloys . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 100
5.3. Galvanic effects of MIG welded samples. . . . . . . . . . . . . . . . . . 102

C.1. Temperature profiles during weld simulation of all weld simulated alloys . 118

xviii



List of Abbreviations

β Equilibrium phase (Mg2Si)

β′ Hardening precipitate in AlMgSi alloys (semi-coherent rods)

β′′ Hardening precipitate in AlMgSi alloys (semi-coherent needles)

Rm Tensile strength

Rp0.2 Yield strength

EDS Energy Dispersive Spectroscopy

FSW Friction Stir Welding

GMAW Gas Metal Arc Welding

GP-zones Metastable Guinier-Preston zones that precipitate prior to the hardening
β′ and β′′ particles

GTAW Gas Tungsten Arc Welding

HAZ Heat Affected Zone

HV Hardness Vickers

HV1 Hardness Vickers - 1 kg load

HV5 Hardness Vickers - 5 kg load

IGC Intergranular Corrosion

IKK Interkrystallinsk Korrosjon

LV-FESEM Low Vacuum Field Emission Scanning Electron Microscope

MIG Metal Inert Gas

OCP Open Circuit Potential

PFZ Particle/Precipitation Free Zone

PWHT Post Weld Heat Treatment

SSSS Supersaturated Solid Solution

xix



SWAAT Cyclic Acidified Synthetic Sea Water (Fog) Testing

T1 Alloy cooled from an elevated temperature shaping step and naturally
aged to a stable condition

T6 Alloy solution-treated and artificially aged to peak strength

TMAZ Thermomechanically Affected Zone

xx



1 | Introduction

It is believed that 25% of the undiscovered oil and gas resources in the world are located in
the Arctic region [1]. As a result, during the last decades oil extraction in the Arctic region
has received considerable amount of attention, as oil and gas companies strive do meet the
demands materials have to fulfil in such harsh environments. Traditionally, various steel
qualities have been the preferable material selection for both subsea and topside installa-
tions offshore. However, with increasing focus on the petroleum reservoirs located in the
Arctic regions, additional requirements have to be considered. Such requirements include
superior low temperature properties, high strength-to-weight ratios as well as excellent
corrosion resistance and weldability. Aluminium alloys fulfil all these requirements, and
should consequently be regarded as a promising material in future oil and gas installa-
tions in the Arctic region. In fact, the density of aluminium is approximately 1/3 of that
of steels, which allows significant weight reduction of future pipelines and offshore in-
stallations. Such considerations are of up-most importance as these structures have to be
transported from the manufacture site to the installation site in the Arctic. Lastly, the ex-
cellent corrosion resistance may result in the maintenance costs on platforms installations
and pipelines being drastically lowered.

More than anything, aluminium is a green material. In fact, recycling of scrap aluminium
only requires 5 % of the energy that was originally used to produce the metal in the first
place. Moreover, emission of green house gases such as CO2 are greatly reduced as a re-
sult of such favourable recycling processes. As a matter of fact, the Norwegian aluminium
company Hydro claims that the annual emission of CO2-gases are reduced by 92 million
tons as a result of the recycling process alone [2].

AlMgSi alloys, often referred to as the 6000 series, are wrought alloys that are extensively
applied within the transport industry, as well as for architectural and marine applications.
The main application is as extruded products and approximately half of all extruded pro-
files produced world wide are AlMgSi alloys [3]. Alloy 6082, examined in this study, is
a high strength alloy which can be extruded as long as the geometry is not too complex.
Due to its strength, the alloy frequently serves as a load bearing material. Applications
include stairs, platforms, handrails and bridges, as well as offshore applications and ship
structures.

However, despite the superior corrosion resistance, localized corrosion attacks such as in-
tergranular corrosion (IGC) and pitting corrosion may occur as a result of unfavourable
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thermal processing or alloying content. Copper is often added to increase the overall
strength of the alloy. However, numerous studies [4–14] have reported that alloys contain-
ing Cu, or excess Si, may prove susceptible to IGC and pitting corrosion. Despite wide
agreement on the detrimental effects from Cu on the corrosion resistance, a lower concen-
tration which prevents corrosion is yet to be determined. It was originally suggested that a
Cu concentration of 0.4 wt% was needed in order to promote IGC [14]. However, aggres-
sive attacks from IGC has recently been reported in AlMgSi(Cu) alloys with Cu content as
low as 0.12 wt% [10]. In addition, slow cooling after extrusion, or under ageing, is consid-
ered unfortunate with respect to corrosion resistance and IGC in particular. Overageing,
on the other hand, is regarded to promote attacks from pitting corrosion.

Objectives of thesis

The effect of welding on the corrosion resistance in AlMgSi alloys, despite its industrial
importance, has not received considerable attention and is not fully understood. As a
result, this study aims to examine the effect of both metal inert gas (MIG) welding, friction
stir welding (FSW) and weld simulation on localized corrosion attacks such as IGC and
pitting corrosion. Welding of aluminium results in heating of the metal causing substantial
redistribution of alloying elements, which in turn will affect the mechanical properties and
possibly also the corrosion resistance.

In this study, four variants of aluminium alloy AA6082 have been subjected to an acceler-
ated IGC test as well as a cyclic acidified synthetic sea water test (SWAAT). Moreover, the
four variants were alloys with Cu contents ranging from 0.001 to 0.60 wt% and Mg/Si ra-
tios ranging from 0.62 to 0.69. As a result, all tested alloys contained significant amounts
of excess Si. Also, as all the tested alloys were extruded products, the effect of microstruc-
ture on corrosion behaviour has also been evaluated. In fact, studies have suggested that a
deformed fibrous structure as a result of extrusion may prove beneficial with respect to the
corrosion resistance [4, 15].

Furthermore, the corrosion resistance at various locations from the weld zone has been
evaluated, preferably by the means of optical microscopy. Also, potential measurements
and electrical conductivity measurements have been carried out in order to evaluate the
susceptibility towards localized corrosion. Finally, simple weight loss measurements have
been performed on all variants in order to estimate the corrosion rate.
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2 | Background

2.1. AlMgSi-alloys

AlMgSi-alloys contain Mg and Si in the range of 0.5-1.3 and 0.4-1.4 wt% respectively, in
addition to other trace elements and contaminations such as Fe, Mn, Cr, Cu and Zn. In a
balanced alloy the ratio between Mg and Si is 1.73, which is equivalent to the observed
ratio between Mg and Si in the equilibrium phase β (Mg2Si) [4]. This ratio is of impor-
tance with regards to corrosion and will be discussed in greater detail in section 2.5. An
important feature of these alloys is the ability to increase their strength through artificial
ageing. As a result, the mechanical properties of these alloys can be manipulated as seen
by the strength range in table 2.1.

Table 2.1.: Some selected mechanical properties for the AlMgSi alloys [3].

Selected mechanical properties

Rp0.2 190-360 MPa
Rm 220-390 MPa

Elongation 12-17%

Moreover, the far most important application of these alloys is in the form of extruded
profiles, and over 2 million extruded AlMgSi profiles are produced annually [3]. Other
important applications include tubing, as well as rolled and forged products [16].

2.1.1. Temper designation

Properties of aluminium alloys can be manipulated to a great extent by a variety of different
heat treatments. AlMgSi alloys are often age-hardened to increase their strength through
precipitation hardening which is discussed in section 2.2. Table 2.2 below summarizes the
main temper designations applied to age-hardened alloys.
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2.2 Precipitation hardening

Table 2.2.: Overview over some selected temper designations [17].

Selected temper designations

T1 Cooled from an elevated temperature shaping step
and naturally aged to a stable condition

T3 Solution-treated, cold worked and naturally aged
T4 Solution-treated and naturally aged
T6 Solution-treated and artificially aged to peak strength
T7 Solution-treated and overaged

2.2. Precipitation hardening

The overall hardness, and hence the yield strength, of AlMgSi alloys is the sum of three
contributions as seen in equation 2.1 below.

σy = σi + σss + σp (2.1)

Here σi is the intrinsic contribution for pure aluminium, σss is the contribution from al-
loying elements in solid solution and σp is the contribution from hardening particles (i.e.
precipitation hardening). The contributions from dissolved alloying elements in solid so-
lution and particles from precipitation hardening are illustrated in figure 2.1. As seen in
the figure, both bypassing and shearing of hardening particles by dislocations contribute
to the total increase in strength [18–20]. Moreover, bypassing is recognized by disloca-
tion movement through larger particles, whereas they move by a shearing mechanism in
the case of smaller particles. A peak in strength is observed for a mixture of bypassing
and shearing mechanisms. In this section only the contribution to strength from hardening
particles will be discussed.

Precipitation hardening occurs as a result of artificial ageing where the alloy is first heated
to a temperature above the solvus line, however still below the eutectic temperature to
avoid local melting of the alloy. This first initial step is known as solution heat treat-
ment and is usually performed at temperatures close to 530 ◦C for 30 minutes, followed
by quenching to room temperature. All alloying elements are then in solid solution and
are said to be in a supersaturated solid solution (SSSS). The second step during artifi-
cial ageing involves heating the alloy to an intermediate temperature, usually 150-190
◦C [12]. However, a temperature range of 70-300 ◦C may theoretically be used and
will result in precipitation of hardening precipitates. During artificial ageing a series of
metastable phases will precipitate with increasing holding time, until the equilibrium phase
β (Mg2Si) forms if the alloy is overaged. The precipitation sequence is dependent on al-
loying elements present and the ratio between Si and Mg. For a balanced alloy, containing
Si and Mg in stoichiometric ratio (i.e. Mg/Si = 1.73), the precipitation sequence may be
written as:

SSSS→ solute clusters→ GP-zones→ β′′ → β′ → β (Mg2Si) (2.2)
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Chapter 2. Background

Figure 2.1.: Contributions from dissolved alloying elements in solid solution (A) and particles from
precipitation hardening (B,C). Dislocations may either move through bypassing (B) of larger parti-
cles or shearing in the case of smaller particles (C) [20].

As can be seen from figure 2.2, a peak in strength is observed for a given mixture of β′ and
β′′ precipitates. An important difference between these precipitates is their morphology.
The β′′ phase is monoclinal consisting of semi-coherent needles, whereas the β′ phase is
coarser and heaxagonal consisting of semi-coherent rods [3]. The chemical composition
of the β′′ phase was initially believed to be Mg5Si6, however recent studies indicate that
the composition should be Mg5Al2Si4 [12]. The composition of β′ is believed to be
Mg1.8Si [21]. Finally, if the alloy is overaged (e.g. during welding), the equilibrium
phase β (Mg2Si) forms which is completely incoherent and is regarded as a brittle and
unfavourable phase, due to the severe reduction in hardness as indicated by figure 2.2.
However, as can be seen in the same figure, if naturally ageing is performed only GP-
zones will form and the precipitation sequence will be incomplete. In other words, alloys
that are naturally aged will usually be significantly softer than alloys that have undergone
controlled artificial ageing. Also, GP-zones are thermally unstable, and alloys that are
naturally aged may lose their strength rather easily during thermal cycles such as welding.
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2.2 Precipitation hardening

Figure 2.2.: Effect of artificial ageing and naturally ageing on the strength evolution in AlMgSi
alloys. Naturally ageing only allows GP-zones to form [22].

2.2.1. Effect of Cu

Esmaeili and Lloyd [23] studied the effect of Cu addition on the precipitation kinetics
in AlMgSi alloys. The authors found that Cu tended to increase the precipitation rate if
solution heat treatment and quenching were immediately followed by artificial ageing. For
pre-aged alloys, on the other hand, no correlation between Cu additions and precipitation
kinetics were found. This theory was later confirmed by Marioara et al. [21] who showed
that Cu containing alloys displayed hardness values greater than Cu-free alloys, due to
a higher volume fraction of precipitates. Moreover, for Cu-rich alloys, the precipitation
sequence may be written as [4, 24]:

SSSS → solute clusters→ GP-zones→ Q’→ Q (2.3)

The chemical composition of the Q’ and Q phases are similar [24], however the stoi-
chiometry is yet to be determined. Some suggested compositions are Al3Mg9Si7Cu2
[25], Al5Mg8Si6Cu2 [14] and Al4Mg8Si7Cu2 [6]. In this study, the latter composition
will be used.
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Chapter 2. Background

2.3. Welding

Welding of aluminium is usually performed either by fusion welding or solid state weld-
ing. During fusion welding the weld is melted, whereas solid state welding only allows
heating of the weld without any melting taking place. Moreover, important methods within
fusion welding and solid state welding are Metal Inert Gas (MIG) welding and Friction Stir
Welding (FSW) respectively. As a result, these techniques are presented in the following.

2.3.1. Metal Inert Gas (MIG) welding

MIG welding, or gas metal arc welding (GMAW), is a welding method that is frequently
applied industrially and can be used to weld a vast variety of materials. The principle of
MIG welding is shown in figure 2.3 below. A consumable wire is fed continuously from
a wire feeder and act both as filler metal and electrode. When the wire touches the parent
metal an arc is established and metal is transferred. The transfer mode depends on the
current and the wire diameter. The arc and the weld pool are protected by the shielding
gas which often is an inert gas such as argon or helium.

Figure 2.3.: Figure illustrating the principles of the gas metal arc welding (GMAW) technique [16].

MIG welding can be performed in all positions and provides high welding speeds as well
as excellent oxide film removal [16]. A major problem that arises during fusion welding
of aluminium is significant softening of the alloy both in the weld, as well as in the heat
affected zone. This problem will be addressed in some further detail in section 2.3.2.
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2.3 Welding

2.3.2. Microstructure and strength evolution during MIG
welding

As already discussed in the section concerning MIG welding, fusion welding of aluminium
alloys will always cause degradation of the mechanical properties of the region in proxim-
ity of the weld, known as the heat affected zone (HAZ). This degradation can be explained
by the dissolution of the hardening precipitates β′′ and β′ [18]. Also, the weld metal itself
is melted and will upon solidification form an as-cast microstructure which is susceptible
to hot cracking [26].

Figure 2.4.: Effect of thermal cycles such as artificial ageing (AA), welding (W) and post weld heat
treatment (PWHT) on the microstructure evolution in AlMgSi alloys [18].

Changes in the microstructure, and strength of fusion welded AlMgSi alloys, were studied
by Myhr et al. [18] and Grong [22]. A simplified overview of the microstructure evolution
during artificial ageing (AA), fusion welding (W) and post weld heat treatment (PWHT)
is presented in figure 2.4.

The artificially aged alloy contains small high-density hardening precipitates (β′′) which
are distributed throughout the material. However, when subjected to high temperatures,
such as welding, the smallest particles are dissolved at the expense of the larger precipitates
which are allowed to grow (i.e. Ostwald ripening principle). This dissolution process may
start at temperatures as low as 250 ◦C [18]. However, in the region closest to the weld
all hardening precipitates are dissolved and the microstructure is said to be fully reverted.
As a result, a substantial decrease in hardness is expected in this region. However, a
small increase in hardness after welding may be observed due to effects of natural ageing.
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Chapter 2. Background

Consequently, the position of minimum strength in the HAZ is shifted to the partly reverted
region, were coarsening of hardening precipitates has taken place. As a result, a soft zone
is formed some distance from the fusion line. In fact, studies have shown that the minimum
strength in the HAZ of AA6082-T6 may be in the order of 140 MPa, whereas the strength
in the base metal is in the order of 280 MPa [27]. As a result, a strength reduction of
approximately 50 % may be expected during fusion welding of aluminium alloys.

Finally, depending on the concentration of vacancy clusters and solute in the matrix,
PWHT of the alloy may allow reprecipitation of the β′′ precipitates close to the fusion
line, which will provide some strength recovery (figure 2.4c). Figure 2.5 presents a typical
temperature profile and strength evolution through the HAZ of a MIG welded aluminium
alloy.

Figure 2.5.: Microstructure and strength evolution during GMAW. Top part of figure: Formation
of various microstructural regions after single pass butt welding of a T6 tempered alloy. Bottom
part of figure: Strength evolution across the HAZ of the plate immediately after welding and after
complete naturally ageing [22].
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2.3 Welding

2.3.3. Friction Stir Welding (FSW)

Friction stir welding (FSW), invented in 1991, is probably the most important welding
technique with respect to cold welding of aluminium. In this process a wear resistant tool
is allowed to rotate on the work piece, which plastically deforms and heats the aluminium
sheets that are to be welded (figure 2.6). By moving the probe in the direction of the joint
line, plastically deformed material will flow from the front to the rear of the probe [16].
The main advantage concerning FSW is the prevention of a fusion zone as no melting of
metal takes place, which prevents cracks in the weld metal. Instead, a thermomechanically
affected zone (TMAZ) forms which is affected both by the deformation introduced during
welding as well as frictional heat.

Figure 2.6.: Figure illustrating the principles of the friction stir welding process [16].

Moreover. the FSW technique allows dissimilar alloys, or alloys that cannot be joined
by fusion welding, to be welded. Also, FSW provides a fine grained microstructure with
improved mechanical properties compared to those obtained with fusion welding. Finally,
studies have shown that FSW results in improved corrosion resistance in welded joints
[28, 29]. The corrosion resistance of welded AlMgSi alloys will be discussed in greater
detail in section 2.7.

The friction stir weld may be divided into various sections depending on the microstructure
after welding. Moreover, an examples of such a classification is shown in figure 2.7. Such
zones include the weld nugget, the thermomechanically affected zone (TMAZ) and the
heat affected zone (HAZ).
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Chapter 2. Background

Figure 2.7.: Classification of various regions in the friction stir weld [30].

2.3.4. Microstructure and strength evolution during FSW

The main advantage associated with friction stir welds is the prevention of the as-cast
microstructure associated with MIG welds, as the temperature never exceeds the melting
point of the alloy. In fact, the maximum temperature rarely exceeds the eutectic tempera-
ture in order to prevent local melting of the alloy [31]. Nevertheless, despite the reduction
in temperature, a significant strength reduction in the HAZ is expected as indicated by
figure 2.8. In fact, the minimum strength in the HAZ of butt-welded AA6082-T6 may be
in the order of 150 MPa [31, 32]. As a result, the minimum strength in the HAZ is only
slightly improved by the use of FSW as compared to MIG welding. Also, effects of natural
ageing seen after MIG welding is normally not observed in alloys welded by FSW.

