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Résumé 

           Les alliages d’aluminium sont utilisés dans de nombreuses applications et comme 

remplacements des pièces en acier en raison de sa résistance élevée au rapport de poids et 

de la résistance à la corrosion.  Avec l’implantation des alliages d’aluminium dans de 

nombreuses utilisations industrielles, l’assemblage des différentes pièces pour former 

l’ensemble de l’assemblage et de la structure à haute résistance sont l’un des problèmes les 

plus cruciaux dans les applications industrielles telles que les automobiles, les avions et la 

construction navale. Les composants en aluminium, nécessitant souvent un assemblage, sont 

généralement soudés par fusion à l’aide de diverses techniques telles que le soudage à l’arc 

au gaz métallique (GMAW) et le gaz inerte au tungstène (TIG). Le soudage par fusion 

d’alliages à base d’aluminium traitables à la chaleur, en particulier les alliages 6xxx, présente 

plusieurs défis, notamment une résistance réduite dans la zone de fusion (FZ), une fissuration 

induite par soudage, une résistance mécanique réduite dans la zone affectée par la chaleur 

(HAZ), et une porosité accrue dans le métal de soudure. Ces questions sont liées à la chimie 

du métal d’apport, à la sensibilité à la fissuration et aux paramètres du procédé de soudage. 

 

        Dans la première partie, une étude a été menée sur la performance et la résistance 

mécanique des joints obtenus grâce à l’utilisation de métaux d’apport Al-Si-Mg récemment 

développés. Ces charges ont été caractérisées par des teneurs en Mg variant de 0,6 à 1,4 

poids. %, et le processus de soudage impliquait un métal de base AA6061 (BM) de 2 mm 

d’épaisseur. Les résultats ont révélé que les métaux d’apport nouvellement développés ont 

une excellente soudabilité similaire à celle de l’ER4043. La teneur en Mg dans les ZE des 

nouvelles charges s’est avérée supérieure à celle de la charge de référence. Les joints soudés   

ont été fracturés à l’extérieur de la FZ, exactement dans la zone la plus molle de la ZAT 

montrant la même résistance mais inférieure à celle du BM. Le traitement thermique après 

soudage (PWHT) a enlevé la HAZ et a récupéré sa résistance. En outre, le PWHT conduit à 

la formation des précipités β"-MgSi cohérents qui ont porté la résistance des joints traités 

thermiquement au niveau du BM avec une efficacité de soudage de 100%. De plus, les zones 

de fusion étaient beaucoup plus fortes que le métal de base et la zone de fusion de la charge 

de référence en utilisant les nouvelles charges à forte teneur en Mg, indiquant ainsi leur 

potentiel significatif pour le soudage de structures en aluminium à haute résistance. 

          

        Dans la deuxième partie, deux charges nouvelles ont été conçues et préparées en 

augmentant la teneur en Mg dans les métaux de charge 4xxx, et les effets du Mg sur les 

propriétés mécaniques et de fatigue ont été étudiés dans des conditions soudées et PWHT. 

Les feuilles AA6061-T6 ont été utilisées comme BM et soudées par GMAW. Les défauts de 

soudage ont été analysés à l’aide de la radiographie et de la microscopie optique, et les 

précipités dans les ZPs ont été étudiés à l’aide de la microscopie électronique à transmission 

(MET). Les propriétés mécaniques ont été évaluées à l’aide des essais de microdureté, de 

traction et de fatigue. Par rapport à la charge de référence ER4043, les charges avec une 

teneur accrue en Mg ont produit des joints de soudure avec une microdureté et une résistance 

à la traction plus élevées. Les joints fabriqués avec des charges ayant une teneur élevée en 

mg (0,6 à 1,4 % en poids) présentaient des résistances à la fatigue plus élevées et une durée 



 

 

de vie plus longue que les joints fabriqués avec la charge de référence dans les états tels que 

soudés et PWHT. Parmi les joints étudiés, les joints avec la charge de 1,4 % Mg en poids 

présentaient la résistance à la fatigue la plus élevée et la meilleure durée de vie à la fatigue. 

L’amélioration de la résistance mécanique et des propriétés de fatigue des joints en 

aluminium a été attribuée au renforcement amélioré de la solution solide par Mg soluté dans 

l’état tel que soudé et au renforcement accru des précipitations par des précipités β" dans 

l’état PWHT. 

 

       Dans la troisième partie, l’étude a examiné les effets des métaux d’apport Al-Si-Mg 

nouvellement développés avec des teneurs variables en Mg (0,6 à 1,4 % en poids) et en Mn 

(0,25 à 0,5 % en poids) sur l’évolution de la microstructure et les performances mécaniques 

des plaques AA6011-T6 à haute résistance utilisant le soudage à l’arc au gaz. Deux 

remplisseurs commerciaux, ER4043 et ER4943, ont été utilisés comme références pour la 

comparaison. Les résultats ont révélé que l’augmentation des teneurs en Mg et en Mn dans 

les charges nouvelles entraînait des éléments d’alliage suffisamment élevés dans la FZ, 

entraînant une microdureté plus élevée. Dans des conditions de comme soudé, la région la 

plus faible du joint était la HAZ. La résistance du joint était presque indépendante du type 

de charge et était contrôlée par la résistance HAZ. Les teneurs plus élevées en Mg dans les 

charges nouvelles ont favorisé la précipitation d’une grande fraction volumique de β"-MgSi 

fin dans la FZ pendant le PWHT, ce qui a entraîné une résistance supérieure et une efficacité 

de soudage plus élevée par rapport aux charges de référence. La teneur optimale en Mg des 

charges nouvelles était de 0,6 % en poids. L’augmentation de la teneur en Mn du métal 

d’apport a eu un effet négligeable. La charge FMg0.6 avec 0,6% Mg a obtenu la meilleure 

combinaison de résistance et d’allongement, ainsi que l’efficacité de soudage la plus élevée 

après PWHT, parmi toutes les charges étudiées. Cependant, les charges nouvellement 

développées ont nui à la résistance aux chocs des joints.  