During friction welding of aluminium alloys a fine-grained microstructure is usually formed
in the centre of the weld. Such a favourable microstructure is formed due to recrystalliza-
tion processes which arises due to friction heat, as well as heat generated during plastic
deformation of the metal. Moreover, the grain size in the weld centre increases with in-
creasing peak temperature and rotation speed during welding.
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2.3 Welding

Figure 2.8.: Microstructure and strength evolution during FSW. Top part of figure: Formation of
various microstructural regions after single pass butt welding of a T6 tempered alloy. Bottom part of
figure: Strength evolution across the HAZ of the plate immediately after welding and after complete
naturally ageing [22].
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2.4. Corrosion of aluminium

AlMgSi alloys are generally expected to show excellent corrosion resistance as Mg is
incorporated in the oxide layer which acts as a stabilizing agent. However, localized
corrosion attacks such as intergranular corrosion (IGC) and pitting corrosion have been
observed in numerous alloys, particularly those containing copper [4–14, 33]. In the fol-
lowing sections these localized corrosion forms are discussed in some greater detail, and
recent studies on these topics are presented.

Section 2.5 includes studies on both IGC and pitting corrosion, however with main focus
on the former corrosion form. Moreover, section 2.6 is dedicated to pitting corrosion only,
whereas section 2.7 deals with corrosion of welded AlMgSi alloys.

2.5. Intergranular corrosion (IGC)

Intergranular corrosion (IGC) is a localized form of corrosion that arises due to potential
differences between the grain boundaries and the aluminium matrix. The potential differ-
ence develops due to precipitation of cathodic or anodic phases at the grain boundary. In
AlMgSi alloys such precipitate are often cathodic as ennobling elements Cu and Si tend
to migrate to the grain boundaries. However, precipitates may also be anodic e.g. when
Mg-rich precipitates forms, as in some weld metals. In the case of intermetallic phases
forming at the grain boundaries, a depletion region close to the grain boundary forms
which becomes active. A suggested mechanism responsible for IGC in AlMgSi(Cu) al-
loys developed by Svenningsen et al. [5], is shown in figure 2.9.

Moreover, recent examinations [4–10] suggest that copper is the element that causes the
most severe IGC attacks in AlMgSi alloys, as it tends to form continuous Cu-rich phases
at the grain boundaries (Q-phase). It should however be noted that other alloying elements
may cause susceptibility to IGC, with Si being the prime example. In fact, Si concentra-
tions in excess of what is required to form Mg2Si (i.e. Mg/Si < 1.73), has been reported
to cause susceptibility to IGC [4]. Based on the above mentioned studies, the main causes
to IGC in AlMgSi alloys can be summarized as the following:

1. Alloy contains Cu.

2. Improper thermomechanical treatment (e.g. underageing, slow cooling after extru-
sion).

3. Alloy contains excess Si beyond what is required to form Mg2Si.

4. Unfavourable microstructure (e.g. high angle grain boundaries)

It is, however, important to note that the above list is not absolute, and a range of param-
eters may effect the overall susceptibility. Some important effects that has been observed
during the last decade are presented in the following sections.
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2.5 Intergranular corrosion (IGC)

Figure 2.9.: Suggested IGC mechanism in Cu containing AlMgSi alloys. The Q-phase is a Cu-rich
cathodic precipitate with the chemical composition being Al4Mg8Si7Cu2 [5, 6]

2.5.1. Effect of chemical composition

Perhaps the most important factor with regards to IGC susceptibility is the chemical com-
position of the exposed alloy. In the following a presentation of the main alloying elements
in AlMgSi alloys are presented, and their effect on the corrosion resistance is discussed.

Cu and Si

Copper is often added to AlMgSi alloys to increase the strength of the alloy through solid
solution hardening, as well as accelerating the precipitation sequence as seen in section
2.2.1. However, as will be seen in the following, alloys that contain copper are reported to
display reduced corrosion resistance to localized corrosion and intergranular corrosion in
particular.

Mondolfo [14] first stated that alloys containing 0.3-0.4 wt % Cu or excess Si occasionally
proved susceptible to IGC. In this context the term excess silicon refers to an unbalanced
alloy containing Si beyond what is required to form Mg2Si, meaning Mg/Si ratios below
1.73 [4]. Recent examinations [4–13] reflect the importance of Cu content on the suscep-
tibility towards IGC. The above-mentioned Cu-limits, however, appear to be too high. In
fact, IGC has been observed for Cu contents as low as 0.12 wt% [10]. Despite numer-
ous studies on the effect of Cu on IGC suscpetibility over the last decades, an accurate
Cu-limit is yet to be found. This may be linked to the fact that the sensitivity to IGC is
a complex issue and several parameters need to be taken into account such as effects of
thermal history, microstructure and welding.
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Whether it is excess Si or Cu that has the greatest influence on the sensitivity to IGC,
has been given some attention in the literature. However, most studies suggest that the
Cu content of the alloy is the dominating factor. Si forms coarse precipitates at the grain
boundaries which are not as detrimental as in the case of Cu, which tends to cause knife-
line attacks [4]. Moreover, Zhan et al. [11] did not observe any correlation between the
Mg/Si ratio and the susceptibility to IGC. In fact, the sensitivity was solely controlled by
the Cu content. In this study, the Si content was fixed at 1 wt%, whereas the Mg and Cu
contents were allowed to vary. However, Si depletion around the grain boundary seems to
play a vital role in establishing active zones at the grain boundaries, which is necessary in
order to stimulate the propagation of IGC [4].

Mn and Fe

Fe forms cathodic intermetallic phases with aluminium (Al3Fe and Al6Fe) which may
cause severe attacks in the form of pitting corrosion in aluminium alloys [4, 34, 35]. This
effect may be counterbalanced by additions of Mn as it combines with iron, thus forming
less harmful AlMnFe phases [36, 34]. These phases may also combine with Si, thus
improving the resistance to IGC, as well as the corrosion resistance in general. Figure 2.10
illustrates the positive effects of Mn addition in an AlMgSi alloy containing 1.0 and 0.7
wt % of Si and Mg respectively, where the loss in strength due to corrosion is drastically
reduced with increasing Mn addditions. The figure is based on studies by Chadwick et al.
[37] reported by Mondolfo [14]. It should, however, be ntoed that the beneficial effects
from Mn additions were not observed in the absence of iron. In the study case the samples
were immersed in 3 wt% NaCl and 1 vol% HCl for 24 hours.

Figure 2.10.: Figure illustrates the corrosion rate as a function of Mn content in an AlMgSi alloy
with various Fe levels. Figure is based on studies by Chadwick et al. [37] as reported by Mondolfo
[14]. An interesting observation is the increase in corrosion rate with increasing Mn additions for
Fe-lean alloys. However, for medium and high Fe-levels the positive effects of Mn are apparent.
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2.5 Intergranular corrosion (IGC)

Finally, Mn may restrict grain boundary precipitation, thus lowering the susceptibility
towards IGC [14, 36, 37]. In fact, Mondolfo [36] stated that the corrosion resistance was
the property that was affected the most by Mn additions.

Mg

In solid solution Mg is not expected to effect the corrosion behaviour in AlMgSi alloys,
and only a minimal change in corrosion potential has been observd [38]. However, Mg
tend to combine with Al thus forming anodic intermetallic phases. The equilibrium phase
Mg2Si could also cause susceptibility to IGC, as the phase is active compared to the
surrounding Al-matrix [39–41]. However, the phase tends to become depleted in Mg and
transforms into silicon oxide which is insulating. As a result, Mg2Si precipitates does
not seem to be as detrimental as the Cu-rich Q-phase. Nevertheless, during MIG welding
of aluminium Mg-rich filler metals are often used. As a result, weld metals may prove
susceptible to IGC as anodic phases such as Al3Mg2 or Al8Mg5 may form.

Cr and Zn

Cr is reported to increase the overall corrosion behaviour in AlMgSi alloys, as it tends to
form innocuous compounds with the more harmful elements Si and Fe [39]. Additions
of Zn shifts the corrosion potential in negative (active) direction, and should consequently
oppose the detrimental effects of Cu. However, additions up to 0.5 wt% has not been
shown to provide any additional corrosion resistance [14].
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2.5.2. Effect of ageing and thermal processing

The effect of ageing on the susceptibility towards IGC is an issue that has lead to some
disagreement among scientists over the last decades. Mondolfo [14] first suggested that
the peak aged (T6) alloys were the ones that proved most vulnerable to attacks from IGC.
These observations were also reported later in a study by El-Menshawy et al. [42]. Fur-
thermore, Minoda et al. [15] found corrosion attacks 300 µm deep in a 6061-T6 alloy
containing 0.33 wt% Cu.

However, recent examinations [4, 5, 8–10] suggest that alloys that are underaged display
the highest susceptibility to IGC (figure 2.11). The susceptibility was reported to decrease
with ageing to a peak strength temper condition. As a matter of fact, majority of studies on

Figure 2.11.: Figure illustrates the mechanisms responsible for the different corrosion modes ob-
served during ageing of an AlMgSi alloy containing 0.13 wt% Cu. The mechanism suggest that a
continuous Q-phase is of vital importance in order for intergranular corrosion to be observed. [5]

the effect of ageing indicate increasing IGC resistance in peak strength alloys compared to
underaged alloys. Studies by Svenningsen et al. [5, 8–10] and Hurlen Larsen et al. [4] all
strongly indicate increasing susceptibility to IGC in underaged AlMgSi alloys, as opposed
to those which are peak aged. These findings were explained by the detrimental Cu-
film becoming discontinuous with increasing ageing time, thus reducing the driving force
for IGC formation. Figure 2.12 shows an isothermal time transformation (ITT) diagram
developed by Svenningsen et al. on the basis of numerous samples of an AlMgSi alloy
containing 0.13 wt% Cu. As can be seen from the diagram, no IGC attacks could be
observed for holding times corresponding to a peak aged sample (i.e. 185 ◦C for 5 hours).
However, for underaged samples IGC attacks were reported. For the overaged samples, on
the other hand, pitting corrosion was the dominating corrosion mode.
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2.5 Intergranular corrosion (IGC)

Figure 2.12.: Isothermal time transformation (ITT) diagram illustrating various corrosion modes
as a function of temperature and holding time (i.e. ageing time) in AlMgSi alloys. Diagram is
empirically developed by Svenningsen et al. [8].

The effect of artificial ageing on solution heat treated alloys, followed by air cooling and
water quenching are shown in figure 2.13 and 2.14 respectively. For the air cooled samples
a marked decrease in IGC attacks can be observed for increasing ageing time, until almost
no corrosion can be seen. However, overageing resulted in localized corrosion. For the
water quenched samples the attacks were observed to be even more aggressive than for
the air cooled samples, particularly in the underaged state. However, as opposed to the
air cooled samples, IGC was observed in the peak aged state, although the attacks were
greatly reduced as compared to the underaged state.
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Chapter 2. Background

Figure 2.13.: Effect of ageing time on the susceptibility to IGC in an air cooled AlMgSi alloy con-
taining 0.60, 0.55 and 0.17 wt% of Si, Mg and Cu respectively [9].

Figure 2.14.: Effect of ageing time on the susceptibility to IGC in a water quenched AlMgSi alloy
containing 0.60, 0.55 and 0.17 wt% of Si, Mg and Cu respectively [9].
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2.5 Intergranular corrosion (IGC)

2.5.3. Effect of quenching rate after extrusion

Svenningsen et al. [8–10] and Hurlen Larsen et al. [4] observed how the susceptibility to-
wards IGC was affected by quenching rate after extrusion. Figure 2.15 shows micrographs
of the alloy in naturally aged temper condition when subjected to A) air cooling and B)
water quenching. The authors concluded that the air cooled samples proved to be far more
susceptible to IGC, than those which were rapidly quenched in water. These findings were
explained by extensive precipitation of Q-phase (Al4Mg8Si7Cu2) and β-phase (Mg2Si)
on the grain boundaries in the air cooled samples, which are known to cause attacks from
IGC as already mentioned. For the water quenched samples, however, this precipitation
was limited.

Figure 2.15.: Effect of cooling rate after extrusion on the susceptibility towards IGC in an AlMgSi
alloy containing 0.60, 0.55 and 0.17 wt% of Si, Mg and Cu respectively. A) Air cooled and B) Water
quenched [9].

2.5.4. Effect of microstructure

Some studies have examined the correlation between microstructure and sensitivity to
IGC. Hurlen Larsen et al. [4] found that a fibrous microstructure proved beneficial with
respect to the corrosion resistance of the alloy. Profiles consisting of a coarse recrystal-
lized layer and fine grains mid-thickness, were characterized by IGC attacks limited to the
recrystallized layer. Another study by Minoda and Yoshida [15] showed that high angle
bondaries, typically observed in the recrystallized layer, were sensitive to IGC. Low angle
boundaries, however, proved more corrosion resistant. These findings were explained by
the fact that particle free zones (PFZ), and grain boundary precipitates, more easily form
on high angle boundaries as opposed to low angle boundaries.
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2.6. Pitting corrosion

Frankel defined pitting corrosion as “localized accelerated dissolution of metal that occurs
as a result of breakdown of the otherwise protective passive film on the metal surface” [43].
The corrosion form, and particular its propagation stage, is closely related to that observed
for crevice corrosion [44, 45]. Moreover, in aluminium alloys, pitting corrosion is strongly
related to second phase particles, such as intermetallic phases, resulting in significant local
changes in the corrosion potential. As a result, a potential difference arises which may give
rise to the growth of pits. However, the importance of these second phase particles is not
fully understood [43].

Intermetallic particles form due to low solubility of most alloying elements in aluminium.
The main precipitates that form in AlMgSi alloys are considered to be Fe intermetallics
and MgSi particle types [40]. Figure 2.16 illustrates a suggested mechanism of pitting
corrosion around a Al3Fe particle.

Figure 2.16.: Pitting corrosion around a Al3Fe particle and an oxide particle in an aluminium
alloy [46].

Park et al. [35] studied the role of Al3Fe particles in AA6061. The authors suggested
that pitting occurred as a result of alkaline dissolution of the aluminium matrix around the
particles, which transforms into acidic fast growing pits. However, this mechanism fails to
explain the observed transformation from alkaline cavities to acidic pits.

Moreover, Nisancioglu [34] observed that initially cathodic Al3Fe phases were dealloyed
on Al when sunjected to a NaOH solution. Depletion of Al from the particle was found
to be detrimental to cathodic behaviour, due to the formation of a Fe-rich protective oxide
on the surface of the particle. Moreover, enrichment of Si and Mn to the Al3Fe phase
resulted in a reduction of both the cathodic and anodic reaction rate. Moreover, according
to Eckermann et al. [40], some uncertainty exists regarding the importance of MgSi and Si
precipitates on the corrosion behaviour in AlMgSi alloys, although the particles have been
reported to active corrosion mechanisms. The authors observed that selective dissolution
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2.6 Pitting corrosion

of Mg on MgSi phases started immediately after immersion of the samples in a 1 M NaCl
solution. As a result, Si-oxides are left in the matrix which are insulating and does not
cause any corrosion to take place. However, MgSi remnants were reported to increase
the cathodic current by a factor of three which could cause corrosion, especially if other
intermeallic particles (i.e. Fe-rich phases) were inactive.

However, the effect of Cu content on pit density during the initiation stage seems to be
clear. In fact, the pit density is found to increase from 100 pits per cm−2 in AA1199 to
1000 pits cm−2 in an alloy containing 4 wt% Cu [17]. Moreover, Cu located in solid
solution is noble to the aluminium matrix and the pitting potential is reported to increase
significantly with increasing Cu content [47]. However, copper tends to form intermetallic
particles which may be both noble and active (e.g. Al2CuMg ). Moreover, Muller and
Galvele [47] observed that ageing of an Al-Cu alloy reduced the corrosion potential. In
fact, a decrease of over 100 mV was reported as can be seen in figure 2.17. In this study
ageing was done at 240 ◦C on an alloy containing 3.33 wt% Cu which was immersed in 1
M NaCl.

Figure 2.17.: Effect of ageing on pitting potential in an Al-Cu alloy containing 3.33 wt% Cu. [47].

These findings are in accordance with studies by Hurlen Larsen et al. and Svenningsen
et al. [4, 5, 8–10] presented in section 2.5.2 which suggested that overaged samples were
particular susceptible to pitting corrosion.
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The initiation stage for pitting corrosion is not fully understood despite numerous stud-
ies and suggested models [48]. However, a fundamental criteria for initiation of pitting
corrosion, is the presence of aggressive ions such as chlorides. In order to maintain elec-
tronegativity in the pit, chloride ions will start to migrate to the bottom of the pit were
Al3+ dissolves according to equation 2.4.

2Al→ 2Al3+ + 6e− (2.4)

The possible cathodic reactions are the reduction of hydrogen and oxygen according to
equation 2.5 and 2.6 respectively [46].

6H+ + 6e− → 3H2 (2.5)

3
2O2 + 3H2O + 6e− → 6OH− (2.6)

As can be seen from the above equations, the pH will increase locally as hydroxide ions
are formed and hydrogen ions are consumed. The overall reaction now becomes (eq. 2.7):

2Al + 3H2O + 3
2O2 → 2Al(OH)3 (2.7)

Furthermore, hydrolysis of the dissolved aluminium ions will occur according to equation
2.8.

Al3+ + 3H2O → Al(OH)3 + 3H+ (2.8)

The corrosion productAl(OH)3 is a white substance which is easily detected by the naked
eye. Some common phases observed in aluminium alloys and their dissolution potential is
shown in figure 2.18.
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2.6 Pitting corrosion

Figure 2.18.: Dissolution potential of solid solution and some common intermetallic phases ob-
served in aluminium alloys [46].

Bardal [49] reported how the depth of pits in AlSiMg alloys developed with time when
exposed to artificial sea water, and the results are shown in figure 2.19. Moreover, it was
found that the depth of the pits could be described by the following relation:

d = Kt1/3 (2.9)

In the above equation d is the depth of the growth given in micrometers and t is the expo-
sure time given in months. The constant K depends on parameters such as type of alloy,
exposed area and environment. However, it should be noted that equation 2.9 is not always
valid, and the exponent may deviate from 1/3 particularly during the initiation phase.
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Chapter 2. Background

Figure 2.19.: Maximum pit depth as a function of exposure time for some selected alloys [49].
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2.7 Corrosion of welded AlMgSi-alloys

2.7. Corrosion of welded AlMgSi-alloys

The corrosion properties of welded AlMgSi alloys is an issue that has been given some at-
tention only during the very last couple of years, and most studies are carried out within the
last decade. Such a study was done by Ruan et al. [50] where the corrosion behaviour of
robotic MIG-welded AA6082-T6 was examined. The filler wire used was ER5356 which
contained 4.88 wt% magnesium. The authors found pitting corrosion both on the base
material and the weld seam. However, uniform corrosion was observed on the weld seam
as well as some grain boundary corrosion. This corrosion behaviour was not observed on
the base metal. In conclusion, the base material displayed improved corrosion resistance
as compared to the weld seam.

Majority of studies on corrosion of welded aluminium profiles have, however, been con-
cerned with alloys welded by solid state processes such as friction stir welding (FSW).
Monetta et al. [51] studied the effect of welding parameters on the corrosion behaviour
of friction stir welded AA6056 from a T781 starting temper. It was found that a lower
welding speed provided the highest corrosion resistance. As for the above-mentioned case
study by Ruan et al., the dominant corrosion mode was reported to be pitting, however,
grain boundary corrosion was also observed. An interesting observation was made by the
authors in this study, as they observed that intergranular corrosion was always accompa-
nied with pitting attacks. Finally IGC was observed both on the surface of the samples as
well as inside the pits. However, what should be noted in this study is the Cu content of
the test samples being as high as 0.96 wt %.

Moreover, in a study by Fahimpour et al. [29], welding of AA6061-T6 containing 0.19
wt% Cu was done both by FSW, as well as by gas tungsten arc welding (GTAW) . In
other words a comparison was done between a solid state welding method (FSW) and
one involving a fusion zone (GTAW). For the profiles welded using GTAW a filler wire
containing 5 wt% Si was used (AA4043). For both welding methods the most aggressive
corrosion attacks were found in the welded section. Moreover, it was concluded that FSW
provided improved corrosion resistance as compared to GTAW. Finally, heat treatment of
the welded region to a T6 temper condition provided improved corrosion resistance. In
fact, the corrosion resistance was in some cases found to be higher than in the base metal.

Another comparison of the corrosion behaviour between GTAW and FSW of an AlMgSi
alloy was made by Maggiolino and Schmid [28]. The authors found that the corrosion
resistance was reduced in the welded region, however, the samples welded using GTAW
were found to be more susceptible to localized corrosion attacks as seen in figure 2.20.
Moreover, heat treatment of the welded samples to a T6 temper condition (i.e. PWHT)
shifted the corrosion potential in a positive direction. This effect was found to be pro-
nounced in the welded region compared to the base metal as shown in figure 2.21.

1The T78 temper condition involved solution heat treatment at 550 ◦C followed by air cooling to room tem-
perature. Furthermore, after welding, the alloy were heat treated at 175 ◦C for 6 hours and 13 hours at 190
◦C.
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Chapter 2. Background

Figure 2.20.: Polarization curves for samples welded by GTAW (TIG in figure) and FSW in addition
to the base metal [29].

Figure 2.21.: Polarization curves for T6-samples welded by GTAW (TIG in figure) and FSW in
addition to the base metal [29].
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2.7 Corrosion of welded AlMgSi-alloys

2.7.1. Effect of filler wire

A study by Metwally and Mosalam (1996) [26] compared the corrosion resistance of two
Mg-rich filler alloys (AA5356 and AA5183) and a Si-rich filler alloy (AA4043). In this
study the authors found that the Mg-rich filler alloys proved to be more susceptible to
IGC than the Si-rich filler alloy. These findings were explained by the formation of active
Mg2Al3 phases along the grain boundaries. For the Si-rich alloy, on the other hand, the
corrosion resistance was found to be superior compared to the Mg-rich filler metals.
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3 | Experimental

3.1. Alloys

In this study four different variants of aluminium alloy AA6082 has been subjected to an
accelerated IGC test and a Cyclic Acidified Synthetic Sea Water (Fog) Test (SWAAT). The
chemical compositions of the alloys are given in table 3.1.

Table 3.1.: Chemical composition of the alloys examined in this study along with the Mg/Si ratio.
All the compositions are given in wt%. Elements with concentrations lower than 0.001 wt% are not
listed.

6082-X 6082-A 6082-B 6082-C

Si 1.04 0.96 0.95 1.00
Mg 0.64 0.66 0.65 0.68
Mn 0.53 0.56 0.57 0.59
Fe 0.21 0.27 0.27 0.28
Cu 0.002 0.001 0.10 0.60
Cr 0.00 0.16 0.16 0.16
Ti 0.01 0.01 0.01 0.01
Ga 0.01 0.01 0.01 0.01
B 0.002 0.002 0.002 0.003
V 0.010 0.002 0.002 0.002
Al Bal Bal Bal Bal
Mg/Si 0.62 0.69 0.68 0.68

All samples are extruded products with thickness of 2 mm for alloys 6082-A, 6082-B and
6082-C, and 3 mm for alloy 6082-X.
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3.2. Process route

In the following a presentation of the history of the as-received profiles is presented. This
includes casting, homogenisation, extrusion and finally artificial ageing for selected sam-
ples.

3.2.1. Casting and homogenization

The received alloys were direct chill (DC) cast at Hydro Research and Technology Devel-
opment (RTD) centre located at Sunndalsøra, producing billets with diameters of 203 mm
and lengths of 3.25 meters. Furthermore, the billets were homogenized by heating to 580
◦C with a heating rate of 200 ◦C / h. After holding for two hours the alloys were cooled
to room temperature with a cooling rate of 300-350 ◦C / h.

3.2.2. Extrusion

Extrusion was performed separately for alloy 6082-X and alloys 6082-A, 6082-B and
6082-C. As a result, a separate characterization is presented in the following.

Alloy 6082-X

Extrusion of alloy 6082-X was performed at Hydro Aluminium Profiler at Raufoss indus-
trial plant producing profiles 205 mm wide with a thickness of 3 mm. The billet temper-
ature was 515 ◦C and the extrusion velocity was 5-6 m/min. The extruded profiles were
first spray-cooled until a temperature of 360 ◦C was reached, followed by cooling in room
temperature with a cooling rate of 200 ◦C/h. The extrusion step was followed by solu-
tion heat treatment of the profiles in lab furnaces at 540 ◦C for 30 minutes, followed by
quenching in water.

Alloys 6082-A, 6082-B and 6082-C

Extrusion of alloys 6082-A, 6082-B and 6082-C were done at SINTEF Materials and
Chemistry at NTNU, Trondheim by the use of a 800 ton hydraulic press and induction
heating coils. Prior to extrusion the billets were preheated to 410 ◦C. The extrusion step
was performed at velocities of approximately 4 mm/s, producing profiles 40 mm wide
with thickness of approximately 2 mm. The extrusion step was followed by solution heat
treatment in lab furnaces at 530 ◦C for 15 minutes, followed by quenching in water.
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3.2.3. Artificial ageing

All alloys had been stored for approximately fours years before artificial ageing was per-
formed. As a result, contributions from naturally ageing is considered to be substantial.
Nevertheless, artificial ageing was performed on selected samples of all alloys. However,
satisfactory results were only obtained for alloy 6082-X. This issue is discussed in fur-
ther detail in section 5.1. All samples subjected to artificial ageing were aged directly
from their naturally aged condition (T1). All of the profiles that were friction stir welded
were artificially aged prior to the welding cycle. However MIG welding, as well as weld
simulation, were performed both on artificially aged and naturally aged profiles.

Artificial ageing was done by the use of air circulations furnaces at SINTEF Materials and
Chemistry, Trondheim. The profiles were heated to 185 ◦C by a heating rate of 200 ◦C/h
and held at this temperature for 5 hours, before being air cooled to room temperature. The
measured temperature profile during artificial ageing of ally 6082-X is shown in figure 3.1
below. Thermocouples (type K) were placed both in the middle of the furnace between
two plates (blue line), and at the top of all the profiles (red line). As can be seen, the
heating rate was found to be slightly lower between the profiles as compared to the top
part of the furnace.

Figure 3.1.: Temperature profile during artificial ageing of alloy 6082-X. Two thermocouples were
used to monitor the temperature, one between two plates in the middle (blue line) and another at the
top part of the profiles (red line).
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3.3. Welding

In this study the effects of fusion welding (MIG), friction stir welding (FSW) and weld
simulation have been investigated. MIG welding and FSW were only performed on alloy
6082-X, whereas weld simulation was done on all alloys.

3.3.1. MIG welding

Robotic MIG welding was performed on alloy 6082-X from T6 and T1 starting tempers
on profiles measuring 0.3 x 20 x 40 cm at SINTEF Materials and Chemistry at NTNU,
Trondheim. The filler wire used was AA5183 with chemical composition shown in table
3.2.

Table 3.2.: Chemical composition of the filler wire used during MIG welding of alloy 6082-X [52].
All compositions are given in wt%.

Filler wire Si Mg Mn Fe Cu Cr Ti Zn Al

AA5183 0.4 4.8 0.8 <0.40 <0.10 0.15 <0.15 <0.25 Bal

Prior to the welding cycle, the profiles to be welded very heavily clamped which resulted
in thermal stresses in the as-welded condition. Moreover, a stainless steel backing plate
was used for all welding experiments. Finally, the oxide layer close to the weld joint was
mechanically removed prior to welding. Main welding parameters are presented in table
3.3 below.

Table 3.3.: Selected welding parameters.

Parameter Value

Filler wire AA5183
Shielding gas 4.6 Ar
Heat input 0.10 kJ/mm2

Welding speed 10 mm/s
Plate gap 1 mm
Plate thickness 3 mm
Mean current 165-170 A
Potential 22 V
Push angle ∼ 15 ◦
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3.3.2. Friction Stir Welding

Friction stir welding was performed on alloy 6082-X from a T6 starting temper on pro-
files measuring 0.3 x 20 x 100 cm. The welding was performed at Marine Aluminium
AS, Husøy according to standard practice at the facility. However, due to confidentiality
reasons, no further details are presented.

3.4. Weld simulation

In order to simulate a fusion welding technique, such as MIG welding, weld simulation
was performed. Such simulation should ideally reflect the temperature profile and mi-
crostructural changes during fusion welding, with exception of the fusion zone itself as no
melting of the material occurs.

Weld simulations were performed at Hydro R&D Center located at Sunndalsøra by the
use of a Gleeble 3500 thermal system. The geometry of samples and placement of the
thermocouple are shown in figure 3.2. Weld simulation was carried out on samples 6082-
A, 6082-B and 6082-C from T1 starting tempers. For alloy 6082-X weld simulation was
performed for both T1 and T6 starting tempers.

Figure 3.2.: Figure shows the geometry of samples and the placement of thermocouple for weld
simulations. Note that the direction of extrusion and plate thickness were different for alloy 6082-X
(upper figure) as compared to alloys 6082-A, 6082-B and 6082-C (lower figure). All the measure-
ments are given in millimetres.
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The specimens were heated by the direct resistance heating (the Joule effect), which in-
volves heating the alloys by passing a direct current through two clamps at each side of the
aluminium sample. The heating rate was set to approximately 100 ◦C/s. Moreover, the
temperature, and hence the current flowing, was monitored by a spot welded K-type ther-
mocouple placed 14 mm from the centre line. A placement of 14 mm from the centre line
was chosen in order to observe the temperature evolution in the heat affected zone. Water
cooled aluminium jaws at each side allowed efficient extraction of heat from the samples
to occur, which caused the temperature profile to be parabolic as seen in figure 3.4. In
addition, Cu wedges were used in order to allow heat to be extracted more efficiently. The
experimental set-up for weld simulation of the samples is illustrated in figure 3.3.

Figure 3.3.: Experimental set-up of the Gleeble weld simulation station. Figure is not to scale.

In order to calibrate the Gleeble machine, thermocouples were initially placed at positions
of -20, -14, 0 and +20 mm from the centre of the specimen. The resulting peak temperature
profile as a function of distance from the centre line is shown in figure 3.4. The chosen
thermal profile allowed the centre of the specimen to be heated to approximately 560 ◦C
for 2 seconds, before undergoing controlled cooling. The peak temperature was chosen in
order to get a temperature profile through the HAZ which could correlate to ordinary fusion
welding of AlMgSi alloys. However, in order to avoid local melting of the alloy, no higher
temperatures were attempted. As can be seen, the profile is not completely symmetric due
to uneven extraction of heat from the cooling jaws during the weld simulation cycle.
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Figure 3.4.: Peak temperature profile for the specimens subjected to weld simulation. Note the
asymmetry of the profile due to dissimilarities in the cooling capability of the two cooling jaws
causing uneven extraction of heat. During weld simulation a thermocouple was placed at position
-14 mm from the centre line.

Moreover, as can be seen from figure 3.4, the temperature gradient was found to be slightly
more shallow for alloy 6082-X as compared to alloys 6082-A, 6082-B and 6082-C. This
observation is probably linked to the thickness of alloy 6082-X being 3 mm, as opposed to
2 mm for the three other alloys. Also, alloy 6082-X was cut perpendicular to the direction
of extrusion in contrast to the three other alloys which were cut parallel to the direction of
extrusion.

Figure 3.5 shows the temperature profile during weld simulation of alloy 6082-A at a
distance of -14 mm from the centre line (i.e. the heat affected zone) corresponding to the
position of the thermocouple. As all the profiles proved almost identical, except small
variations in peak temperatures, only one of the profiles are presented in this section.
All temperature profiles can be found in appendix C. The observed peak temperatures
were just below 520 ◦C for most of the samples. Furthermore, as the position of the
thermocouple was -14 mm from the centre line, a higher peak temperature is expected at
the centre line as shown in figure 3.4.
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Figure 3.5.: Temperature profile during weld simulation of alloy 6082-A from T1 starting temper.
Note the position of the profile being located -14 mm from the centre line (i.e. in the heat affected
zone).

Table 3.4 gives the peak temperature at position of -14 mm from the centre line. As can be
seen from the table, the peak temperature for alloy 6082-X was found to be slightly lower
than for alloys 6082-A, 6082-B and 6082-C as already mentioned and shown in figure 3.4.

Table 3.4.: Peak temperatures at position of -14 mm from centre line during weld simulation. Temper
refers to the initial temper condition prior to weld simulation.

Alloy Temper T−14 mm
peak ( ◦C) Thickness (mm)

6082-X T1 506.9 3
6082-X T6 513.5 3
6082-A T1 517.6 2
6082-B T1 517.0 2
6082-C T1 517.0 2
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3.5. Post weld heat treatment (PWHT)

Post weld heat treatment was performed on samples subjected to weld simulation in addi-
tion to profiles welded by FSW. The heat treatment procedure was similar as to the ageing
step (section 3.2.3), and was done by the use of air circulations furnaces at SINTEF Ma-
terials and Chemistry, Trondheim. The profiles were heated to 185 ◦C by a heating rate
of 200 ◦C / h and held at this temperature for 5 hours, before being air cooled to room
temperature.

3.6. Microstructure characterisation

Microstructure analysis was performed both in optical microscope and scanning electron
microscope (SEM). Both analysis methods followed the same preparation method as de-
scribed in section 3.6.1. Finally, hardness measurements across the welded section were
done on all alloys.

3.6.1. Sample preparation

Samples were prepared by a series of steps. First, samples were cut to approximately
30x40 mm sections, by the use of a water cooled Discotom cutting tool, followed by
cold mounting in a ClaroCit resin. The mounted samples were then ground by the use of
water proof SiC grinding papers with increasing fineness. Grinding papers used were in
accordance with FEPA (Federation of European Abrasive Products) “P” Standard 43-GB
[53]. Papers used were P500, P800, P1000, P2400 and P4000 presented in chronological
order. During grinding, water was used as lubricant.

Grinding was followed by polishing of the samples by the use of 3-1 µm polishing disks,
with DiaPro Mol and OP-S suspensions respectively.

In between each grinding and polishing step, all samples were rinsed in soap water and
ethanol. Moreover, for both grinding and polishing, a sample holder and a Struers modular
rotating preparation systems was used.

3.6.2. Optical microscope

Analysis in optical microscope was done by the use of a Leica MeF4 optical microscope
and a Jenoptik Laser Optik System camera type ProgRes C10 plus. The location of the
sections that have been examined in optical microscope after corrosion testing is shown
in figure 3.6. It should be noted that alloy 6082-X were examined perpendicular to the
direction of extrusion, whereas alloys 6082-A, 6082-B and 6082-C were studied parallel
to the direction of extrusion
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Figure 3.6.: Location of the sections that have been examined in optical microscope after corrosion
testing. A) Alloy 6082-X and B) alloys 6082-A, 6082-B and 6082-C.

3.6.3. Anodising

Anodising was performed on selected samples in order to examine the grain orientation
and moreover the extent of the recrystallized layer after extrusion. The process involved
immersion of selected samples either in an electrolyte containing 2% HF , 2% HBF4,
48 % ethanol and 48 % H2O by volume, or an electrolyte containing 5% HBF4 and
95 % H2O by volume. Both electrolytes produced similar results. The potential and
current was set to 20 V and 1 A respectively. Moreover, the required immersion time
was found to vary for the individual samples, however a holding time of approximately 90
seconds was found to provide satisfactory results for most variants. Finally, all samples
were immediately washed in water and ethanol after immersion and then air dried.

3.6.4. Hardness measurements

Vickers hardness (HV) measurements were taken on all samples prior to any corrosion
testing. For the samples that were subjected to weld simulation and FSW, hardness mea-
surements were made by a Matsuzawa DVK-1S hardness tester and the applied load and
loading time were 5 kg and 15 seconds respectively. For samples that were subjected to
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MIG welding, a Struers Duramin-A2500 hardness tester was used with the applied load
and loading time being 1 kg and 30 seconds respectively.

3.6.5. Grain boundary microstructure

Grain boundary precipitates were analysed in a Zeiss Supra 55 VP Low Vacuum Field
Emission Scanning Electron Microscope (LV-FESEM) with main operating parameters
presented in table 3.5. In order to identify the various phases possibly being responsible
for localized corrosion, energy dispersive spectroscopy (EDS) analyses were carried out
on selected particles.

Table 3.5.: Operating parameters during particle analysis in LV FESEM.