 

    Dans la quatrième partie, les performances de soudage des fils de remplissage ER4043, 

ER5356 et FMg0.6 nouvellement développés sur le GMAW des plaques AA6011-T6 ont été 

systématiquement étudiées. Les propriétés de microstructure, mécaniques, de fatigue et de 

corrosion des soudures AA6011 utilisant trois fils de remplissage ont été analysées et 

comparées.  Les résultats ont révélé que les joints ER4043 et FMg0.6 présentaient des 

granulométries plus petites dans la FZ par rapport au joint ER5356. PWHT a entraîné la 

formation de β-Al2Mg3 aux joints de grains du joint ER5356, tandis que la sphéroïdisation 

du Si eutectique et la fragmentation partielle des composés intermétalliques riches en Fe se 

sont produites dans les joints ER4043 et FMg0.6. Les joints ER5356 et FMg0.6 soudés 

présentaient une dureté et une résistance à la traction supérieures à celles du joint ER4043, 

et leurs fractures se sont produites dans la zone la plus molle affectée par la chaleur, tandis 

que le joint ER4043 a été fracturé dans la FZ. Parmi tous les joints, le joint FMg0.6 a 

démontré la résistance la plus élevée et la résistance à la fatigue supérieure dans les 

conditions soudées et PWHT. Le joint ER5356 présentait la perte de poids la plus élevée à 

l’état tel que soudé et présentait le taux de corrosion le plus élevé dans l’état PWHT en raison 

de la précipitation de β-Al2Mg3. En raison de la fraction volumique élevée de Mg2Si primaire 

dans le joint FMg0.6 soudé, il avait un taux de corrosion plus élevé par rapport au joint 



 

 

ER4043. Le PWHT a amélioré la résistance à la corrosion du joint FMg0.6. Avec son 

efficacité de soudage élevée, ses propriétés de fatigue supérieures et sa résistance à la 

corrosion acceptable, la charge FMg0.6 nouvellement développée est un métal d’apport 

prometteur pour le soudage d’alliages 6xxx à haute résistance.



Abstract 

           Aluminum alloys find widespread application and serve as substitutes for steel 

components due to their high strength-to-weight ratio and corrosion resistance. With the 

increasing use of aluminum alloys across various industries, the joining of different parts to 

create high-strength assemblies and structures emerges as a critical concern in industrial 

applications such as automotive, aircraft, and shipbuilding. Aluminum components, often 

necessitating joining, are typically fused together using various techniques such as gas metal 

arc welding (GMAW) and tungsten inert gas (TIG). Fusion welding of heat-treatable 

aluminum-based alloys, particularly those in the 6xxx series, presents several challenges, 

including compromised strength in the fusion zone (FZ), susceptibility to welding-induced 

cracking, reduced mechanical strength in the heat-affected zone (HAZ), and increased 

porosity in the weld metal. These challenges are intertwined with factors such as the 

chemistry of the filler metal, susceptibility to cracking, and the parameters of the welding 

process. 

       In the first part, an investigation was conducted into the performance and mechanical 

strength of joints achieved through the utilization of recently developed Al-Si-Mg filler 

metals. These fillers were characterized by varying Mg contents ranging from 0.6 to 1.4 

wt.%, and the welding process involved a 2 mm thick AA6061 base metal (BM). The results 

revealed that the newly developed filler metals have excellent weldability similar to  that of 

the ER4043. The Mg content in the FZs of the new fillers was found to be higher than that 

of the reference filler. The as welded joints were fractured in the softest zone of the HAZ 

showing the same strength but lower than that of the BM. The post-weld heat treatment 

(PWHT) removed the HAZ and recovered its strength. Furthermore, the PWHT leads to the 

formation of coherent β"-MgSi precipitates which brought the strength of  the heat-treated 

joints to the level of the BM with 100% welding efficiency. Furthermore, the FZs of the 

newly developed fillers were stronger than the BM and the FZ of the reference filler, 

ER4043, thus indicating their significant potential for welding high strength aluminum 

structures. 

        In the second part, two novel fillers were designed and prepared by increasing the Mg 

content in 4xxx filler metals, and the effects of Mg on the mechanical and fatigue properties 

were studied under as welded and PWHT conditions. AA6061-T6 sheets were used as the 

BM and welded by GMAW. The welding defects were analyzed using X-ray radiography 

and optical microscopy, and the precipitates in the FZs were studied using transmission 

electron microscopy (TEM). The mechanical properties were evaluated using the 

microhardness, tensile, and fatigue tests. Compared to the reference ER4043 filler, the fillers 

with increased Mg content produced weld joints with higher microhardness and tensile 

strength. Joints made with fillers with high Mg contents (0.6–1.4 wt.%) displayed higher 

fatigue strengths and longer fatigue lives than joints made with the reference filler in both 

the as-welded and PWHT states. Of the joints studied, joints with the 1.4 wt.% Mg filler 

exhibited the highest fatigue strength and best fatigue life. The improved mechanical 

strength and fatigue properties of the aluminum joints were attributed to the enhanced solid-

solution strengthening by solute Mg in the as-welded condition and the increased 

precipitation strengthening by β" precipitates in the PWHT condition. 



         In the third part, the study investigated the effects of newly developed Al-Si-Mg filler 

metals with varying Mg (0.6–1.4 wt.%) and Mn (0.25–0.5 wt.%) contents on microstructure 

evolution and mechanical performance of high-strength AA6011-T6 plates using gas metal 

arc welding. Two commercial fillers, ER4043 and ER4943, were used as references for 

comparison. The results revealed that increasing the Mg and Mn contents in the novel fillers 

resulted in sufficiently high alloying elements in the FZ, leading to higher microhardness. 

Under as-welded conditions, the weakest region of the joint was the HAZ. The joint strength 

was almost independent of the filler type and was controlled by the HAZ strength. The higher 

Mg contents in the novel fillers promoted the precipitation of a large volume fraction of fine 

β"-MgSi in the FZ during PWHT, resulting in superior strength and higher welding 

efficiency relative to the reference fillers. The optimal Mg content of the novel fillers was 

0.6 wt.%. Increasing the Mn content of the filler metal had an insignificant effect. The 

FMg0.6 filler with 0.6% Mg achieved the best combination of strength and elongation, as 

well as the highest welding efficiency after PWHT, among all fillers studied. However, the 

newly developed fillers adversely affected the impact toughness of the joints. 

 

     In the fourth part, the welding performance of ER4043, ER5356 and newly developed 

FMg0.6 filler wires on the GMAW of AA6011-T6 plates was systematically investigated. 