Parameter Value

Detectors Backscatter (AsB), secondary (SE2)
Acc. voltage 10-20 kV
Working distance 8-9 mm
Current 103 µA
Aperture radius 120 µm

Moreover, in order to minimize selective dissolution of Mg during sample preparation,
samples were occasionally prepared without water nor suspension liquids. Instead, ethanol
and 1-3 µm diamond sprays were used. In this way, Mg-rich phases could more easily be
observed during EDS analysis.

3.7. Intergranular corrosion test

When testing for IGC an accelerated corrosion test adapted from the British standard BS
11846 method B was used [54]. Following this procedure the samples were first rinsed in
acetone and ethanol, followed by alkaline etching in a 7.5 % NaOH solution at 55-60 ◦C
for 3-4 minutes. The samples were then immersed in 65 % nitric acid (HNO3) for 2
minutes followed by rinsing in water. The accelerated test itself consisted of immersion of
the samples in an aqueous solution containing 1 vol% 10 M HCl and 3 wt% NaCl for 24
hours at ambient temperature and pressure, which resulted in a pH of approximately 1.0.
After the corrosion test, the sample were immersed in the nitric acid solution once again
followed by rinsing in water. In order to measure any weight loss due to corrosion, the
samples were weighed both before and after the IGC test.

An overview of the samples that were tested for IGC is shown in table 3.6. Moreover, the
experimental set-up for the IGC test is shown in figure 3.7 below. Alloys were separated
during immersion thus preventing metallic contact of the samples. Also, to maintain the
aggressive nature of the electrolyte throughout the test, all beakers were filled with at least
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Table 3.6.: Overview of samples tested for IGC. Temper refers to the initial temper condition prior
to any thermal cycle. X = IGC tested, WS = Weld simulated, PWHT = Post weld heat treatment,
MIG = Metal inert gas welded, FSW = Friction stir welded.

Alloy Temper WS WS MIG FSW FSW
+PWHT +PWHT

6082-X T1 x x x - -
T6 - - x x x

6082-A T1 x x - - -

6082-B T1 x x - - -

6082-C T1 x x - - -

2 litres of electrolyte. Finally, pH measurements were made to ensure that the aggressive
nature of the electrolyte was maintained.

Figure 3.7.: Experimental set-up for the IGC test of weld simulated samples as well as samples
subjected to FSW and MIG welding

3.8. SWAAT test

Cyclic Acidified Synthetic Sea Water (Fog) Testing (SWAAT) of weld simulated samples,
as well as samples subjected to FSW and MIG welding, was performed at Sør-Trøndelag
University College (HiST) by Ane Thorvaldsen [55]. Moreover, SWAAT testing was orig-
inally planned to be performed on samples from T6 starting tempers only. However, due to
improper heat treatment of as-recievied alloys, as discussed in section 3.2.3, alloys 6082-
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A, 6082-B and 6082-C where tested from a T1 starting temper. Alloy 6082-X, on the other
hand, displayed expected hardness values and was tested from a T6 starting temper.

SWAAT testing followed ASTM standard G85 - 11 (Annex A3), which is a standard prac-
tice for acidified synthetic sea water (fog) testing [56]. Moreover, the electrolyte was
prepared as described in ASTM standard D1141-98 [57]. Following this standard, two
different stock salt solutions were prepared as shown in table 3.7 below.

Table 3.7.: Composition of stock salt solutions prepared for the SWAAT test according to ASTM
standard D1141-98 [57].

Stock no. Salt Amount(g)

1
MgCl2 · 6H2O 2778.0
CaCl2 289.5
SrCl2 · 6H2O 10.5

2

KCl 347.5
NaHCO3 100.5
KBr 50.0
H3BO3 13.5
NaF 1.5

Stock solution 1 and 2 was prepared by mixing the listed salts and amounts with 5 litres of
deionized water. Moreover, the beaker with solutions were immersed in a heated salt bath
to ensure dissolution of the salts. Moreover, the SWAAT electrolyte itself was prepared by
mixing 500 ml of stock solution 1 with 250 ml of stock solution 2 in a 25 litre container.
Thereafter, 613.35 gNaCl and 102.35 gNa2SO4 were added to the solution. The volume
of the mixture was increased to 24 litres by adding deionized water. Moreover, the pH was
adjusted to 2.8-3.0 by adding 180 ml of water free acetic acid. The total volume of the
mixture was then increased to 25 litres by further additions of deionized water. Finally, two
portions of the above-mentioned solution à 50 litres were added to the SWAAT chamber,
resulting in a total electrolyte volume of 100 litres.

Also according to ASTM standard G85 - 11, the fog rate should be in the range of 1.0
to 2.0 ml/h per 80 cm2 of horizontal collection area [56]. In order to ensure that these
requirements were met, a 24 hour spray test were performed and the fog rate was measured
to 1.7375 mL/h, which is acceptable. Finally, in order to ensure consistent supply of
electrolyte to the SWAAT chamber, the salt concentration was measured on a daily basis.
Also, pH measurements were made regularly. A complete inspection form during SWAAT
testing of samples is presented in appendix A.

Furthermore, the duration of the test was set to 25 days for samples subjected to MIG
welding and weld simulation. However, due to delays during friction welding of alloy
6082-X, FSW variants were only subjected to SWAAT testing for 15 days. An overview
of the SWAAT tested samples is given in table 3.8. Finally, macro images of alloy 6082-X
/ T6 during SWAAT testing are shown in figure 3.8.
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3.8 SWAAT test

Table 3.8.: Overview of SWAAT-tested samples. Temper refers to the initial temper condition prior
to any thermal cycle. X = SWAAT tested, WS = Weld simulated, PWHT = Post weld heat treatment,
MIG = Metal inert gas welded, FSW = Friction stir welded.

Alloy Temper WS WS MIG FSW FSW
+PWHT +PWHT

6082-X T6 - x x - x

6082-A T1 - x - - -

6082-B T1 - x - - -

6082-C T1 - x - - -

Figure 3.8.: Experimental set-up for the SWAAT test of weld simulated samples as well as samples
subjected to FSW and MIG welding. A) Overview of the chamber, B) Weld simulated 6082-X / T6
and C) MIG welded 6082-X / T6.
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3.8.1. Pit measurements

Measurements of pits after SWAAT testing were done on those visible by the naked eye.
Moreover, pit density was measured on a macro scale, whereas pit depth and diameter was
measured by the use of optical microscope. Analysis were done on sections measuring
50x40 mm according to figure 3.9. It should be noted that measurements were taken only
at one side of the centre line. All measurements were done in the extrusion plane.

Figure 3.9.: Figure illustrating sections measuring 50x40 mm were pit analysis were done. Mea-
surements were taken in the extrusion plane at one side of the centre line/ weld only.

3.9. Potential measurements

In order to observe the corrosion behaviour as a function of distance from the fusion zone,
the open circuit potential (OCP) was measured for MIG welded 6082-X / T6. In this
experiment four different regions were tested including the fusion zone, the region close
to the fusion line, the heat affected zone and the base material. The location of the four
different sections that were tested are shown in figure 3.10 numbered 1-4. In all cases
the exposed area was fixed at 30 mm2 and any redundant area was coated. Due to the
unstable nature of the OCP for most aluminium alloys, measurements were taken for at
least 12 hours in order to obtain steady-state and stable measurements.

The experimental set-up consisted of a potentiostat with a saturated calomel reference
electrode and a platinum counter electrode. The electrolyte used was equivalent to the one
used during the SWAAT testing as described in section 3.8. Prior to any measurements the
samples were rinsed in acetone and surfaces were lightly ground.
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3.10 Electrical conductivity measurements

Figure 3.10.: Location of samples where potential measurements were done. All measurements
presented in the figure are given in millimetres.

3.10. Electrical conductivity measurements

In order to determine the amount of alloying elements in solid solution, and hence the
susceptibility to pitting corrosion, electrical conductivity measurements were made in the
weld, the HAZ and the base metal. The electrical conductivities were determined by ap-
plying a Foerster Sigmascope 2.069. The instrument was calibrated before any readings
were taken, and the frequency was set to 120 kHz. The diameter of the probe used was
measured to be 7 mm. Samples were ground and polished prior to the measurements in
order to a obtain a flat surface profile.
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4 | Results

4.1. Material characterization

Prior to corrosion testing a material characterization of the as-received test materials was
performed. The characterization included macro and micro analysis, as well as exam-
inations of intermetallic phases and electrical conductivity measurements and hardness
measurements. Such analyses were done both for the welded section, the heat affected
zone and the base material.

4.1.1. Weld seam

Figure 4.1 shows the weld seam of alloy 6082-X welded by both FSW (A,B) and MIG
welding (C,D) techniques. As seen by the figure, the weld seam for the MIG welded
samples were covered by a dark oxide layer, possibly MgO. However, prior to corrosion
testing this layer was removed by alkaline etching (section 3.7). Also, for the samples
welded by FSW the characteristic “keyhole” could easily be observed which represents
the point of initiation for the FSW process.

45



4.1 Material characterization

Figure 4.1.: Macro images of weld seams after FSW and MIG welding of alloy 6082-X / T6 prior
to corrosion testing. A) weld seam after FSW, B) weld initiation point for the FSW process often
referred to as the “keyhole”, C) weld seam after MIG welding (note the pronounced dark oxide
layer) and D) weld initiation point after MIG welding.

4.1.2. Microstructures

Optical micrographs and LV-FESEM micrographs of alloys 6082-X, 6082-A, 6082-B and
6082-C are shown in figure 4.2 through 4.8. What should be noted from the optical micro-
graphs is the extent of the recrystallized layer being around 200 µm in 6082-X, and almost
non-existing in alloys 6082-A, 6082-B and 6082-C. As seen in section 2.5.4, the extent of
the recrystallized layer may play a crucial role when the susceptibility towards IGC is to
be determined.
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Alloy 6082-X

The microstructure of the base material in alloy 6082-X both parallel and perpendicular to
the direction of extrusion are presented in figure 4.2. The microstructure consists of a thin
recrystallized layer with a thickness of approximately 200 µm, and a bulk region with a
fibrous microstructure due to extrusion. Moreover, figure 4.3 presents micrographs of the

Figure 4.2.: Micrographs of the base metal in alloy 6082-X parallel to the direction of extrusion (A)
and perpendicular to the direction of extrusion (B).

welded section in alloy 6082-X after FSW (A,B) and MIG welding (C,D). Note the as-cast
structure in the weld metal for the MIG welded alloy and the thermo-mechanically affected
zone (TMAZ) for the FSW sample. Moreover, the recrystallized layer in the heat affected
zone appears to vary depending on the welding technique. From the figure the layer is
observed to be thicker for the samples welded by FSW as compared to MIG welding. In
fact, examinations reveal that the extent of the recrystallized layer for the samples welded
by FSW is approximately 250 µm, as opposed to 140 µm for the MIG welded samples.

Figure 4.4 shows LV-FESEM micrographs of alloy 6082-X across the welded section
(A,B) and the base material (C,D). In the welded section, the characteristic as-cast mi-
crostructure is observed, whereas a combination of equiaxed and elongated grains is ob-
served for the base metal. Figure 4.4B shows the boundary region between the fusion line
and the heat affected zone. In the heat affected zone close to the fusion line rather large
equiaxed grains ( 10 µm) are observed, as opposed to the smaller elongated grains in the
base metal. Finally, figure 4.5 shows LV-FESEM micrographs of alloy 6082-X across the
friction stir welded section. As can be seen from the figure, no significant variation in
the microstructure can be seen. However, the grain structure in the TMAZ appears more
equiaxed in nature, as compared to the more elongated grains in the base metal.
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4.1 Material characterization

Figure 4.3.: Micrographs of the welded section in alloy 6082-X after FSW (top) and MIG welding
(bottom) from T6 starting tempers. After FSW: A) Weld nugget, thermomechanically affected zone
(TMAZ) and heat affected zone (HAZ) and B) HAZ. After MIG: C) Fusion zone and D) HAZ. All
micrographs are taken perpendicular to the direction of extrusion.
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Figure 4.4.: LV-FESEM secondary electron micrographs of alloy 6082-X across the welded section
and the base material after MIG welding. A) Weld metal, B) Fusion zone, fusion line, HAZ C)
and D) base material. All micrographs are cross sectional images perpendicular to the direction of
extrusion.
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Figure 4.5.: LV-FESEM secondary electron micrographs of alloy 6082-X across the welded section
and the base material after FSW. A) Weld nugget, B) HAZ, C) and D) base material. All micrographs
are cross sectional images perpendicular to the direction of extrusion.
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Alloy 6082-A

Optical micrographs of the base material of alloy 6082-A both parallel and perpendicular
to the direction of extrusion can be seen in figure 4.6A and B. The material is characterized
a by completely deformed bulk region displaying a fibrous microstructure, and no recrys-
tallized layer can be observed. Finally, LV-FESEM micrographs of the alloy are shown in
figures 4.6C and D where small equiaxed grains (sub grains) may be observed, in addition
to a high density of intermetallic particles.

Figure 4.6.: Upper: Micrographs of the base metal in alloy 6082-A parallel to the direction of
extrusion (A) and perpendicular to the direction of extrusion (B). Lower: LV-FESEM micrographs
of the as-extruded microstructure parallel to direction of extrusion (C,D).
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Alloy 6082-B

Figure 4.7A and B shows optical micrographs of the base material of alloy 6082-B both
parallel and perpendicular to the direction of extrusion. The microstructrue is found to
prove very similar to the one observed in alloy 6082-A and the recrystallized layer is
completely absent. However, the fibrous microstructure is perhaps not as easily observed
as in the case of alloys 6082-A and 6082-X. LV-FESEM micrographs of the alloy are
shown in figure 4.6C and D. As for alloy 6082-A, small equiaxed grains (sub grains) may
be seen in addition to a high density of intermetallic particles.

Figure 4.7.: Upper: Micrographs of the base metal in alloy 6082-B parallel to the direction of
extrusion (A) and perpendicular to the direction of extrusion (B). Lower: LV-FESEM secondary
electron micrographs of the as-extruded microstructure parallel to direction of extrusion (C,D).
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Alloy 6082-C

Optical micrographs of the base material of alloy 6082-C both parallel and perpendicular
to the direction of extrusion can be seen in figure 4.8A and B. However, as for alloys 6082-
A and 6082-B no recrystallized layer was observed. Finally, LV-FESEM micrographs of
the alloy are shown in figure 4.6C and D. As for alloys 6082-A and 6082-B, small equiaxed
grains (sub grains) may be seen in addition to a high density of intermetallic particles

Figure 4.8.: Upper: Micrographs of the base metal in alloy 6082-C parallel to the direction of
extrusion (A) and perpendicular to the direction of extrusion (B). Lower: LV-FESEM secondary
electron micrographs of the as-extruded microstructure parallel to direction of extrusion (C,D).
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4.2. Hardness profiles

Measured hardness values of the base material for the four alloys considered in this study
are presented in table 4.1 below. Alloys 6082-A, 6082-B and 6082-C were also delivered in
a T6 temper condition. However, hardness measurements revealed that the desired strength
level was not met. In fact, hardness measurements were found to be almost identical to the
samples in T1 temper condition. As a result, all received samples of alloy 6082-A, 6082-B
and 6082-C are considered to possess a T1 temper condition. This issue is discussed in
further detail in section 5.1. Alloy 6082-X, on the other hand, displayed expected hardness
values for both temper condition.

Table 4.1.: Hardness values and the corresponding standard deviation for the base material of the
four alloys considered in this study.

Alloy Temper Hardness (HV5) Standard Deviation

6082-X T1 78.4 2.5
6082-X T6 100.5 2.0
6082-A T1 53.3 0.8
6082-B T1 54.7 0.4
6082-C T1 61 1.6
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4.2.1. Samples subjected to FSW and MIG welding

Hardness profiles of MIG welded 6082-X in T6 and T1 temper condition are shown in
figure 4.9. As can be seen, both temper conditions displayed minimum hardness values of
64 HV in the HAZ. The extent of the HAZ is estimated to be approximately 20 mm and
25 mm for the T6 and T1 temper condition respectively.

Figure 4.9.: Hardness profiles across the welded section of MIG welded AA6082-T6 and AA6082-
T1. Measurements taken along the plane perpendicular to the direction of extrusion. Heat input
(q/vd) was maintained at 0.10 kJ/mm2.

Hardness profiles of 6082-X subjected to FSW and FSW with subsequent post weld heat
treatment (PWHT) from T6 starting tempers are shown in figure 4.10. Prior to PWHT a
minimum hardness value of 65 HV was observed in the HAZ for the friction welded alloy.
As a result, despite the extent of the HAZ being greatly reduced by the FSW technique, as
compared to MIG welding, the minimum strength in the HAZ was not improved. However,
PWHT resulted in the minimum strength level in the HAZ being increased to 81 HV for
the samples welded by FSW. Post weld heat treatment was not performed on MIG welded
samples.
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Figure 4.10.: Hardness profiles of 6082-X subjected to FSW and FSW with subsequent post weld
heat treatment (PWHT) from T6 starting tempers. Measurements taken along the plane perpendicu-
lar to the direction of extrusion.

Also, as can be seen from the figure, the hardness in the base metal of the T6-FSW sample
is found to be approximately 90 HV, as opposed to 100 HV for the T6-MIG sample. As a
result, some overageing has taken place during artificial ageing of the FSW profiles. More-
over, by performing PWHT on the T6-FSW samples the hardness in the base metal was
observed to be reduced even further, although the variation was small. Finally, some soft
zones may be observed for the T6-FSW variants which may be regions were precipitation
of hardening particles has been limited. However, with subsequent PWHT these soft zones
are no longer observed as reprecipitation of hardening precipitates has taken place.

4.2.2. Weld simulated samples

Hardness measurements of weld simulated samples are shown in figure 4.11 through 4.15.
All measurements were taken in the extrusion plane.
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Alloys 6082-A, 6082-B and 6082-C

For the naturally aged (T1) alloys 6082-A, 6082-B and 6082-C, the effect of weld sim-
ulation proves beneficial with respect to the observed hardness. This phenomenon is ex-
plained by dissolution of the thermally unstable GP-zones and subsequent solution heat
treatment close to the centre line, where the temperature has been above approximately
530 ◦C. Upon cooling precipitation of the hardening β′ and β′′ particles has taken place,
thus increasing the hardness in this area. At distances too far from the centre line, say
30 mm, the peak temperature has not been high enough and no effect of artificial ageing
can be observed. Finally, by performing post weld heat treatment (PWHT), the effects
from artificial ageing are amplified even more as the hardness profile is shifted to higher
hardness values particularly at the centre line. However, at the outer edges, no effect from
PWHT is seen. As a result, the susceptibility to artificial ageing far from the centre line is
found to be low. Such observations are believed to result from low densities of quenched-
in vacancy clusters or solute in the alloy, and the phenomenon is discussed in further detail
in section 5.1.