The microstructure, mechanical, fatigue and corrosion properties of AA6011 weldments 

using three filler wires were analyzed and compared.  The results revealed that the ER4043 

and FMg0.6 joints exhibited smaller grain sizes in the FZ compared to ER5356 joint. PWHT 

resulted in the formation of β-Al2Mg3 at the grain boundaries of ER5356 joint, while 

spheroidization of eutectic Si and partial fragmentation of Fe-rich intermetallics occurred in 

ER4043 and FMg0.6 joints. The as-welded ER5356 and FMg0.6 joints displayed higher 

hardness and tensile strength compared to ER4043 joint, and their fractures occurred in the 

softest heat affected zone, while the ER4043 joint was fractured in the FZ. Among all the 

joints, the FMg0.6 joint demonstrated the highest strength and superior fatigue strength in 

both as welded and PWHT conditions. The ER5356 joint exhibited the highest weight loss  

in the as-welded state and suffered the highest corrosion rate in the PWHT condition due to 

the precipitation of β-Al2Mg3. Due to high volume fraction of primary Mg2Si in the as-

welded FMg0.6 joint, it had a higher the corrosion rate compared to ER4043 joint. The 

PWHT improved corrosion resistance of FMg0.6 joint. The FMg0.6 filler shows promise for 

welding high-strength aluminum alloys, attributed to its high welding efficiency and superior 

fatigue properties, alongside acceptable corrosion resistance. 
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1.  CHAPTER 1: INTRODUCTION 
 

1.1  Background 

        Welding is a fabrication process that joins metals, by causing fusion, melting, or 

coalescence. This is often achieved by heating the metals to their melting point or using 

pressure, with or without the addition of filler material, to create a permanent bond between 

the joined parts. Brazing, an ancient technique, involves using a braze metal that melts at a 

temperature above 450°C but below the melting point of the components to be joined. This 

prevents the parent metals from melting. Soldering is a nearly identical process, with the key 

distinction being that the solder's melting point is below 450°C. When welding involves 

solely melting and fusing the parent metals, it is termed autogenous welding. However, 

numerous processes incorporate the addition of a filler metal, introduced in the form of a 

wire or rod, which melts into the joint. This filler metal combines with the melted base metal 

to form the fusion zone (FZ) [1]. 

The fusion welding joint comprises of the FZ, heat affected zones (HAZ) and the adjacent 

base metal (BM). The mechanical properties of the welded joint depend mainly on two 

zones, the HAZ and the FZ.  The HAZ is formed because the heat input from the welding 

process leads to decline the strengthening mechanism such as the strain hardening and the 

precipitation hardening. The reduction in the mechanical properties in HAZ depends mainly 

on the type of the BM alloy. The strain hardened alloys such as 3xxx and 5xxx can lose the 

strength via recovery and recrystallization in HAZ. While the heat treatable alloys such as 

2xxx and the 6xxx loses their strength by dissociation and coarsening of the precipitation 

hardening particles such as β” and as β’ as well as the recovery and the recrystallization [2]. 
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The FZ strength relies on the level of the welding defects which can be controlled by 

optimizing the welding parameters. Moreover, the chemical composition of the formed FZ 

plays the most important role in determining the final strength of the joint. The chemical 

composition mainly depends on the BM dilution and the type of the used filler alloy.  

       The demand for high strength weldable 6xxx Al products is continuously increasing in 

many application such as marine, electric, and transportation industries [3]. The mechanical 

properties of the 6xxx Al alloys are mainly driven by number density and volume fraction 

of the nano sized metastable Mg2Si precipitates. Therefore, the chemical composition (most 

specifically Mg and Si content), and the applied heat treatment process are the critical 

parameters to achieve the desired mechanical properties [4, 5]. Furthermore, as the 6xxx Al 

products are widely used in car bodies, they are mostly required to be joined by fusion 

welding process. Various welding techniques have been developed to join the aluminum 

components, such as gas metal arc welding (GMAW), laser beam welding (LBW) and 

tungsten inert gas (TIG) [6, 7]. The heat treatable Al-based alloys (i.e., 6xxx) during fusion 

welding encounter, however, several weldability problems, namely lower strength of fusion 

zone, cracking during welding, as well as high porosity content in the weld metal [8, 9]. 

1.2 4xxx fillers 

       Commercial Al-Si based AA4043 weld wires have been widely used in general-purpose 

welding of 6xxx Al products. This filler metal is characterized by high fluidity and very good 

resistance to weld/solidification cracking. However, due to the composition of AA4043 filler 

metal (Al - 5Si), the mechanical properties of the joints is strongly dependent on dilution 

with the base metal [10-12]. In a fusion welding process, the Mg of the 6xxx base metal is 

added to the weld bead, which contribute to strengthening via solution strengthening in the 
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as welded condition or Mg2Si precipitation hardening in the post weld heat treatment 

(PWHT) condition. However, there are many situations in which the dilution ratio between 

the base metal and filler wire can fluctuate, and hence influence the strength of the joints 

[11].  

1.3 Development in the 4xxx fillers 

The choice of the filler type for aluminum welding relies on their alloying element 

compatibility with the BM, and the liquid-state properties play a vital role in preventing the 

hot cracking and ensuring effective dispersion and fusion with the BM. Specifically, for Al-

Mg-Si alloys, selecting a suitable filler metal has the potential to improve the strength of the 

FZ [13]. 

Among the widely used general-purpose welding filler wires, AA 4043 and AA 5356 stand 

out. These filler materials were specifically formulated for welding purposes. AA 4043 

contains 5% Si, while AA 5356 contains 5% Mg. When welding AA 6061 BM, AA 5356 is 

the preferred choice due to its generally greater strength and ductility. On the other hand, 

AA 4043's silicon content enables better flow, increased crack resistance, and improved 

weldability. AA 4943 (5% Si – 0.4% Mg) combines features from both AA 4043 and AA 

5356, offering the advantages of AA 4043 along with increased strength and ductility. AA 

4943 is suitable for all applications that utilize 4043, including base alloys 1xxx, 3xxx, 4xxx, 

and 6xxx. However, it's not recommended for 5xxx series alloys containing more than 2.5% 

magnesium, as this could lead to the formation of coarse Mg2Si, negatively impacting joint 

strength and ductility [14]. 

AA 4943 was formulated with magnesium as a strengthening element, providing strength 

independently of base metal dilution diffusion. The magnesium addition, ranging from 0.1% 
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to 0.5%, is targeted at achieving a desired Mg2Si precipitation level while avoiding the 

sensitivity peak at 1% Mg2Si. The silicon content is held within the range of 5.0-6.0% to 

retain the free silicon characteristic of AA 4043, crucial for fluidity properties and resistance 

to hot cracking during solidification. Silicon also contributes to enhanced fracture toughness 

and fatigue performance [13]. 

1.4 Welding of aluminum alloys challenges 

Aluminum welding faces challenges primarily due to its high thermal conductivity, electrical 

conductivity, significant thermal expansion coefficient, tendency to form refractory 

aluminum oxide, and relatively modest stiffness, as reported by Rajan et al.  [15]. 

Consequently, these factors impose limitations on the welding process, resulting in 

challenges such as oxide elimination and reduced strength in both the weld and the Heat-

Affected Zone (HAZ). These combined factors collectively influence the effectiveness and 

overall quality of the welds, as outlined in reference [13]. Furthermore, in its molten state, 

aluminum demonstrates notable solubility towards hydrogen and other gases [3], 

contributing to the formation of porosity within the weld bead. 

1.5 The post weld heat treatments 

The mechanical properties of weld joints are influenced by welding defects, composition, 

microstructure, and metallurgical states of the weld metal and adjacent base metal. In heat-

treatable alloys, the primary contributors to hardness reduction are the loss of precipitates in 

the weld and overaging in the HAZ. Solution and aging heat treatments can be employed to 

restore hardness in these regions. For AA 6061, the key welding challenge is the decline in 

mechanical properties in the FZ and the losing the strength in the HAZ [16]. Post-weld heat 

treatment (PWHT) is applied to alleviate residual stresses and modify the microstructure, 
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thereby enhancing the mechanical and chemical properties of the fusion-welded joint. When 

utilizing a 4xxx fillers with 6061 BM, the weld zone does not respond significantly to the 

PWHT since there is insufficient Mg content for the precipitation of nano-sized  β’’-MgSi, 

the main strengthening phase. Performing post weld age hardening alone does not yield a 

beneficial effect on tensile properties. While applying the Solutionzing followed by 

quenching enables the uniform distribution of solute atoms into the solution, forming 

homogenous distribution of Guinier-Preston (GP) zones upon performing the aging step 

[17].  

1.6 Definition of the problem 

         Nowadays, using of aluminum alloys in many applications as a replacement to the steel 

parts and structures makes the welding of these alloys very crucial to the industry. Welding 

of the heat treatable alloys such as the 6xxx alloys is usually attributed to the loss of the HAZ 

strength due to dissolving or coarsening the strengthening precipitates. Furthermore, the FZ 

is usually weak zone in the joint due to the welding defects such as pores and using the 

commercial fillers metals, ER4043 and ER5356. This kind of fillers has less or no 

strengthening elements and hence produce FZs of low strength and low efficiency compared 

to the BM. Furthermore, in many applications such as the automotives, the aluminum welded 

parts are exposed to the cyclic loading or fatigue loading. The structures welded with the 

commercial fillers lead to lower fatigue strength and life due to lower obstacles in front of 

the dislocations and hence fast fatigue crack growth happens.  

        There are many attempts have been done to overcome this reduction in the strength and 

the fatigue properties via addition of ceramic nanoparticles such as the TiC and Al2O3 to the 

fillers [18-20] . Additionally, other researchers tried to modify the chemical composition of 
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the used 4xxx fillers such as addition of Sr to modify the microstructure and the Mg (up to 

0.4%) to produce a heat treatable FZs. However, the joint strength still low relative to the 

BM. In this case other issues such as using thick BMs and high cost should be added to 

achieve the required load bearing capacity of the welded structure. 

         Finaly, the utilization of the aluminum alloys exceeds in marines’ industry. The 

welding of the aluminum alloys affects on the corrosion resistance of the whole joint 

especially in the corrosive media such as the sea water and the industrial corrosive 

substances.  This effect came from the non-homogeneous microstructure and chemical 

compositions of the different zones in the welded joints. Changes in the filler's composition 

can influence the corrosion resistance of the fusion zone (FZ). Therefore, any adjustment to 

the filler's chemical composition should be coupled with a comprehensive examination of 

the chemical properties of both the FZs and the entire welded joints.  

                                          

1.7 Objectives 

         The general objective of this work is to understand the effect of the addition of Mg and 

Mn on the microstructure of the welded joints in the as welded and PWHT. Moreover, the 

effect of the added alloying elements on the mechanical properties, including tensile, fatigue 

strengths, and impact toughness will be studied in the as welded and PWHTed samples using 

two BMs, AA6061 and AA6011. The specific objectives of three subprojects are listed 

below: 
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1.  Part 1: Developing High-Strength Al-Si-Mg Filler Alloys for Aluminum Fusion 

Welding of AA6061-T6 Base Metals 

a. Study the weld geometry and imperfection of the joints welded with the new fillers.  

b. Study the effect of the Mg on the microstructure in the as welded and PWHT 

conditions. 

c. Investigate the Mg distribution and the welded soundness in the welded joints. 

d. Investigate the impact of the added Mg on the tensile strength using the smooth and 

notched sampled in the as welded and PWHT conditions.  

 

2. Part 2: Welding AA6061 sheets by novel high strength 4xxx filler wires: effect of 

Mg content on mechanical and fatigue properties. 

a. Study the microstructure and the mechanical properties of the welded samples in as 

welded and PWHT conditions.  

b. Study the effect of the added Mg on the fatigue strength in as welded condition. 

c. Study the effect of the heat treatment on the fatigue strength of the welded joints.  

d. Study the effect of the porosity on the fatigue properties of the welded samples.  

 

3. Part 3: Welding AA6011-T6 thick plates by novel high strength 4xxx filler alloys: 

influence of Mg and Mn on the mechanical and impact toughness properties. 

a. Study the effect of the added Mg and Mn on the microstructure using thick plates of 

AA6011-T6 base metal.  

b. Evaluating the influence of Mg and Mn contents on tensile properties of thick and 

high strength AA6011-T6 base metal with low dilution joint geometry in as-welded 

and PWHT conditions 
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c. Study the effect of using the newly developed fillers on the impact toughness in the 

as welded and PWHTed samples.  

 

4. Part 4: Comparison of Mechanical, Fatigue and Corrosion Properties of Fusion-

Welded AA6011-T6 Plates Using Three Different Filler Wires 

a. Comprehensive investigation of the tensile strength of the welded AA60611-T6 

aluminum alloy with ER4043, ER5356, and FMg0.6 fillers.  

b. Studying the effect of using different fillers metals on the fatigue strength and life of 

the welded joints. 

c. Studying the corrosion resistance of the welded AA60611-T6 with the newly 

developed filler of FMg0.6 in comparison with using the commercial fillers of 

ER4043 and ER53256.  