Moreover, the effect of Cu content on the precipitation of β′ and β′′ is apparent when
moving from 6082-A through 6082-C with the Cu concentrations increasing from 0.001 to
0.60 wt% respectively. As can be seen in figure 4.11 through 4.13, the maximum hardness
value increases from 62 HV for alloy 6082-A, to 90 HV in the case of alloy 6082-C. Also,
the effect of PWHT on the weld simulated samples appears to be strongly related to the Cu
concentration. In fact, for alloy 6082-C containing 0.60 wt% Cu, the increase in hardness
at the centre line after PWHT is close to 30 HV, whereas no difference in hardness at the
centre line can be observed for alloy 6082-A after the same heat treatment.

Figure 4.11.: Hardness profile after weld simulation and post weld heat treatment (PWHT) of alloy
6082-A from T1 starting temper.
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Figure 4.12.: Hardness profile after weld simulation and post weld heat treatment (PWHT) of alloy
6082-B from T1 starting temper.

Figure 4.13.: Hardness profile after weld simulation and post weld heat treatment (PWHT) of alloy
6082-C from T1 starting temper.
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Figure 4.14.: Hardness profile after weld simulation and post weld heat treatment (PWHT) of alloy
6082-X from T1 starting temper.

Figure 4.15.: Hardness profile after weld simulation and post weld heat treatment (PWHT) of alloy
6082-X from T6 starting temper.
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Alloy 6082-X

The hardness profile of alloy 6082-X after weld simulation proves different compared
to alloys 6082-A, 6082-B and 6082-C. From figures 4.14 and 4.15 it appears as if the
entire length of the sample is affected during weld simulation. As a result, it seems as if
alloy 6082-X is more susceptible to artificial ageing as compared to the three other alloys.
Finally, a sudden reduction in hardness approximately 30 mm from the centre line was
observed in sample 6082-X / T6. These measurements are expected to be related to local
overageing of the alloy and hence a reduction in observed hardness. As will be seen in later
sections, this region was observed to display increasing susceptibility to pitting corrosion.

4.3. IGC test

Optical micrographs of IGC tested samples are shown in sections 4.3.1 through 4.3.3 for
samples subjected to MIG, FSW and weld simulation respectively. In all cases the weld,
the heat affected zone and the base material was examined. However, only locations where
corrosion attacks were observed are presented.

4.3.1. MIG welded samples

Analysis of MIG welded 6082-X after the accelerated IGC test revealed moderate cor-
rosion of the weld metal, however no corrosion of the heat affected zone nor the base
material. Profiles were tested both in naturally aged and artificially aged temper condition.

Welded section

Figure 4.16 shows micrographs of the welded section of alloy 6082-X. As can be seen from
the figure, corrosion attacks can be observed in the weld metal for both temper conditions.
Closer examinations, shown in figure 4.17, reveal that the corrosion attacks are in fact
intergranular corrosion, with maximum depths of 135 µm and 100 µm for the T6 and
T1 tempers respectively. However, due to the as-cast microstructure of the fusion zone,
the IGC attacks do not form wide networks across the weld. Instead, the propagation
appears to be limited to the discontinuous network of second phase particles. As a result,
the formation of discontinuous second phase particle networks in the weld metal seems to
inhibit the propagation of IGC, thus proving beneficial with regards to corrosion resistance.
Finally, as the corrosion attacks were observed solely in the weld metal, no significant
effect of temper condition on the corrosion resistance was observed.
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Figure 4.16.: Corrosion of weld metal in 6082-X / T6 (A,B) and 6082-X / T1 (C,D). Micrographs
taken perpendicular to the direction of extrusion.

Figure 4.17.: Intergranular corrosion of weld metal in alloy 6082-X. Micrographs taken perpendic-
ular to the direction of extrusion
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4.3.2. FSW samples

Results from the accelerated IGC test of alloy 6082-X subjected to FSW, and FSW with
subsequent PWHT, are shown in figure 4.18. Closer examination of the weld in the latter
sample is shown in figure 4.19.

Figure 4.18.: Micrographs of corroded FSW samples. A) Superficial attacks in the TMAZ. B) Cor-
rosion of recrystallized layer in the TMAZ. Micrographs taken perpendicular to the direction of
extrusion.

Welded section

Micrographs of the welded section revealed pitting corrosion, and possibly IGC, in the
recrystallized layer. However, these corrosion attacks were only observed close to the
TMAZ. As for the MIG welded samples, no IGC nor pitting corrosion were observed in
the HAZ and the base material.

Closer examination of the corroded recrystallized layer in the TMAZ of alloy 6082-X /
T6 subjected to FSW and PWHT are shown in figure 4.19. From the figure, it appears as
if these corrosion attacks are correlated to the rough surface profile (excess metal) at the
edge of the stir zone as seen in figure 4.1A. Moreover, in the TMAZ attacks from pitting
corrosion were observed for the same sample (FSW+PWHT) as can be seen in figure 4.20.
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Figure 4.19.: Pitting corrosion in the recrystallized layer in alloy 6082-X / T6 subjected to FSW and
PWHT. Micrographs taken perpendicular to the direction of extrusion.
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Figure 4.20.: Pitting corrosion in the TMAZ in alloy 6082-X / T6 subjected to FSW and PWHT.
Micrographs taken perpendicular to the direction of extrusion.
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4.3.3. Weld simulated samples

Micrographs of IGC tested samples subjected to weld simulation are shown in figure 4.21,
in addition to samples subjected to weld simulation with subsequent PWHT. As can be
seen from the figure no attacks from IGC nor pitting corrosion were observed for the Cu
lean alloys 6082-A and 6082-X. For alloys 6082-B and 6082-C containing 0.10 and 0.60
wt % Cu respectively, both IGC and pitting corrosion were observed. However, the extent
of observed corrosion attacks were small and IGC seemed to be limited to sub grains.
Finally, no significant effect from PWHT can be observed.

Figure 4.21.: Micrographs of the corroded samples subjected to weld simulation (WS) and post
weld heat treatment (PWHT). Micrographs taken perpendicular to the direction of extrusion for
alloy 6082-X and parallel to the direction of extrusion for alloys 6082-A, 6082-B and 6082-C.

Table 4.2 gives an overview of the observed corrosion modes as well as the location of
the corrosion attacks. As can be seen, the corrosion frequency was found to increase with
increasing Cu content.
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Table 4.2.: Overview of observed corrosion modes including location of pitting and IGC attacks as
a function of distance from centre line for weld simulated samples.

Alloy Temper PWHT Corrosion Mode a Distance from
centre line (mm)

6082-X T1 Yes Uniform -
6082-X T1 No Uniform -
6082-A T1 Yes Uniform -
6082-A T1 No Uniform -
6082-B T1 Yes Pitting, IGC 15,20,20,45,60
6082-B T1 No Pitting, IGC 40,45,50,60
6082-C T1 Yes Pitting, IGC 5,20,35,40,45,50,52,55,60
6082-C T1 No Pitting, IGC 30,35,40,45,50,52,55,60

aAll IGC attacks were observed to propagate along sub grains.

Figure 4.22.: Corrosion frequency of alloy 6082-A, 6082-B and 6082-C as a function of distance
from centre line. It should be noted that no corrosion attacks were observed for alloy 6082-X nor
6082-A. All registred pits had a pit depth greater than or equal to 30 µm.
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An overview of the observed corrosion frequency in alloys 6082-B and 6082-C as a func-
tion of distance from centre line is shown in figure 4.22. It should be noted that the figure
only provides the frequency and not the extent of the particular attack. In fact, most at-
tacks were found to be rather small and IGC was only observed along sub grains with grain
diameters in the order of 1-3 µm. Nevertheless, the frequency was observed to increase
with increasing distance from the centre line, at least in the case of alloy 6082-C. Figure
4.23 shows pitting corrosion as well as IGC along subgrains in naturally aged 6082-C after
PWHT.

Figure 4.23.: Micrographs taken 5 mm from the centre line showing pitting and IGC in alloy 6082-C
/ T1 after PWHT. Micrographs taken parallel to the direction of extrusion.
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4.3.4. Weight loss measurements

Weight loss measurements after the accelerated IGC test are presented in table 4.3.

Table 4.3.: Weight loss measurements of all the samples after IGC testing. WS = weld simulated,
PWHT = post weld heat treatment.

Sample Cu Temper Area Weight loss Corroded layer
(wt%) (cm2) (mg/cm2) (µm)

MIG
6082-X 0.002 T1 220.7 0.30 1.3
6082-X 0.002 T6 223.4 0.40 1.6

FSW
6082-X 0.002 T6 120.7 0.41 1.5

FSW + PWHT
6082-X 0.002 T6 116.0 0.6 2.2

WS
6082-A 0.001 T1 105.9 0.62 2.3
6082-B 0.10 T1 105.9 1.37 5.1
6082-C 0.60 T1 104.1 2.98 11.0
6082-X 0.002 T1 109.9 0.55 2.0

WS + PWHT
6082-A 0.001 T1 104.1 0.72 2.7
6082-B 0.10 T1 102.5 1.17 4.3
6082-C 0.60 T1 104.1 2.84 10.5
6082-X 0.002 T1 109.9 0.64 2.4

As can be seen from the table, the effect of Cu content on the weight loss is detrimen-
tal as the weight loss is found to increase rapidly with increasing copper concentration.
Also, post weld heat treatment does not seem to have any significant effect on corrosion
resistance, and only a minor decrease in weight loss is seen. Moreover, these observa-
tions are shown schematically in figure 4.24 for weld simulated samples. However, the
data presented above only gives the total weight loss and cannot be used to establish the
definite extent of localized corrosion. Finally, samples welded by FSW and MIG show
similar weight loss, thus no correlation between welding technique and corrosion rate can
be drawn, at least not from simple weight loss measurements.
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Figure 4.24.: Weight loss as a function of Cu-content on samples subjected to weld simulation (WS)
and post weld heat treatment (PWHT). Data is based on measurements of alloys 6082-A, 6082-B
and 6082-C with Cu concentrations of 0, 0.10 and 0.60 wt% respectively.

4.4. SWAAT test

Table 4.4 presents pit density as well as pit size and depth for all the samples that were
subjected to SWAAT testing. As can be seen from the table, in the case of alloys 6082-
A, 6082-B and 6082-C, the severity from pitting corrosion increases with increasing Cu-
content. In fact, both pit density, pit diameter and pit depth increases as the Cu content
increases from 0 wt% in the case of alloys 6082-X and 6082-A to 0.60 wt% for alloy 6082-
C. Furthermore, the maximum pit depth is found to be almost 1.2 mm, which is significant
considering the plate thickness being 2 mm.

Analysis of alloy 6082-X revealed that samples welded by FSW appears to be the ones
that display the highest resistance towards pitting corrosion. However, the maximum pit
depth observed is found to be somewhat higher than for the MIG welded samples. The
comparison between MIG and FSW welding techniques may, however, be misguided as
the MIG samples were exposed to SWAAT testing for 25 days, whereas the duration for
the FSW samples were 15 days. In addition, PWHT was performed on FSW samples only.

All measurements of pits after SWAAT testing are presented in appendix B as a function
of distance from centre line or weld.
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4.4 SWAAT test

Table 4.4.: Measured pit density, depth and size for all the SWAAT tested samples. Presented mean
data are based on average values for selected pits at distances ranging from 0 to 50 mm from the
centre line. Also, pit density data are based on all pits observed on a macro scale within the above-
mentioned range. Tested area = 20 cm2.

Sample Cu Pit density Mean size Mean depth Max depth
(Alloy/temper) (wt%) (pits/cm2) (mm) (µm) (µm)

WS + PWHT
6082-A / T1 0.001 1.5 0.5 215 370
6082-B / T1 0.10 3.4 1.2 439 800
6082-C / T1 0.60 3.8 1.9 619 1150
6082-X / T6 0.002 3.3 0.5 375 560

MIG
6082-X / T6 0.002 3.8 0.4 287 400

FSW + PWHT
6082-X / T6 0.002 2.2 0.4 269 460

Moreover, results from the SWAAT test revealed pitting corrosion on all samples, and the
susceptibility was in general observed to increase with increasing Cu content. However,
for artificially aged samples of alloy 6082-X severe pitting attacks were found. In sections
4.4.1 and 4.4.2 macro images of alloys 6082-X,6082-A,6082-B and 6082-C after SWAAT
testing are presented, along with the measured hardness profile. Also, pit density, pit depth
and pit diameter are determined as a function of distance from centre line for the various
welding cycles.
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4.4.1. Samples welded by MIG and FSW

This section contains optical micrographs as well as macro images of samples subjected
to FSW and MIG welding after SWAAT testing. For the macro images the corresponding
hardness profiles are presented, in order to examine if there exists a correlation between
attacks from pits and microstructural effects. Moreover, the corrosion resistance in the
weld metal, the HAZ and the base metal has been evaluated.

Figure 4.25 shows macro images of alloy 6082-X welded by FSW + PWHT and MIG.
An interesting observation for both cases is the low pit density in the HAZ close to the
weld. As a result, it appears as if welding has a beneficial effect on the resistance towards
pitting corrosion. However, for the FSW samples a high density of small pits, with pit
sizes of approximately 0.4 mm and pit depths between 70 and 360 µm, were observed in
the centre of the friction weld. Also, for the MIG welded samples, pits measuring 0.5 mm
with average depths of approximately 300 µmwere observed in the fusion zone. It should,
however, be noted that significant variations in pit depth and size were observed. Finally,
the narrow HAZ for the FSW samples as compared to the MIG samples should be noted.

Figure 4.25.: Macro images after SWAAT testing of alloy 6082-X / T6 subjected to MIG (left) and
FSW + PWHT (right), as well as hardness profiles prior to corrosion testing. Indicated regions are
based on hardness measurements across the welded section. W = weld, HAZ = Heat affected zone,
BM = Base metal.

Moreover, for the samples welded by FSW, superior corrosion resistance is observed even
at some distance into the base metal. As a matter of fact, for both welding techniques, a
region 5-15 mm from the centre of the weld is observed to display increasing resistance to
pitting corrosion. This increased resistance to pitting corrosion in the heat affected zone
for both welds is discussed in further detail in section 5.6.1.
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4.4 SWAAT test

MIG

Figure 4.26 shows corrosion attacks in MIG welded 6082-X / T6 at the fusion line, in the
HAZ close to the fusion line and in the base material. An interesting observation is the
difference in corrosion behaviour observed in the HAZ and the base material. In the HAZ
the recrystallized layer appear to have been severely etched, however in the base material
these attacks are not observed.

Figure 4.26.: Micrographs of MIG welded 6082-X / T6 after SWAAT testing taken perpendicular to
the direction of extrusion. A) Pitting corrosion at the fusion line, B) Etching of the recrystallized
layer in the HAZ close to the fusion line and C) Pitting corrosion in the base metal, however no
etching of the recrystallized layer. FZ = Fusion zone, HAZ = Heat affected zone.

In figure 4.27 macro images after SWAAT testing of alloy 6082-X / T6 subjected to MIG
welding are shown and all the observed pits are highlighted with black dots. Moreover,
from the figure the improved resistance to pitting corrosion in the heat affected zone may
be observed. Also, the etched layer close to the fusion zone should be noted.
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Figure 4.27.: Macro images after SWAAT testing of alloy 6082-X / T6 subjected to MIG. Pits are
highlighted with black dots. Note the lack of pits in the heat affected zone and the etched layer close
to the fusion zone.

FSW

For the FSW samples severe pitting corrosion was observed in the base metal as seen in
figure 4.28. Also, as seen in figure 4.28B some IGC is observed along the recrystallized
grains. For the FSW samples, however, no etching of the welded section was observed.

Figure 4.28.: Micrographs of friction welded 6082-X / T6 after SWAAT testing taken perpendicular
to the direction of extrusion. A) Pitting corrosion in the base metal close to the recrystallized layer,
B) Pitting and intergranular corrosion of the recrystallized layer.
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4.4 SWAAT test

Finally, as already mentioned, a high density of small pits were observed in the weld centre
of the FSW sample as seen in figure 4.29 below.

Figure 4.29.: Macro image showing a high density of pits in the centre of the friction weld in alloy
6082-X.

Pit measurements

Pit density, size and depth of samples welded by MIG and FSW + PWHT are presented
in figure 4.30 through 4.32. An important observation is the lack of pits observed in the
HAZ for the sample welded by FSW. In fact, figure 4.30 reveals significant variations in
corrosion behaviour in the weld zone for the two welding techniques. For the samples
welded by FSW several small pits were observed in the centre of the friction weld. In
fact, the pit density was measured to 0.85 pits per cm2 in the friction weld, as opposed
to 0.2 pits per cm2 in the MIG fusion weld. However, in the narrow HAZ for the FSW
samples no pits were observed, as indicated by the lack of data for this region in figure
4.30 through 4.32. It should, however, be noted that the extent of the HAZ in the FSW
profiles is significantly smaller than for the MIG welded samples.

Also, for the MIG welded samples the pit density was found to be low in the HAZ. In fact,
pits were only observed at distances close to 20 mm from the centre line which represents
the transition region between the HAZ and the base material. In conclusion, for both
welding techniques the HAZ appears to show a high corrosion resistance, superior to both
the base material and the weld metal. Also, as all visible pits in the selected area were
registered, no error bars are indicated in the pit density chart.
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Figure 4.30.: Observed pit densities in the weld, the heat affected zone (HAZ) and the base material
for alloy 6082-X / T6 welded by MIG and FSW. Note that no pits were observed in the narrow HAZ
for the FSW samples.

Finally, for the base material, it appears as if the corrosion resistance is superior for the
samples welded by FSW. In fact, as can be seen from figure 4.25, for the base metal in
proximity to the HAZ, no pits were observed. However, as mentioned above, due to dif-
ferences in heat treatments after welding and duration of testing, no absolute comparison
between the two welding techniques can be drawn.

Measured pit diameter of SWAAT tested samples are shown in figure 4.31. As can be seen
from the figure, no clear correlation between pit size and distance from the weld can be
seen. Moreover, figure 4.32 presents measured pit depths and it appears as if the deepest
pits are located in the HAZ, were the alloy shows reduced strength. However, as already
mentioned, this correlation is only found for the MIG welded samples as no pits were
observed in the HAZ for the FSW profiles.
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4.4 SWAAT test

Figure 4.31.: Observed pit diameters in the weld, the heat affected zone (HAZ) and the base material
for alloy 6082-X / T6 welded by MIG and FSW.

Figure 4.32.: Observed pit depths in the weld, the heat affected zone (HAZ) and the base material
for alloy 6082-X / T6 welded by MIG and FSW.
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4.4.2. Weld simulated samples

This section contains optical micrographs as well as macro images of the weld simulated
samples after SWAAT testing. It should be noted that all weld simulated samples were
subjected to PWHT prior to corrosion testing. As a result, the indicated temper designation
reflects the initial ageing condition. For the macro images the corresponding hardness
profiles are presented, in order to examine if there exists a correlation between attacks from
pits and microstructural effects. Moreover, the different temperature regions during weld
simulation are also presented. The approximate locations of these temperature regions are
based on the temperature gradient during shown in figure 3.4.

Figure 4.33 shows macro images of three parallels of alloy 6082-X / T6 together with the
hardness profile. From the figure it appears as if there exists a region located approxi-
mately 30-35 mm from the centre line with increased sensitivity towards pitting corrosion.
Closer examinations of these regions reveal that these areas consists of several smaller pits
resulting in macro sized craters. An interesting observation is the location of these heavily
attacked areas which appear close to the point of minimum hardness. Moreover, the re-
duction in hardness may be explained by overageing of the alloy which has been observed
to favour pitting corrosion as seen in section 2.5.2 [5, 8–10].

Macro images of alloys 6082-A, 6082-B and 6082-C from T1 tempers are shown in figure
4.34. As opposed to the artificially aged 6082-X sample, no clear correlation between the
hardness profile and the susceptibility to pitting corrosion can be observed. However, the
pit density is observed to increase drastically with increasing Cu content.

Moreover, figure 4.35 shows micrographs of corrosion attacks after SWAAT testing of
weld simulated alloys. As can be seen from the figure, most attacks were in the form
of pitting corrosion. However, attacks from IGC along sub grains were also observed,
particularly for alloys 6082-B and 6082-C containing 0.10 and 0.60 wt% Cu respectively.
However, some IGC was also observed for sample 6082-X / T6 as seen in figure 4.36,
despite the Cu deficiency of the alloy. In fact, IGC attacks were observed in the recrystal-
lized layer as well as along sub grains, at distances of 4 and 12 mm from the centre line
respectively.

As seen in sections 2.5.1 and 2.6, the susceptibility to both pitting corrosion and IGC
increases rapidly with increasing Cu concentration. However, an interesting observation
is made for alloy 6082-X / T6. Despite the Cu deficiency of the alloy, significant pitting
corrosion can be observed. In fact, pit densities and depths are found to be of similar
order as for the naturally aged alloy 6082-B, containing 0.10 wt% Cu. These findings
should highlight the importance of temper condition and thermal processing when the
susceptibility towards localized corrosion in AlMgSi alloys is to be determined.

77



4.4 SWAAT test

Figure 4.33.: Hardness profile and macro images after SWAAT testing of alloy 6082-X subjected to
weld simulation and PWHT. Temperature regions during weld simulation are shown in the upper
part of the figure.
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Figure 4.34.: Macro images after SWAAT testing of alloy 6082-A (bottom), 6082-B (middle) and
6082-C (top) subjected to weld simulation and PWHT, as well as hardness profiles prior to corrosion
testing. Temperature regions during weld simulation are shown in the upper part of the figure.
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4.4 SWAAT test

Figure 4.35.: Corrosion attacks after SWAAT testing of weld simulated alloys. Micrographs taken
perpendicular to the direction of extrusion for alloy 6082-X and parallel to the direction of extrusion
for alloys 6082-A, 6082-B and 6082-C.

Figure 4.36.: IGC after SWAAT testing of alloy 6082-X / T6 taken perpendicular to the direction of
extrusion. A) Superficial attacks in the recrystallized layer 4 mm from the centre line and B) sligth
IGC along sub grains 12 mm from the centre line.
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Pit measurements

Pit density, size and depth of weld simulated samples are presented in figure 4.37 through
4.39, as a function of peak temperature during weld simulation, with the corresponding
distance from centre line as shown in table 4.5. However, it should be noted that small
variations in the peak temperature during weld simulation were observed as shown in
table 3.4.

Table 4.5.: Peak temperature regions and the corresponding distances from centre line.

Temperature ( ◦C) Approximate distance
from centre line (mm)

> 450 0 - 20
300 - 450 20 - 30

< 300 30 - 50

Moreover, as all visible pits in the selected area were registered, no error bars are indicated
in the pit density chart. For alloy 6082-C some interesting trends in corrosion behaviour
with respect to distance from centre line can be observed. In fact, pit densities and the pit
depths were observed to decrease with decreasing peak temperature. In contrast, the pit
size was observed to increase with decreasing peak temperature. However, as indicated by
the error bars in the pit size diagram, substantial variations in observed pit diameter were
observed for the low temperature region (<300 ◦C).

Figure 4.37.: Observed pit densities for samples subjected to weld simulation and post weld heat
treatment (PWHT) as a function of peak temperature during weld simulation.
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Figure 4.38.: Observed pit diameters for samples subjected to weld simulation and post weld heat
treatment (PWHT) as a function of peak temperature during weld simulation.

Figure 4.39.: Observed pit depths for samples subjected to weld simulation and post weld heat
treatment (PWHT) as a function of peak temperature during weld simulation.
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4.5. Grain boundary microstructure

Grain boundary characterization was performed on selected samples in order to identify
phases responsible for the observed corrosion attacks seen in the previous sections. All
phases were characterised by the use of LV-FESEM and EDS analysis and are summarized
in table 4.6. However, as the EDS analysis is qualitative, the presented phases are only
suggestions and are not absolute. Moreover, presented suggestions are based on studies by
Mondolfo [14] and Mrowka-Nowotnik [58]. Examples of EDS analysis of such phases are
given in sections 4.5.1 through 4.5.3 below. In the presented analysis, the term ’Al double
peak’ refers to the simultaneous detection of two characteristic Al X-rays (Kα) causing
the measured energy to be doubled.

Table 4.6.: Phases observed on grain boundaries for the alloys considered in this study. Presented
compositions are suggestions based on work by Mondolfo et al. [14] and Mrowka-Nowotnik [58]
and are not definite.

Sample Cu (wt%) Suggested phasea.

6082-X 0.002 (FeMn)3SiAl15
(Base metal, HAZ) Mg2Si

6082-X 0.002 Mg2Al3
(Fusion zone, MIG) (FeMn)Al6

FeSiAl5
Mg2Si

6082-A 0.001 (FeMn)3SiAl15
Mg2Si

6082-B 0.10 (FeMn)3SiAl15
Mg2Si

6082-C 0.60 (FeMn)3SiAl15
Mg2Si

(Cu)(FeMn)3SiAl15(?)
(Cu,Mn)FeSiAl5 (?)

aPresented phases are suggestions based on work by Mondolfo [14] and Mrowka-Nowotnik [58].
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4.5 Grain boundary microstructure

4.5.1. Fe-rich particles

Figure 4.40 shows a LV-FESEM micrograph of a Fe-rich particle in alloy 6082-X, and
the corresponding EDS analysis is presented in figure 4.41. As can be seen from the EDS
spectrum, the Fe-rich particle contains significant amounts of silicon and some manganese.
As a result, a suggested composition of the particle may be (FeMn)3SiAl15.

Figure 4.40.: LV-FESEM secondary electron micrograph of a Fe-rich particle in alloy 6082-X.
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Figure 4.41.: EDS analysis of a Fe-rich particle in alloy 6082-X. A) EDS analysis of particle and
B) EDS analysis of Al-matrix.
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4.5.2. Cu containing phases

Cu-rich phases were only observed for alloy 6082-C with an example shown in figure 4.42
and the corresponding EDS spectra in figure 4.43. However, the characteristic Q-phase
(Al4Mg8Si7Cu2) which is believed to cause susceptibility to IGC was not observed. In-
stead, Cu-containing phases were found to contain significant amounts of Si and Fe in
addition to some Mn. Some suggested particle types include (Cu)(FeMn)3SiAl15 and
(Cu,Mn)FeSiAl5.

Figure 4.42.: LV-FESEM secondary electron micrograph of a Cu-rich particle in alloy 6082-C.
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Figure 4.43.: EDS analysis of a Cu containing particle in alloy 6082-C. A) EDS analysis of particle
and B) EDS analysis of Al-matrix.
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4.5 Grain boundary microstructure

4.5.3. Fusion zone (MIG)

Figure 4.44 below shows a LV-FESEM micrograph of grain boundary precipitates in the
fusion zone of MIG welded alloy 6082-X. Furthermore, EDS analysis of a Mg-rich and Fe-
rich precipitates as well as the aluminium matrix are shown in figure 4.45. The bright parti-
cle in figure 4.44 (particle A) is enriched on Mn and Fe and is believed to be (FeMn)Al6.
Moreover, the darker particle (particle B) is enriched on Mg and Si and is likely to be a
Mg2Si or Al3Mg2 type of phase. Finally, the high concentrations of Mg in the matrix of
the weld metal should be noted (figure 4.44C) which arises due to the Mg-rich filler metal.

Figure 4.44.: LV-FESEM secondary electron micrograph of a particles in the weld metal of alloy
6082-X after MIG welding.
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Figure 4.45.: EDS spectrum of precipitates in the weld metal in alloy 6082-X after MIG welding. A)
Fe/Mn-rich particle, B) Mg-rich phase and C) aluminium matrix
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4.6 Potential measurements

4.6. Potential measurements

Open circuit potential measurements of the weld metal, fusion line, heat affected zone and
base material of alloy 6082-X / T6 are shown in figure 4.46 As can be seen from the figure

Figure 4.46.: Open circuit potential measurements and polynomial trend lines for A) weld metal, B)
fusion line, C) heat affected zone (HAZ) and D) base material.

no significant variation in the OCP for the different locations across the welded section
can be observed. In fact, most measurements are found to be within ± 30 mV. However,
the base material appears to be the most active region and the OCP is observed to be close
to -695 mV. Moreover, a small increase in the potential is oberved for the weld metal
after 1000 seconds, as the OCP increase from approximately -700 to -680 mV. Calculated
average values of the OCP for all regions are shown in table 4.7. As can be seen from the
table, no significant variations can be observed, and only a slight decrease in the OCP for
the base metal may be seen.
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Table 4.7.: Average potential measurements for the different regions of MIG welded 6082-X / T6.

Region OCPaverage (VSCE)

Weld -0.681
Fusion line -0.686
HAZ -0.680
Base metal -0.694

4.7. Electrical conductivity

In order to estimate the amount of solute in solid solution, and hence the susceptibility
towards pitting corrosion, electrical conductivity measurements were performed on 6082-
X / T6 samples welded by FSW, FSW with subsequent PWHT and MIG. Measurements
were taken in the weld metal, the heat affected zone and the base metal. All measurements
were made in the extrusion plane and results are shown in figure 4.47.

Figure 4.47.: Electrical conductivity of samples welded by MIG and FSW for various locations
along the welded section.
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4.7 Electrical conductivity

As can be seen from the figure, the fusion zone in the MIG welded samples display the
lowest conductivity due to the as-cast microstructure containing substantial amounts of
Mg in solid solution. Moreover, for both set of welds, the electrical conductivity is ob-
served to increase with increasing distance from the weld. As a result, the concentration
of solute atoms in solid solution decreases with increasing distance from the weld. This
increase is explained by reprecipitation of hardening precipitates which increases the mo-
bility of electrons. Such observations are important when the susceptibility towards pitting
corrosion is to be evaluated.

Moreover the conductivity in the base metal is observed to increase after PWHT of the
friction welded samples. Such observations are believed to be linked to overageing and
coarsening of the hardening precipitates which increases electron mobility. Also, precipi-
tation of the equilibrium phase, β −Mg2Si may have taken place. A complete overview
of the all measurements are given in appendix D.

92



5 | Discussion

In this chapter the most important findings during this study will be discussed in some
further detail. Moreover, main focus will be to evaluate and discuss the improved corrosion
resistance in the heat affected zone in alloy 6082-X subjected to FSW and MIG welding.
A comprehensive discussion concerning this observation is given in section 5.6.1.

5.1. As-received materials

Hardness measurements revealed substantial deviation between claimed strength and ac-
tual strength for some test samples. Alloys 6082-A, 6082-B and 6082-C were delivered
both in naturally aged (T1) and artificially aged (T6) temper condition. However, hardness
measurements of the artificially aged samples concluded that the desired strength level
was not met, and the samples could not be considered to be in a T6 temper condition. In
fact, samples that were claimed to be in a T6 temper condition, displayed very similar
hardness values as the naturally aged samples of the same alloy. As a result, all received
samples of alloy 6082-A, 6082-B and 6082-C where designated the T1 temper condition.
The observed differences between expected and measured hardness are mainly believed to
be linked to improper heat treatment of the above-mentioned alloys.

However, a storage time of several years after solution heat treatment may serve as another
explanation of the reduced hardness after artificial ageing. Ideally, artificial ageing should
be carried out immediately after solution heat treatment, as the number of quenched-in
vacancy clusters and solute is high, and effects from natural ageing are small. However,
with a storage time of approximately four years after solution heat treatment, the effects
from natural ageing are significant. Nevertheless, as only GP-zones form during natural
ageing (as seen by Myhr and Grong in section 2.2), artificial ageing should contribute to
an increase in strength due to precipitations of β′ and β′′ particles. Also, GP-zones are
readily dissolved at intermediate temperatures as they are thermally unstable. In fact, an
increase in hardness of the above-mentioned alloys was observed after weld simulation as
seen in figures 4.11 through 4.13. This effect was further enhanced by performing post
weld heat treatment. As a result, a plausible explanation of the ineffective ageing process
may be reduced density of quenched-in vacancies clusters and/or solute atoms.
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Furthermore, as the concentration of vacancy clusters increases exponentially with tem-
perature, a high temperature during extrusion and solution heat treatment should prove
beneficial in order to render the alloy susceptible to artificial ageing. Moreover, a differ-
ence in this susceptibility may be expected, as the extrusion temperature was different for
alloys 6082-A, 6082-B and 6082-C as compared to alloy 6082-X. In fact, alloys 6082-A,
6082-B and 6082-C where extruded at approximately 410 ◦C, whereas alloy 6082-X was
extruded industrially at 515 ◦C. Also, the temperature during solution heat treatment was
slightly higher for alloy 6082-X. As a result, alloy 6082-X should prove more susceptible
to artificial ageing as the number of quenched-in vacancy clusters is expected to be higher
in this alloy. During weld simulation, however, the alloys are subjected to elevated tem-
peratures which may have been sufficient in order to promote the nucleation and growth of
hardening precipitates in alloys 6082-A, 6082-B and 6082-C. In fact, precipitation of hard-
ening precipitates may occur in a rather large temperature interval ranging from 70-300
◦C [12].

5.2. General corrosion resistance of tested alloys

The overall IGC resistance was observed to be satisfactory for most alloys tested, as corro-
sion attacks often were limited and highly scattered. Such observations were done despite
unfavourable Mg/Si ratios and copper additions up to 0.60 wt%. In particular, the moder-
ate corrosion attacks after IGC testing of alloy 6082-C (0.60 wt% Cu, Mg/Si = 0.68) was
unexpected, due to excess Si combined with high concentrations of copper. The improved
corrosion resistance is mainly believed to be linked to effects of microstructure which is
discussed in section 5.3.

However, all alloys proved far more susceptible to attacks from localized corrosion after
SWAAT testing of the samples, with pitting corrosion being the dominant corrosion mode.
In fact, pitting attacks were found to be severe with depths close to 1200 µm for alloy
6082-C. Such observations deviate strongly with pit depths reported by Bardal [49] in fig-
ure 2.19. However, the correlation presented by Bardal depends strongly on alloy, exposed
area and environment.

The improved corrosion resistance after the IGC test as compared to the SWAAT test,
may be explained by differences in test duration despite the lower pH during IGC testing.
The duration of the SWAAT test was 15-25 days, whereas the accelerated IGC test was
limited to 24 hours. Also, the establishment of active zones at grain boundaries may
have been sluggish. The latter observation may be linked to the small diameter of sub
grains and deformed grains, resulting in a large grain boundary area. Moreover, a large
grain boundary area will possibly make the establishment of continuous cathodic networks
along the grain boundaries more difficult, thus improving the corrosion resistance towards
IGC. This effect is illustrated in figure 5.1.

Moreover, IGC was mainly observed in alloys containing copper (6082-B and 6082-C)
with the corrosion attacks being scattered and of moderate size (<200 µm). However, it
should be noted that attacks which appear to result from pitting corrosion, may in fact be
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grains that have fallen out from the surface as a result of grain boundary corrosion around
the entire grain or sub grain. In fact, the small grains observed in the investigated alloys
render this explanation even more likely.

Finally, IGC attacks were often observed to be accompanied with attacks from pitting
corrosion. Such observations are in accordance with studies by Monetta et al. [51] who
studied the corrosion behaviour of friction stir welded AA6056 (section 2.7). Also, the
authors reported that pitting corrosion was the dominating corrosion mode, which is also
in accordance with observations made in this study.

Figure 5.1.: Effect of microstructure on the susceptibility towards IGC. Sub grains and deformed
grains are separated by low angle boundaries, whereas recrystallized grains are recognized by high
angle grain boundaries. The microstructure to the left is expected to display the higher corrosion
resistance due to low angle grain boundaries and a large grain boundary area. Figure is based on
inspiration from work by Svenningsen et al. [5].