 

1.8 Originality Statement 

The current research work focuses on the mechanical properties of the welded 

AA6061 and AA60611 BMs with the newly modified ER4043 with addition of Mg and Mn 

to its composition. The following points address the subjects in this thesis that have lack of 

knowledge in the literature.  

          In the first part, different fillers with different Mg content were used to weld AA6061-

T6 sheet with 2 mm in thickness. This is to understand the effect of the added Mg on the 

mechanical properties and the welded performance in comparison to the commercial filler 

metal, ER4043. This study also involves the microstructure investigation of the phases and 
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the nanoscale precipitates to explain the development occurred in the tensile strength of the 

welded joints in the as welded and PWHT conditions.  

        In the second part, the tensile and fatigue strengths of the welded AA6061-T6 BM with 

2 mm thickness were studied. In this study, ER4043, as reference filler, and two newly 

developed fillers with 0.6 and 1.4% Mg and the same Mn content of 0.25 % were used. This 

work explains the reasons behind increasing the tensile and the fatigue properties via using 

the 4xxx fillers containing high Mg content relative to the reference filler. Furthermore, this 

study reveals the effect of the pores size on the fatigue strength in joints welded with the 

reference filler and those welded with the newly developed fillers.  

            In the third part, the advantages of using the high Mg fillers to weld thick BM, 

AA6011-T6 of 6 mm thickness. This investigation reveals the contribution of the newly 

developed fillers on the compensation of the Mg loss in the FZs in the second pass if welded 

with ER4043 reference filler. Moreover, the study shows the impact of the added Mg in the 

new fillers on the tensile strength of the welded joints in the as welded and PWH conditions. 

the impact toughness of the welded joints was also revealed in all condition for all the new 

and the reference fillers.  

          In the fourth part, the tensile strength of the welded AA60611-T6 welded with 

ER5356, ER4043, and FMg0.6 was studied to reveal the development in the tensile 

properties that can be achieved with FMg0.6 in comparison to the commercial fillers. 

Addition to the tensile strength, the fatigue strength of the welded joints was investigated in 

the as welded and PWHT conditions. Moreover, the corrosion resistance of the welded joints 

was conducted to uncover the effect of the added Mg in FMg0.6 on the corrosion rates of 
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the welded joints in comparison to the commercial reference fillers in the as welded and 

PWHT conditions. 

 

1.9 Thesis outlines 

        The thesis consists of six chapters. In Chapter 1, Introduction, a brief background is 

presented, which starts with the definition of the 4xxx fillers alloys and the relevant 

use in the welding of the 6xxx aluminum alloys. Then, the developments occurred in the 

literature regarding to modification of their composition via adding nanoparticles or alloying 

elements. In addition, the associated problems that were found with using such commercial 

fillers as reported in the literature. Finally, the corrosion properties of the aluminum alloys 

were discussed.  

In Chapter 2, the published paper “Developing High-Strength Al-Si-Mg Filler Metals for 

Aluminum Fusion Welding ” in the Journal of Material Engineering and Performance, 2023  

is presented. The paper is drawn from the experimental results, discussing the microstructure 

and the mechanical properties of the AA6061-T6 BM welded with the modified commercial 

filler, ER4043, with Mg. The study included testing the microstructure and the mechanical 

properties in the as welded and PWHT conditions. Furthermore, a comparison was 

established between the joints welded with the newly developed fillers and the reference 

filler, ER4043.  

In chapter 3, the published paper “ Welding of AA6061-T6 Sheets Using High-Strength 

4xxx Fillers: Effect of Mg on Mechanical and Fatigue Properties ” in the Journal of Material, 

2023  is presented. In this paper, the tensile properties  and the high cyclic fatigue properties 
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were systematically investigated. Moreover, the effect of the pores size on the fatigue 

strength was studied. The investigation was performed in comparison to the reference filler, 

ER4043.  

In Chapter 4, the submitted paper “ Microstructure and mechanical properties of high-

strength AA6011 aluminum alloy welding with novel 4xxx filler metals” to the journal of  

Materials  is presented. In this paper, the effect of using the newly developed fillers on the 

mechanical properties of the thick and high strength AA60611 BM. Moreover, the effect of 

the high Mg fillers on the impact toughness of the welded joints was performed in the as 

welded and PWHT conditions.  

In Chapter 5, the under-review paper “ Comparison of Mechanical, Fatigue and Corrosion 

Properties of Fusion-Welded AA6011-T6 Plates Using Three Different Filler Wires” is 

presented. In this article, a comprehensive investigation was performed between the welded 

AA6011 BM with three different fillers including, ER4043, ER5356, and FMg0.6. the study 

involved the tensile and the fatigue strengths as well as the corrosion resistances of the 

welded joints in the as welded and PWHTed samples.  

Finally, in Chapter 6, the general conclusions and recommendations for future work are 

presented. Following this chapter, a list of publications and posters has been presented.  
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2. CHAPTER 2: Developing High-Strength Al-Si-Mg Filler Metals for 

Aluminum Fusion Welding 

(Published in the Journal of Materials Engineering and Performance) 

 
Abstract 

The 4xxx series of aluminum fillers are extensively used in aluminum welding owing 

to their excellent weldability, high cracking resistance, and low melting point. However, 

joints welded with commercial AA4043 fillers experience low mechanical strength. 

Therefore, we investigated the performance and mechanical strength of joints welded using 

newly developed Al-Si-Mg filler metals with different Mg contents (0.6–1.4 wt.%). 

AA6061-T6 plates were welded as the base metal using a gas metal arc welding process. 

The microstructures of the welded samples were characterized using optical microscopy, 

scanning electron microscopy, and transmission electron microscopy. The mechanical 

properties were characterized by microhardness and tensile testing. The results revealed that 

the new filler metals exhibited weldability similar to that of the ER4043 reference filler. The 

Mg concentration in the fusion zone of the new fillers was much higher than that of the 

reference filler. In the as-welded condition, all the fractures occurred outside the fusion zone. 

Therefore, all the welded samples exhibited similar mechanical strength, much lower than 

the base metal. After applying the post-weld heat treatment, the mechanical strength of all 

joints, regardless of the Mg content, reached the same level as the base metal and achieved 

100% welding efficiency. Furthermore, the fusion zones were much stronger than the base 

metal and fusion zone of the reference filler using the new fillers with high Mg content, thus 

indicating their significant potential for welding high-strength aluminum structures. 
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Keyword: Aluminum fusion welding; Al-Si-Mg filler metals; Magnesium content; Fusion 

zones; Mechanical strength of joints. 