5.3. Effect of microstructure

The effect of microstructure, and moreover the effect of a recrystallized layer, on the corro-
sion behaviour of AlMgSi alloys were discussed in section 2.5.4. Furthermore, this effect
appears to be of vital importance with respect to this present work. All the alloys con-
sidered in this study have been extruded into thin plates and the resulting microstructure
is highly deformed. Also, the significant amount of Mn and Cr results in a rather fibrous
microstructure, as these elements act as grain refiners, thus preventing recrystallization of
the alloy after extrusion. Moreover, sub grains with diameters in the range of 1-3 µm were
observed by analyses in LV-FESEM.
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5.4 Effect of quenching rate from elevated temperatures

From a corrosion point of view, a fibrous microstructure is beneficial with regards to cor-
rosion resistance of the alloy as shown by Hurlen Larsen et al. [4], and the effect was
explained by Minoda and Yoshida [15]. They suggested that low angle boundaries, typi-
cally observed between sub grains, displayed a higher corrosion resistance as compared to
high angle boundaries found between larger grains (i.e. in the recrystallized layer). The
work presented in this study appear to fit the above-mentioned studies, as IGC attacks were
observed to be limited. In fact, even for Cu containing alloys 6082-B and 6082-C attacks
from IGC were rare, which can be explained by low angle boundaries between sub grains
and the absence of a recrystallized layer containing high angle boundaries.

For alloy 6082-X, on the other hand, the recrystallized layer was measured to be approxi-
mately 150 µm, and some superficial attacks from IGC was occasionally observed in this
layer after SWAAT testing of the alloy. However, despite the high angle boundaries in
the recrystallized layer, no IGC attacks were observed as a result of the IGC test. Such
observations may be explained by the low concentrations of copper in this alloy, thus pre-
venting the precipitation of Q-phase and Cu-rich films at the grain boundaries. Although
Si-rich precipitates may cause IGC in unbalanced alloys, studies by Hurlen Larsen et al.
[4] suggest that grain boundary corrosion in Cu-lean alloys (<0.03 wt% Cu) only result in
superficial attacks.

5.4. Effect of quenching rate from elevated
temperatures

The effect of quenching rate after extrusion was discussed in section 2.5.3 and was studied
by Svenningsen et al. [8–10] and Hurlen Larsen et al. [4]. Moreover, figure 2.15 shows
the significance of cooling rate from an elevated temperature (i.e after extrusion) on the
susceptibility to IGC. This effect is highly applicable to results obtained in this present
study. In fact, all variants were water quenched after solution heat treatment. As a result,
the precipitations of Q-phase and Mg2Si is expected to be reduced. Such considerations
may be used to explain the limited attacks from IGC observed in all alloys tested.

Moreover, another factor that must be taken into consideration, is the low temperatures
used during extrusion of alloys 6082-A, 6082-B and 6082-C. In fact, these alloys were
extruded at no more than 410 ◦C. Such lower temperatures reduce the diffusion of solute
atoms significantly, as the diffusion rate increases exponentially with increasing temper-
ature. However, subsequent solution heat treatment at 530 ◦C should allow substantial
diffusion of alloying elements, despite only being subjected to this temperature for 15
minutes. For alloy 6082-X, on the other hand, extrusion was done at temperatures close to
515 ◦C, followed by solution heat treatment at 540 ◦C for 30 minutes. However, the lack
of copper in this alloy renders it rather resistant to IGC, despite high temperatures during
extrusion and solution heat treatment.
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5.5. Grain boundary precipitation and IGC
susceptibility

EDS analyses in LV-FESEM were used to examine grain boundary precipitates in the al-
loys. With respect to attacks from pitting corrosion, Fe-rich phases are particular harmful
sources, as they serve as cathodic sites in the aluminium matrix. As a result, due to high
concentrations of Fe in all alloys, such phases were given particular attention. Moreover,
EDS analysis revealed that Fe-rich phases contained moderate amounts of Mn, thus ren-
dering them less harmful as seen by Mondolfo [14] and Chadwick et al. [37] in section
2.5.1. However, despite the high concentration of Mn in all alloys, rather aggressive at-
tacks from pitting corrosion after SWAAT testing were observed. As a result, the Mn
content of the intermetallic particles may not have been sufficient in order to effectively
reduce the activity of these particles. However, Nisancioglu [34] found that the presence
of both Mn and Si in Fe-rich particles reduced the activity of these phases, as both the
anodic and cathodic reaction rates were reduced. In fact, the Fe-rich particles observed
during this study were found to contain significant amounts of Si, as seen in figure 4.41.
It should, however, be noted that the role and importance of intermetallic particles on the
susceptibility to pitting corrosion is not fully understood [43].

Also, as seen in previous chapters, IGC is closely related to the presence of Si and Cu-rich
phases at the grain boundaries. From such considerations substantial attacks from IGC
were expected, at least for alloy 6082-C containing 0.60 wt% Cu. Moreover, all alloys
contained Si in excess of what is required to form Mg2Si. However, analyses showed
that phases enriched on Cu or Si often contained Mn or Cr, which are reported to reduce
the susceptibility towards IGC [14, 36, 37]. Such considerations, in additions to the effect
of microstructure discussed in the previous section, may be used to explain the moderate
degree of IGC observed even in the Cu-rich alloys 6082-B and 6082-C.

Also, as seen in section 2.5.2, recent studies [4, 5, 8–10] strongly suggest that the suscep-
tibility to IGC is higher for underaged alloys as compared to those which are peak aged.
Copper containing alloys 6082-B and 6082-C were both subjected to PWHT after weld
simulation. However, hardness profiles of both alloys show reduced hardness far from the
centre line. This reduction in hardness may be linked to both overageing and unerageing
of the alloy, with only the latter condition being reported recently to cause attacks from
IGC. Overageing was reported to cause susceptibility to pitting corrosion which will be
discussed in the following section.

Furthermore, attempts during this study were made to prove the existence of Cu-rich
phases, and moreover the Q-phase, which have been reported to cause IGC susceptibil-
ity in Cu-rich alloys [4–10]. In particular, for alloy 6082-C numerous attempts were
made. However, EDS analysis in LV-FESEM proved insufficient in order to investigate
such phases. According to Svenningsen et al. [5] such phases are on a nanoscale, and
examinations should ideally be performed in transmission electron microscope (TEM).
Nevertheless, phases enriched on copper were observed in LV-FESEM as seen in section
4.5. However, evidence of the characteristic Q-phase (Al4Mg8Si7Cu2) was not found.
Furthermore, analyses showed that Cu-rich phases contained significant amounts of Si
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and Fe. As a result, the Cu containing phases are believed to result from copper being
incorporated in (Si,Fe)-rich particles. Also, these particles may be a fusion of two particle
types with one type being rich in copper, and the other being enriched on Si and Fe. How-
ever, this explanation seems unlikely as analysis in electron microscope should be able to
distinguish particle of such dimensions (1-2 µm).

5.6. Pitting corrosion susceptibility

The correlation between pitting susceptibility and ageing was studied by Svenningsen et
al. [5, 8–10] and Hurlen Larsen et al. [4] as discussed in section 2.5.2. Several studies
by the authors concluded that AlMgSi(Cu) alloys were prone to pitting corrosion in an
overaged state. This observation seem to be in accordance with present findings. In fact,
as seen in figure 4.33, aggressive localized pitting attacks were found to coincide with the
point of minimum hardness in alloy 6082-X / T6 subjected to weld simulation and post
weld heat treatment. This reduction in hardness is believed to result from local overageing
of the alloy in these regions.

In fact, attacks were observed at distances of -28 mm and 32 mm from the centre line,
were the peak temperature has been close to 350 ◦C during weld simulation. This tem-
perature is not high enough in order for complete dissolution of the hardening precipitates
β′′ and β′ to take place. Instead, coarsening of particles occur, forming a soft zone some
distance from the ’weld’ as shown by Myhr and Grong [18] in section 2.3.2. Finally, as
weld simulation is followed by PWHT at 185 ◦C for 5 hours, additional coarsening of
the precipitates occurs, forming an overaged zone some distance away from the centre
line. This effect was illustrated in figure 2.4 and 2.11. Finally, precipitaion of the anodic
equilibrium phase, β−Mg2Si, may have taken place which reduces the pitting resistance
even further.

Moreover, as seen in chapter 2.6, the susceptibility to pitting corrosion increases with in-
creasing Cu-content, due to formation of cathodic intermetallic particles [17, 46]. Results
from this study are found to be in accordance with such reports, as both pit density, pit size
and pit depth were observed to increase with increasing Cu concentration.

Furthermore, electrical conductivity measurements revealed decreasing concentration of
solute in solid solution with increasing distance from the weld for both FSW and MIG
welded samples. As a result, the regions closest to the weld metal could prove susceptible
to pitting, due to the high level of solute atoms in solid solution. However, main alloying
elements Mg and Si shift the potential in opposite direction, with the Mg atoms shifting
the potential in a more negative direction and the Si atoms shifting it in a more positive
direction. As a result, the net shift in potential is not expected to be substantial due to
the ambivalent electrochemical behaviour. In fact, potential measurements for the MIG
welded samples revealed a total variation of only 30 mV for the various sections (ref.
figure 4.46). For the fusion zone in the MIG welded samples, on the other hand, an increase
in pitting susceptibility should be expected due to the high Mg content in the filler metal.
However, only a small negative shift of 20-30 mV in corrosion potential could be observed.
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Nevertheless, even though the potential difference between the weld metal and the HAZ is
low, it may still cause the weld metal to act as a sacrificial anode, protecting the HAZ in
immediate proximity to the weld seam. This effect is discussed in greater detail in section
5.6.1.

5.6.1. Increased pitting resistance in the HAZ

The heat affected zone of both the MIG welded and the friction stir welded 6082-X sam-
ples displayed increased resistance towards pitting corrosion. Moreover, for the FSW
samples increased pitting resistance was observed even in the base metal close to the HAZ.
Such increased corrosion resistance for this region was unexpected and an obvious expla-
nation could not be found. However, four possible suggestions for this increased corrosion
resistance are listed below:

1. Favourable microstructure

2. Thermal oxidation of oxide layer close to the weld

3. Galvanic effects from the weld metal (MIG welded samples)

4. Selective corrosion of excess metal (FSW samples)

Moreover, it should be noted that the first explanation is believed to be the most probable
due to extensive variations in the microstructure during the welding cycle.

1. Favourable microstructure

According to Svenningsen et al. [5], coarsening of precipitates and solute depletion of the
aluminium matrix increases the driving force towards pitting corrosion. In the heat affected
zone close to the fusion line, the temperature has been above the solvus temperature. This
allows dissolution of hardening precipitates and some homogenisation of the aluminium
matrix (fully reverted region). As a result, improved pitting resistance in the heat affected
zone may be expected as compared to the base metal, where the microstructure is unaf-
fected by the welding cycle and the density of precipitates is unchanged. However, in the
partly reverted region some distance from the fusion line, reprecipitation of the hardening
precipitates β′ and β′′ has taken place which is expected to reduce the corrosion resis-
tance. Such observations were made for the welded samples, as the corrosion resistance
was observed to decrease at distances of approximately 15 mm from the centre of the
weld. Figure 5.2, based on work by Myhr et al. [18, 59] illustrates this effect. Moreover,
increased resistance to pitting corrosion in high temperature regions was observed after
IGC testing of weld simulated samples from T1 starting tempers. Results from this ex-
periment are presented in figure 4.22 and table 4.2 and show increasing attacks from IGC
and pitting corrosion with increasing distance from centre line for Cu containing alloys
6082-B and 6082-C.

In addition, the electrical conductivity was observed to be lower in the HAZ as compared
to the base material. Such observations indicate increasing amount of alloying elements
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Figure 5.2.: Effect of welding on the microstructure evolution and hence the corrosion resistance
in artificially aged AlMgSi alloys. Precipitation of hardening particles β′ and β′′ is suggested to
increase the susceptibility to pitting corrosion. Figure is based on ideas by Myhr et al. [18, 59].

located in solid solution in this region, which support the above-mentioned explanation.

Furthermore, pitting corrosion is generally caused by precipitation of active intermetallic
particles in the aluminium matrix. By considering the main alloying elements, Mg and
Si, the main particle type reported to cause pitting corrosion is Mg2Si, with a dissolution
potential of -1190 mVSCE [46, 48]. However, with increasing amount of Mg and Si
located in solid solution in the HAZ, the susceptibility towards pitting corrosion from this
particle type is reduced.

However, as seen in section 2.6, the role of MgSi particles on the pitting behaviour is not
fully understood. Eckermann et al. [40] showed that dissolution of Mg from these particles
started immediately after being immersion in a corrosive environment. The dissolution
process left immune SiO particles and MgSi remnants in the matrix. The latter particle
type was found to increase the cathodic current density by a factor of three. As a result, it
appears as if Mg2Si particles do have an impact on the overall pitting resistance, and the
suggested mechanism for the HAZ may be valid.

The above-mentioned explanation, however, fails to explain why increased pitting resis-
tance was observed in the HAZ for the FSW samples subjected to PWHT. By performing
PWHT, reprecipitation of the hardening particles in the HAZ is expected, thus reducing the
resistance to pitting corrosion. In fact, reprecipitation of hardening particles in the HAZ
was confirmed by a substantial increase in hardness of this region as seen in figure 4.10.
Also, the electrical conductivity was measured to increase in the HAZ after PWHT of the
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friction welded samples. Such observations indicate that the amount of Mg and Si in solid
solution decreases as precipitation of hardening particles take place.

However, by considering the difference in test duration between MIG welded and friction
stir welded samples, the above-mentioned explanation may still prove valid. In fact, the
FSW samples were only subjected to SWAAT testing for 15 days, whereas MIG welded
samples were held for 25 days. As a result, the duration of 15 days may have been insuf-
ficient in order for pit initiation in the HAZ to occur. Also, the extent of reprecipitation
in the HAZ for the friction welded samples may have been insufficient in order to cause
pits to form. For the base metal far from the weld, on the other hand, pit initiation may
be accelerated due to overageing which is reported to prove unfortunate with respect to
pitting corrosion [4–10]. In fact, some overageing was observed for the T6-FSW samples
during artificial ageing (section 4.2).

Moreover, for the FSW samples, the superior corrosion resistance was not limited to the
heat affected zone. In fact, part of the base metal in proximity to the HAZ proved resistant
to pitting corrosion. Such observations were made, despite the above-mentioned tenden-
cies of overageing of the alloy which should favour pit initiation. A suggested mechanism
for this increased corrosion resistance may be linked to selective corrosion of excess metal
in the TMAZ which is discussed later in this section.

Finally, figure 4.26B and 4.27 shows extensive etching of the HAZ in MIG welded 6082-
X / T6. These attacks are believed to be linked to the dark oxide layer/soot as a result of
the welding process (figure 4.1), although no direct evidence was provided. However, no
etching of the samples subjected to FSW was observed which should support mentioned
oxide/soot-hypothesis.

2. Thermal oxidation of oxide layer

This hypothesis is regarded to be most applicable to the MIG welded samples, due to
higher temperatures during the welding cycle.

The oxide layer on AlMgSi alloys are considered to consist of Al2O3 and MgO [60, 61].
In the heat affected zone, close to the weld metal, the temperature has been elevated (500-
600 ◦C) during welding of the samples. At such high temperatures oxidation of the oxide
layer could occur, resulting in changes in the composition or thickness of the oxide, and
possibly also crystallization of the oxide. During the thermal cycle the oxide could also
become enriched on Mg, thus improving the stability and corrosion resistance of the layer,
and hence the overall corrosion resistance in the HAZ. In fact, Mizuno et al. [60] and
Nylund et al. [61] reported that the amount, as well as the thickness, of MgO in the oxide
layer was increasing with increasing temperature. However, due to the short period of
time at elevated temperatures, such a course of events appear unlikely. As a result, this
mechanism will not be discussed in any further detail in this work.
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3. Galvanic effects from the weld metal (MIG)

The filler metal used during MIG welding was an Al-Mg alloy containing 4.8 wt % Mg
(ref. table 3.2). As a result, highly anodic Al3Mg2 precipitates are expected to form in the
weld metal, with a dissolution potential of -1150mVSCE [46]. As a result, selective disso-
lution of these particles are expected when exposed to a corrosive environment. Moreover,
as the weld metal displayed a corrosion potential more negative than the base metal (figure
4.46), some galvanic effects during corrosion testing is expected. As a result, the base ma-
terial in the HAZ close to the weld metal is expected to experience some protection from
the weld metal, which acts as a sacrificial anode. This explanation is illustrated in shown
in figure 5.3.

Figure 5.3.: Active corrosion of the Mg-rich weld metal in MIG welded samples. As a result, the
fusion zone (FZ) acts as a sacrificial anode protecting the HAZ in proximity to the weld.

Moreover, the galvanic effect offered by the weld metal is only expected to include the
region in immediate proximity to the weld metal. Such observations were in fact made on
the MIG welded samples, as pits were observed at distances no more than 15 mm from the
fusion line. As a result, the above-mentioned explanation may prove to be valid. Finally,
the open circuit potential of the weld metal was observed to increase from approximately
- 700 mV to -680 mV during the first hour of immersion. Such an increase in corrosion
potential may be explained by dissolution of Mg from the weld metal, which has been
reported to start immediately after immersion [40]. As a result, the weld metal may have
offered some protection of the base metal, at least during the initiation stage.
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4. Selective corrosion of excess metal (FSW)

As seen in figure 4.19, selective corrosion of excess material at the outer edge of the stir
zone after welding was observed. This may have led to some protection of the HAZ,
as the corrosion attacks appear to be concentrated to the region containing excess metal.
However, hypotheses explaining why these corrosion attacks are limited to the location of
excess metal are yet to be found. Nevertheless, a suggested mechanism may be segregation
of alloying elements to the interface between the base metal and the outer edge of the weld.
As a result, a local potential difference may be established at this interface causing pitting
corrosion or IGC to take place. This mechanism will be discussed in some further detail
in section 5.6.1.

5.6.2. Susceptibility of weld seam (FSW)

Pits were observed in the weld seam both after MIG welding and FSW. However, sampled
welded by FSW proved particularly susceptible, and the pit density in the weld centre was
observed to be considerable higher than for the base metal. By considering the mechanism
illustrated in figure 5.2, the weld seam should prove resistant to pitting corrosion, as the
temperature has been high during welding, thus allowing dissolution of hardening precip-
itates and improved pit resistance. As a result, another mechanism may be valid for the
weld seam.