2.1 Introduction 

The demand for high-strength, weldable 6xxx series Al products is continuously 

increasing in various transportation industries [1]. The mechanical properties of 6xxx series 

Al alloys are primarily driven by the number density and volume fraction of metastable 

Mg2Si precipitates. Therefore, the chemical composition (particularly the Mg and Si content) 

and applied heat treatment process are critical parameters for achieving the desired 

mechanical properties [2 , 3]. Furthermore, since 6xxx series Al products are widely used in 

car bodies, they are mostly required to be joined by welding. Various welding techniques 

have been developed to join aluminum components, such as gas metal arc welding 

(GMAW), laser beam welding (LBW), and friction stir welding (FSW) [4 , 5]. Heat-treatable 

Al-based alloys (i.e., 6xxx alloys) encounter several weldability problems during fusion 

welding. These include lower strength of the fusion zone (FZ), cracking during welding, 

reduction of the mechanical strength in the heat-affected zone (HAZ), and high porosity of 

the weld metal. These defects are related to the filler metal chemistry, propensity towards 

cracking, and the welding process parameters [6 , 7]. 

Commercial Al-Si-based AA4043 weld wires have been widely used for the general-

purpose welding of 6xxx Al products. This filler metal is characterized by high fluidity and 

high resistance towards weld/solidification cracking. However, as there is no strengthening 

element (mainly Mg to precipitate Mg2Si) in the AA4043 filler metal, the mechanical 

properties of the joints are strongly dependent on dilution with the base metal [7]. During 

the fusion welding process, the Mg content of the 6xxx base metal diffuses to the weld bead, 
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thus contributing to strengthening via Mg2Si precipitation hardening. However, in many 

situations, the dilution ratio between the base metal and filler wire can fluctuate, influencing 

the strength of the joints [6].  

To improve the properties of weldments, Babu et al. [8] added 0.2 and 0.75 wt.% Sc to 

the AA4043 filler, observing an apparent grain refinement in the weldment when the Sc 

content was above the hypereutectic composition. In another study by Babu et al. [9], TiB2 

was added to the AA4043 fillers as a grain refiner, and the microhardness (HV) of the 

weldments improved by approximately 20%. The Mg-containing and heat-treatable AA4643 

filler metal was also designed to resolve the strengthening variation related to the dilution 

phenomenon. However, the AA4643 filler still requires dilution from the base metal 

(approximately 20%) to obtain optimum mechanical properties. In addition, as the AA4643 

filler has a lower Si content relative to the AA4043 filler, it has lower fluidity, lower fatigue 

life, and is more susceptible to hot cracking [6]. Later, AA4943 filler metal, with increased 

Mg content up to 0.5 wt.%, was developed to provide consistently higher tensile, yield, and 

shear strength relative to the AA4043 and AA4643 fillers while maintaining the same 

welding and corrosion characteristics as the AA4043 filler [6]. Although AA4943 filler 

metal exhibits acceptable strength relative to its conventional 4xxx series counterparts, the 

increasing demand to develop high-strength weldable Al products necessitates the 

development of new filler metals. In addition, the influence of Mg, a major alloying element 

in filler metals, on the mechanical properties of the joints in 6xxx alloys has never been 

systematically investigated.   

Further improvement in the mechanical strength of the joints would also enable 

manufacturers to decrease the size of fillet welds without compromising strength [7]. 
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Reducing the fillet size could potentially improve welding productivity by reducing the 

volume of weld wires used and welding process time. In addition, the reduced weld 

size/thickness could reduce weldment distortion. The objective of the present study is to 

develop a new generation of 4xxx series filler metals for aluminum fusion welding to obtain 

high-strength joints with consistent properties. High Mg additions (0.6–1.4 wt.%) were 

added to the filler metals, and their impact on the weldability, microstructure, and 

mechanical properties of AA6061 weldments was investigated. 

2.2 Experimental procedure  

  The experimental process is summarized in Figure 2.1. Direct chill (DC) cast billets 

(diameter of 101 mm) with varying Mg content were prepared to develop new weld wires. 

After homogenization at 530 °C for 10 h, the DC cast billets were transformed into weld 

wires (diameter of 1.5 mm) via extrusion and wiredrawing processes. The three experimental 

filler metals containing 0.6, 1, and 1.4% Mg were denoted as Mg0.6, Mg1, and Mg1.4, 

respectively. A commercial ER4043 weld wire was used as the reference filler metal. The 

AA6061-T6 plates, as the base metal (BM), were cut into 300 mm × 100 m × 2 mm sections 

and prepared in a butt joint configuration with a gap of 0+0.1 mm [10]. GMAW was used to 

join the plates using a Fronius Transpulse Synergic 5000-CMT welding machine mounted 

on a Motoman UP50N robot. The chemical compositions of the filler wires and the base 

metal are listed in Table 2.1. The welding process was conducted with the following 

parameters: voltage of 21.6 ±0.3 V, current of 98 ±1 A, positive direct current electrode, 0.8 

m/min as the travel speed, 3m/min as the wire feeding rate, and 100% Ar shielding gas with 

a flow rate of 24 L/min.  
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The welded plates were first examined by X-ray radiography tests (XRT) to verify macro-

processing defects such as large porosities and cracks in weldments. After the XRT analysis, 

the welded plates were divided to the high porosity zone, and the low porosity zones. 

Afterwards, at least four samples from the low porosity zones were grounded and polished 

then with using the optical microscopy, 20 images were taken from each sample at 50x and 

analyzed using the ImageJ software. Each image was analyzed, and the pores area fraction 

was calculated (area of pores / area of the image x 100); subsequently, the average value of 

the porosity was calculated. Welded samples were prepared using a standard metallographic 

procedure to examine the microstructural evolution. The microstructures were observed 

using optical microscopy (OM), scanning electron microscopy (SEM, Jeol JSM-6480LV), 

and transmission electron microscopy (TEM, Jeol JEM-2100). The welded plates were 

subjected to post-weld heat treatment (PWHT): 1) solution treatment at 530 °C for 1 h 

followed by water quenching at ambient temperature, and 2) artificial aging at 170 °C for 6 

hr. The mechanical properties of the weldments in the as-welded (AW) and PWHT 

conditions were evaluated using HV and tensile tests. The Vickers microhardness of the 

joints was measured on polished samples using an NG-1000 CCD microhardness tester with 

a load of 50 g and a dwell time of 20 s. The tensile properties of the welded samples were 

measured using an Instron 8801 servo-hydraulic unit with a crosshead speed of 1 mm/min. 