As already mentioned, segregation of alloying elements to the surface of the weld seam
may take place which may cause the corrosion resistant to decrease. Moreover, the heav-
ily deformed microstructure in the weld nugget contains a high density of dislocations
which may act as accumulation sites for alloying elements. As a result, pitting corrosion
may be initiated due to local potential differences between the accumulation site and the
aluminium matrix. The existence of a deformed microstructure in the weld nugget was
demonstrated by a substantial increase in hardness in this region as seen in figure 4.25.
Also, a heavily deformed microstructure was characterised by the means of optical mi-
croscopy as shown in figure 4.3.

Furthermore, the deformation introduced to the metal during welding may cause larger
second phase particles to break, forming smaller particles which causes the particle density
to increase. The main second phase particle type observed in alloy 6082 is Fe-rich phases.
As a result, the density of Fe-rich particles may be higher in the weld as compared to the
base metal. As seen in section 2.6, Fe-rich phases are known to cause susceptibility to
pitting corrosion [4, 14, 34, 46, 35].
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5.7. Further work

Future work should include a more comprehensive analysis of intermetallic phase particles
in alloy 6082, involving transmission electron microscopy (TEM) and X-ray diffraction
(XRD). By performing such an analysis, a more profound understanding of grain bound-
ary precipitates and hence corrosion susceptibility may be gained. In particular, the particle
types responsible for the attacks from pitting corrosion across the welded section may be
identified. Also, performing similar corrosion tests as used in this work on a fully recrys-
tallized microstructure, may provide further insight into the importance of microstructure
on the susceptibility towards IGC. Particular attention should be paid to the heat affected
zone of samples subjected to FSW and MIG welding. Moreover, attempts should be made
to understand the mechanisms responsible for the improved corrosion resistance observed
for this region as compared to the base metal.

Furthermore, as aluminium alloy AA6082 tested in this study usually does not contain
copper on an industrial scale, it would be interesting to study the effect of welding on other
AlMgSi alloys that usually contain copper (e.g. AA6005, AA6061). Finally, other welding
techniques may also be included such as tungsten inert gas welding (TIG), or the hybrid
metal extrusion and bonding (HYB) joining technique. The latter joining method is a
state of the art solid state welding technique, which has been reported to provide complete
residual strength across the welded section after welding [22]. As a result, this technique
may gain considerable momentum over the next decades, and it would be interesting to
study the corrosion resistance of such welds.
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Conclusion

In this master thesis four variants of AA6082 have been subjected to an accelerated IGC
test and a Cyclic Acidified Synthetic Sea Water (Fog) Test (SWAAT test). Main conclu-
sions that can be drawn on the basis of this study are as follows:

• The most aggressive corrosion attacks were seen after SWAAT testing of the alloys,
and pitting corrosion was found to be the main corrosion mode in all samples tested.

• The heat affected zone in alloy 6082-X / T6 subjected to MIG welding, and FSW
with subsequent PWHT, displayed increasing corrosion resistance as compared to
the base material. Also, for the FSW weldments, increased pitting corrosion was
observed in part of the base metal close to the HAZ.

• Moreover, the electrical conductivity was found to increase with increasing distance
from the weld seam for both FSW and MIG welded samples. As a result, the extent
of alloying elements located in solid solution is expected to be higher close to the
weld seam, which is attributed to dissolution of hardening precipitates β′ and β′′.
In fact, dissolution of such particles was confirmed by a reduction in hardness in the
HAZ. Finally, decomposition of these hardening particles is believed to improve the
corrosion resistance, which may explain the improved corrosion resistance observed
in the HAZ after FSW and MIG welding.

• However, no significant variation in corrosion potential was observed across the
welded section in MIG welded samples of alloy 6082-X / T6. Nevertheless, the Mg-
rich weld metal may act as a sacrificial anode protecting parts of the HAZ, despite
potential differences of no more than 30 mV.

• The importance of Cu content on pitting susceptibility became apparent as both pit
density, pit size and pit depth were observed to increase with increasing Cu concen-
trations. Also, the total weight loss was found to increase rapidly with increasing
Cu additions.

• The effect of PWHT on the corrosion resistance after the accelerated IGC test was
observed to be minimal, and only a slight decrease in weight loss was observed.

• SWAAT testing of Cu-lean alloy 6082-X / T6 subjected to weld simulation and
PWHT revealed aggressive pitting corrosion of narrow overaged regions. As a re-
sult, overageing was observed to increase the susceptibility to pitting corrosion. In
fact, pit densities and pit depths were found to be comparable to those observed in
6082-B / T1 containing 0.10 wt% Cu.

• All alloys tested displayed a highly fibrous microstructure as a result of extrusion.
For alloys 6082-A, 6082-B and 6082-C no recrystallized layer was observed. Such
observations are believed to prove beneficial with respect to IGC resistance, as most
grains are separated by low angle boundaries. For alloy 6082-X, on the other hand,
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a defined recrystallized layer of approximately 150 µm was observed which is ex-
pected to increase the susceptibility to IGC, as recrystallized grains are separated by
high angle boundaries. However, the lack of copper in this alloy render it rather re-
sistant to attacks from IGC, and only superficial attacks were observed after SWAAT
testing.

• Attacks from pitting corrosion were often observed to be accompanied by IGC along
sub grains, particularly in the base metal in alloys 6082-B and 6082-C with Cu con-
centrations of 0.10 and 0.60 wt% respectively. Also, the deepest pits were observed
in high temperature regions (> 450 ◦C), whereas low temperature regions (<300
◦C) where characterised by larger more shallow pits.

• The weld seam formed during FSW proved more susceptible to attacks from pitting
corrosion than the weld seam formed during MIG welding. Such results may be
explained by accumulation of alloying elements in the highly deformed friction stir
weld, causing a local potential difference between the accumulation site and the
aluminium matrix. However, no evidence supporting this hypothesis were provided.
Also, PWHT was performed on FSW samples only.

• EDS analyses in LV-FESEM revealed that Cu-rich phases in alloy 6082-C contained
substantial amounts of Fe and Si in addition to some Mn. These observations are
believed to reduce the overall susceptibility to IGC. However, the characteristic Q-
phase (Al4Mg8Si7Cu2), frequently reported to cause IGC in AlMgSi alloys, were
not observed. Moreover, Fe-rich phases were found to contain significant amounts
of Si in addition to some Mn, which should render these phases less harmful. Nev-
ertheless, as already mentioned, aggressive attacks from pitting corrosion were still
observed, particularly for Cu-rich or overaged alloys.

• Finally, alloys 6082-A, 6082-B and 6082-C displayed low susceptibility to artifi-
cial ageing. In fact, samples that were claimed to be peak aged, showed similar
hardness values as the naturally aged samples of the same alloy. As a result, all
samples of the above-mentioned alloys were designated a T1 starting temper condi-
tion. The reduced effect from artificial ageing is believed to result from low densities
of quenched-in vacancies clusters or solute. Alloy 6082-X, on the other hand, dis-
played expected hardness values after artificial ageing.
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A | SWAAT - Inspection form
Table A.1.: Regular inspections form during SWAAT testing of samples [55].

Day Chamber Air pressure Fallout Fallout Salt solution Time
temp. ( ◦C) (bar) (mL/h) (pH) conc. (%) (h)

4 48.4 1.6 0.757 3.28 3.9 70
5 49.1 1.6 3.8 92
6 49.0 1.6 3.8 110
7 42.0 1.7 0.908 3.3 3.9 131
8 48.9 1.6 3.8
9 49.9 1.6 3.8

10 50.0 1.6 0.894 3.29 3.8 207
11 48.4 1.6 3.8 224
12 50.1 1.6 3.9 251
13 51.3 1.6 0.961 3.29 3.8 261
14 49.1 1.6 3.8 284
15 48.0 1.6 0.964 3.2 3.9 308
16 49.2 1.6 3.9 337
17 46.9 1.6 0.978 3.35 3.8 364
18 48.9 1.6 3.8 389
19 50.5 1.6 0.985 3.37 3.9 407
20 50.5 1.6 3.9 427
21 50.6 1.6 0.983 3.38 3.9 460
22 50.7 1.6 3.9 484
23 50.2 1.6 3.9 503
24 50.4 1.6 3.9 524
25 49.0 1.6 3.9 558
26 49.2 1.6 0.954 3.4 3.9 572

113



B | Pitting measurements

Table B.1.: Pit densities after SWAAT testing of weld simulated samples (WS) and samples subjected
to MIG and FSW welding. Distance refers to position from centre line or weld. Note that no standard
deviation is presented as all visible pits within the given area of 20 cm2 were counted.

6082-A / T1 WS Pits Density (cm−2) 6082-B / T1 WS Pits Density (cm−2)

0-1 cm 6 0.30 0-1 cm 17 0.85
1-2 cm 7 0.35 1-2 cm 14 0.7
2-3 cm 9 0.45 2-3 cm 10 0.5
3-4 cm 7 0.35 3-4 cm 16 0.8
4-5 cm 0 0.00 4-5 cm 11 0.55
Sum 29 Sum 68

6082-C / T1 WS Pits Density (cm−2) 6082-X / T6 WS Pits Density (cm−2)

0-1 cm 16 0.8 0-1 cm 16 0.8
1-2 cm 18 0.9 1-2 cm 11 0.55
2-3 cm 15 0.75 2-3 cm 12 0.6
3-4 cm 15 0.75 3-4 cm 22 1.1
4-5 cm 11 0.55 4-5 cm 5 0.25
Sum 75 Sum 66

6082-X / T6 MIG Pits Density (cm−2) 6082-X / T6 FSW Pits Density (cm−2)

0-1 cm 4 0.2 0-1 cm 17 0.85
1-2 cm 10 0.5 1-2 cm 5 0.25
2-3 cm 18 0.9 2-3 cm 7 0.35
3-4 cm 22 1.1 3-4 cm 5 0.25
4-5 cm 22 1.1 4-5 cm 10 0.5
Sum 76 Sum 44

114



Ta
bl

e
B

.2
.:

P
it

di
am

et
er

s
af

te
r

SW
A

AT
te

st
in

g
of

w
el

d
si

m
ul

at
ed

sa
m

pl
es

(W
S)

an
d

sa
m

pl
es

su
bj

ec
te

d
to

M
IG

an
d

F
SW

w
el

di
ng

.
D

is
ta

nc
e

re
fe

rs
to

po
si

tio
n

fr
om

ce
nt

re
lin

e
or

w
el

d.
Te

st
ar

ea
20
cm

2
.S

D
=

St
an

da
rd

D
ev

ia
tio

n.

60
82

-A
/T

1
W

S
D

ia
m

et
er

(m
m

)
Av

er
ag

e
(m

m
)

SD
(m

m
)

60
82

-B
/T

1
W

S
D

ia
m

et
er

(m
m

)
Av

er
ag

e
(m

m
)

SD
(m

m
)

D
is

ta
nc

e
#1

#2
#3

D
is

ta
nc

e
#1

#2
#3

0-
1

cm
0.

3
0.

6
0.

4
0.

4
0.

2
0-

1
cm

2.
6

1.
7

1.
3

1.
9

0.
7

1-
2

cm
0.

6
0.

3
1.

1
0.

7
0.

4
1-

2
cm

0.
9

1.
0

1.
2

1.
0

0.
2

2-
3

cm
1.

0
0.

5
0.

5
0.

7
0.

3
2-

3
cm

0.
6

1.
1

1.
3

1.
0

0.
4

3-
4

cm
0.

5
0.

3
0.

3
0.

4
0.

1
3-

4
cm

0.
8

1.
1

0.
8

0.
9

0.
2

4-
5

cm
0.

4
0.

4
-

4-
5

cm
0.

8
1.

1
1.

4
1.

1
0.

3
Av

er
ag

e
0.

5
Av

er
ag

e
1.

2

60
82

-C
/T

1
W

S
D

ia
m

et
er

(m
m

)
Av

er
ag

e
(m

m
)

SD
(m

m
)

60
82

-X
/T

6
W

S
D

ia
m

et
er

(m
m

)
Av

er
ag

e
(m

m
)

SD
(m

m
)

D
is

ta
nc

e
#1

#2
#3

D
is

ta
nc

e
#1

#2
#3

0-
1

cm
1.

7
1.

4
0.

6
1.

2
0.

6
0-

1
cm

0.
3

0.
5

0.
5

0.
4

0.
1

1-
2

cm
1.

9
0.

9
1.

6
1.

5
0.

5
1-

2
cm

0.
5

0.
4

0.
3

0.
4

0.
1

2-
3

cm
1.

3
2.

9
1.

8
2.

0
0.

8
2-

3
cm

0.
7

0.
3

0.
5

0.
5

0.
2

3-
4

cm
5.

0
1.

3
1.

3
2.

5
2.

1
3-

4
cm

0.
7

0.
3

0.
9

0.
6

0.
3

4-
5

cm
3.

0
1.

5
2.

1
2.

2
0.

8
4-

5
cm

0.
4

0.
8

0.
9

0.
7

0.
3

Av
er

ag
e

1.
9

Av
er

ag
e

0.
5

60
82

-X
/T

6
M

IG
D

ia
m

et
er

(m
m

)
Av

er
ag

e
(m

m
)

SD
(m

m
)

60
82

-X
/T

6
FS

W
D

ia
m

et
er

(m
m

)
Av

er
ag

e
(m

m
)

SD
(m

m
)

D
is

ta
nc

e
#1

#2
#3

D
is

ta
nc

e
#1

#2
#3

0-
1

cm
0.

5
0.

4
0.

3
0.

4
0.

1
0-

1
cm

0.
5

0.
3

0.
3

0.
4

0.
1

1-
2

cm
0.

6
0.

5
0.

4
0.

5
0.

1
1-

2
cm

0.
4

0.
4

0.
4

0.
4

0.
0

2-
3

cm
0.

5
0.

6
0.

2
0.

4
0.

2
2-

3
cm

0.
2

0.
5

0.
4

0.
4

0.
2

3-
4

cm
0.

5
0.

4
0.

2
0.

4
0.

2
3-

4
cm

0.
3

0.
2

0.
3

0.
3

0.
1

4-
5

cm
0.

5
0.

3
0.

2
0.

3
0.

2
4-

5
cm

0.
4

0.
3

0.
5

0.
4

0.
1

Av
er

ag
e

0.
4

Av
er

ag
e

0.
4

115



Table
B

.3.:P
itdepths

after
SW

A
AT

testing
ofw

eld
sim

ulated
sam

ples
(W

S)and
sam

ples
subjected

to
M

IG
and

F
SW

w
elding.D

istance
refers

to
position

from
centre

line
or

w
eld.Testarea

20
cm

2.SD
=

Standard
D

eviation.

6082-A
/T

1
W

S
D

epth
(µ
m

)
Average

(µ
m

)
SD

(µ
m

)
6082-B

/T
1

W
S

D
epth

(µ
m

)
Average

(µ
m

)
SD

(µ
m

)

D
istance

#1
#2

#3
D

istance
#1

#2
#3

0-1
cm

120
370

370
287

144
0-1

cm
800

700
300

600
265

1-2
cm

170
110

280
187

86
1-2

cm
550

350
600

500
132

2-3
cm

260
170

360
263

95
2-3

cm
400

300
600

433
153

3-4
cm

140
250

150
180

61
3-4

cm
300

300
300

300
0.0

4-5
cm

160
160

-
4-5

cm
320

150
620

363
238

Average
215

Average
439

6082-C
/T

1
W

S
D

epth
(µ
m

)
Average

(µ
m

)
SD

(µ
m

)
6082-X

/T
6

W
S

D
epth

(µ
m

)
Average

(µ
m

)
SD

(µ
m

)

D
istance

#1
#2

#3
D

istance
#1

#2
#3

0-1
cm

670
700

900
757

125
0-1

cm
370

560
350

427
115

1-2
cm

1100
460

1150
903

385
1-2

cm
480

390
320

397
80

2-3
cm

750
600

450
600

150
2-3

cm
400

430
410

413
15

3-4
cm

300
150

180
210

79
3-4

cm
400

250
260

303
84

4-5
cm

530
450

900
627

240
4-5

cm
350

300
360

337
32

Average
619

Average
375

6082-X
/T

6
M

IG
D

epth
(µ
m

)
Average

(µ
m

)
SD

(µ
m

)
6082-X

/T
6

FSW
D

epth
(µ
m

)
Average

(µ
m

)
SD

(µ
m

)

D
istance

#1
#2

#3
D

istance
#1

#2
#3

0-1
cm

170
430

310
303

130
0-1

cm
360

70
70

167
167

1-2
cm

400
380

390
390

10
1-2

cm
340

100
50

163
155

2-3
cm

380
320

330
343

32
2-3

cm
460

330
350

380
70

3-4
cm

110
360

310
260

132
3-4

cm
370

330
340

345
21

4-5
cm

400
110

300
270

147
4-5

cm
330

420
120

290
153

Average
287

Average
269

116



C | Temperature profiles during
weld simulation

This appendix includes the temperature profiles for all weld simulated samples. However,
the profiles are observed to be similar and only small variations in the peak temperature
cam be observed. Most variation was observed for alloy 6082-X where the peak tempera-
ture was slightly lower than for alloys 6082-A, 6082-B and 6082-C.
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Figure C.1.: Temperature profiles during weld simulation of all weld simulated alloys. Note the
position of the profile being located -14 mm from the centre line (i.e. in the heat affected zone).
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D | Electrical conductivity
measurements

Table D.1.: Electrical conductivity measurements across the welded section for alloy 6082-X /T6
subjected to MIG and FSW. Measurements were taken in the plane of extrusion and are given in
MS/m. SD = Standard Deviation.

6082-T6/ FSW 6082-T6/ FSW + PWHT

Weld HAZ Base metal Weld HAZ Base metal
#1 25.8 27.5 28.6 27.3 28.9 29.2
#2 25.9 26.8 28.6 27.4 28.9 29.2
#3 26.1 27.0 28.7 27.5 28.8 29.3
#4 25.9 27.3 28.2 27.6 28.7 29.3
#5 25.9 28.4 28.7 27.4 28.9 29.2
#6 25.8 27.5 28.7 27.4 28.9 29.3

Average 25.9 27.4 28.6 27.4 28.9 29.3
SD 0.1 0.6 0.2 0.1 0.1 0.1

6082-T6 / MIG

Weld HAZ Base metal
#1 17.7 28.2 28.6
#2 19.8 27.4 28.4
#3 17.9 28.2 28.3
#4 18.4 27.5 28.3
#5 18.2 28.4 28.4
#6 18.6 28.0 28.4

Average 18.4 28.0 28.4
SD 0.7 0.4 0.1
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