An extensometer with a 25 mm gauge length was used to measure the strain. Two types of 

tensile samples were prepared: standard and double-edge notched samples, as shown in 

Figure 2.2. At least five samples were obtained for each condition, and the average value 

was reported.  
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The polished samples were etched in a solution of 0.5% HF for 5 s to reveal the boundaries 

between the FZ and HAZ. Identifying the FZ enabled the calculation of the dilution ratio of 

fillers with BM at the FZ using the equation [11]: dilution ratio = A/(A+B+C)%, where A, 

B, and C correspond to the cross-sectional areas of the melted BM, weld cap, and weld root 

reinforcement, respectively (see Figure 2.3). The calculated dilution ratio was approximately 

56% for all welded joints; based on this ratio, the chemical compositions of the FZs were 

calculated (Table 2.2). 

 

Figure 2.1. Flowchart of the experimental process. 

Figure 2.2. Dimension of the tensile samples for (a) standard and (b) double-edge notched 

samples (mm). 
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Table 2.1. Chemical compositions of the base metal and filler metals. 

 

 

 

Table 2.2. The chemical compositions of the FZs calculated after dilution. 

Filler Si Fe Mn Mg Cu 

ER4043 2.478 0.171 0.070 0.599 0.140 

Mg0.6 3.009 0.159 0.279 0.835 0.135 

Mg1 3.009 0.163 0.288 1.025 0.135 

Mg1.4 3.031 0.163 0.271 1.196 0.135 

 

 

Figure 2.3. Macro view of a typical joint cross section for the dilution calculation. 

 

2.3 Results and discussion  

2.3.1 Weld geometry and imperfection 

All weld plates were initially scanned by XRT to verify the integrity of the weld bead and 

the presence of macro imperfections, such as porosity and cracks. The XRT results showed 

no signs of slag inclusions, oxides, cracks, lack of fusion, or incomplete penetration for all 

welded plates, indicating similar weldability of the new filler metals and the reference 

ID Si Fe Mn Mg Cu 

BM (base) 0.52 0.18 0.11 1.05 0.25 

ER4043 5.5-6 <0.8 <0.05 <0.05 <0.3 

Mg0.6 6.2 0.14 0.5 0.61 0.001 

Mg1 6.2 0.15 0.52 1.04 0.001 

Mg1.4 6.25 0.15 0.48 1.43 0.001 
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ER4043 filler. Two zones, with high and low porosity levels, were observed along the weld 

bead, as shown in Figure 2.4. 

As fillers wires were not the commercial grades (developed at our laboratory), their 

surface was not perfectly smooth. Even though, at the first step, it was tried to optimize the 

welding process parameters, but the final weld quality in some region could be influenced 

by the filler wire quality and generate weld defects (like porosity) in certain zones which 

named as high porosity zones. The weld cross-sections were extracted from the steady-state 

region of the weld in the low porosity zones. Based on the macroscopic images, no undercuts 

on the top or root surfaces were detected. Excessive penetration at the root side was less than 

2 mm, passing the stringent quality level B (≤3 mm) based on the ISO 10042:2005(E) 

standard [12]. The porosity content of the low porosity zones, verified by XRT and 

metallographic analysis, was less than 1%, passing the stringent quality level B (≤1%) based 

on the ISO 10042:2005(E) standard. Consequently, all samples used for microstructure 

characterization and mechanical property evaluation were prepared from low-porosity 

zones. 

 

Figure 2.4. (a) XRT image of the weld and (b) macroscopic views of the low and high 

porosity zones (pores are indicated with red arrows). 

Porosity

High porosity zone Low porosity zone

(a)

(b)
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2.3.2 Microstructures 

2.3.2.1 As-welded microstructure  

The grain morphologies in the BM, HAZ, and FZ were analyzed using OM, and the results 

are presented in Figure 2.5. The BM (i.e., the as-received 6061-T6 plates) comprise coarse 

grains (average grain size of 70 µm) partially elongated in the rolling direction (Figure 

2.5(a)). Fine and equiaxed grains with an average size of 40 µm were observed in the HAZ 

(Figure 2.5(b)); grains in the HAZ were subjected to static recrystallization owing to the heat 

input during the GMAW process. The fusion boundary between the HAZ and FZ revealed 

epitaxial growth of the columnar grains.  The FZ was composed of dendritic equiaxed grains 

(average grain size of 130 µm), as shown in Figure 2.5(c). The second dendrite arm space 

(SDAS) of the FZ was also similar (~16 µm) in all joints. These results indicate that constant 

weld parameters and similar solidification rates were applied to all welds, which were not 

influenced by the variation in the Mg content of the fillers. 

 

Figure 2.5. Grain morphology of the (a) BM, (b) HAZ, and (c) FZ in the joints welded with 

Mg1.4 filler. 
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The microstructure of the FZ was first calculated using the ThermoCalc software under 

Scheil conditions, using diluted FZ chemical compositions (Table 2.2). The predicted 

microconstituents and the corresponding mass fractions of the different phases in the 

ER4043 and Mg1.4 samples are shown in Figure 2.6. The microconstituents in the FZ of 

both samples were α-Al, Si, Mg2Si, α-Al(FeMn)Si, and β-AlFeSi. As shown in Figure 2.7, 

the main differences between these two samples were the content and formation 

temperatures of Mg2Si and the Fe-bearing intermetallics (i.e., β-AlFeSi and α-Al(FeMn)Si). 

Owing to the higher Mg content in the FZ of the Mg1.4 joints, the mass fraction of the Mg2Si 

phase was considerably higher than the ER4043 joints (1.1 vs. 0.4%). Furthermore, 

considering the higher Mn content in the new fillers, the Fe-bearing intermetallics formed 

were mostly α-Al(FeMn)Si in the Mg1.4 joints rather than β-AlFeSi, as in the ER4043 joints. 

The microstructures of the FZ of the ER4043 and Mg1.4 joints were further analyzed 

by SEM (Figure 2.7). The principal microconstituents observed in both samples were α-Al, 

Si, Mg2Si, α-Al (FeMn) Si, and β-AlFeSi, consistent with the predicted results (Figure 2.6). 

Although the Mg content of the ER4043 filler was negligible (>0.05 %), the FZ of the joints 

contained a small amount of Mg2Si particles (~0.2%) due to dilution with the BM. The area 

fraction of Mg2Si particles increased to 0.28, 0.5, and 0.6% in the Mg0.6, Mg1, and Mg1.4 

joints, respectively. 
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Figure 2.6. Predicted phase amounts of (a) ER4043 and (b) Mg1.4 joints under non-

equilibrium Scheil condition. 

 

 

 

Figure 2.7. SEM images of the FZ of the (a) ER4043 and (b) Mg1.4 joints in the as-welded 

condition. All phases were identified by SEM-EDX. 

 

2.3.2.2 Mg distribution and the weld soundness  

The variation in Mg concentration from the weld toe to the weld surface has been previously 

reported [13,14]. Therefore, the Mg distribution in the FZs was investigated using SEM-

EDS, and the results are presented in Figure 2.8. The Mg concentrations at all the weld 

(a) (b)
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surfaces were lower, ranging between 0.2 to 0.29%. The Mg concentration at the weld toe 

of ER4043 was still relatively low (0.23%). However, at the weld toe of the joints of the new 

fillers, the Mg concentrations were remarkably higher, and reaching values of 0.72, 0.81, 

and 0.88% in the Mg0.6, Mg1, and Mg1.4 joints, respectively ( Figure 2.8(a)). Furthermore, 

the Mg distributions from the weld cap to the weld root were analyzed, and the corresponding 

results are presented in Figure 2.8 (b). The Mg concentration at the weld roots was 

significantly higher than that at the weld caps. Overall, the Mg concentration in the FZ of 

the new fillers was much higher than those of ER4043, where the higher the Mg content of 

the fillers, the higher the Mg concentration in the FZ. Similar observations on the distribution 

of Mg in weld beads have been previously reported [15 , 16]. The loss and nonuniform 

distribution of Mg in the FZs can be attributed to the evaporation and burning of Mg [13 , 

14]. Mg can readily evaporate from the weld pool surface due to its low boiling point (1090 

°C). In addition, owing to the buoyancy force and lower density of Mg relative to Al, Mg 

can float to the top surface of the weld pool. Hence, Mg can be vaporized in the hot region 

of the weld pool surface, underneath the welding arc, and subsequently condense at the weld 

toes/sides. In the macroscopic view of the weld beads illustrated in Figure 2.7(c)–(e), dark 

zones (i.e., black smut) were observed in the periphery of the weld beads. The darkness and 

area of the black smut correlated with the Mg content of the filler; the higher the Mg 

concentration of the fillers, the larger and darker were the black smuts. As previously 

reported, the black layer can be attributed to the oxidation of Mg [14 , 17]. 

 



26 

 

 

Figure 2.8. (a) Mg concentration at the weld surface and weld toe, (b) Mg distribution along 

the weld centerline and macro images of the black smut (Mg and Al oxides) around the weld 

bead in (c) ER4043, (d) Mg0.6, and (e) Mg1.4 joints. 

 

2.3.2.3 PWHT microstructure 

The microstructure of the FZ after PWHT is shown in Figure 2.9. With the applied heat 

treatment, the Mg2Si and eutectic Si particles were partially dissolved. The remaining Mg2Si 

and Si particles, with plate-like morphology, were modified to a fibrous round structure. The 

dissolved particles can contribute to strengthening the FZ via solid solution and precipitation 

hardening [18]. Furthermore, a slight fragmentation of the Fe-bearing intermetallics, marked 

with dotted circles in Figure 2.9, was observed in the microstructure after the heat treatment. 
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Figure 2.9. SEM images of the FZ in (a) ER4043 and (b) Mg1.4 joints after PWHT. 

 

2.3.3 Mechanical properties  

2.3.3.1  Microhardness measurement  

The microhardness results of the as-welded joints along the central line across the FZ 

are shown in Figure 2.10(a). The welded samples were divided into three distinct zones based 

on the HV results. The BM exhibited the highest hardness, with a constant profile (~120 

HV), among all the welded samples. The HAZ appeared when the BM moved towards the 

FZ. Here, a remarkable reduction in HV was observed until reaching the minimum HV, and 

then the HV value increased again. In the HAZ, the HV values were similar for all welded 

samples. The large HV reduction in the HAZ can be attributed to recrystallization (Figure 

2.5(b)) and the dissolution/coarsening of strengthening precipitates (e.g., β''-Mg2Si) in the 

BM owing to the arc heat input [11]. With further movement from the HAZ (the softest zone) 

to the FZ, the HV sharply increased and reached a narrow plateau. The highest HV of the 

FZ was 115–120 HV for the Mg1.4 sample, similar to the HV of the BM. The HV values of 

the FZ were reduced to 107 and 104 for the Mg1 and Mg0.6 samples, respectively. The 

lowest HV of the FZ was 96 HV for the ER4043 sample, approximately 20% lower 
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compared to that of the Mg1.4 sample. The HV improvement in the FZ by Mg addition could 

be attributed to solid solution strengthening and possible natural aging prior to HV testing.  

           After the PWHT, the microhardness of the welded samples was again measured along 

the centerline of the FZ; the corresponding results are shown in Figure 2.10(b). The 

microhardness of the BM was ~130 HV, slightly higher than the initial HV of the BM in the 

as-welded condition (~120 HV). This could be associated with the optimized heat treatment 

to reach the peak aging in our study. The lost HV of the HAZ was entirely recovered after 

the PWHT, ensuring that the BM and HAZ exhibited similar HV values. The HV profiles 

across the FZs were also significantly enhanced compared to those of the as-welded 

condition. For instance, the HV of the FZ in the ER4043 joint exhibited a 40% improvement 

(96 vs. 137 HV). In addition, the HV value of the ER4043 joint was slightly higher than that 

of the BM (137 vs. 130 HV), even though the Mg content in the BM was higher than that in 

the ER4043 joint. This result can be associated with the excess Si content in the FZ of 

ER4043 filler, through which a greater volume fraction of β''-Mg2Si precipitates were 

formed [19 , 20], confirmed in Section 2.3.5. Furthermore, the HV values of the FZ welds 

with the three new fillers were remarkably higher than those of the BM and FZ welds of the 

ER4043 reference filler. The HV values of the FZs increased from 137 HV for the ER4043 

joint to 143, 146, and 148 HV for the Mg0.6, Mg1, and Mg1.4 joints, respectively (Figure 

2.10(b)). 
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Figure 2.10. Microhardness profiles of the welded joints in (a) as-welded condition and (b) 

after PWHT. 

 

2.3.4 Tensile properties  

2.3.4.1 Tensile strengths of standard samples  

The tensile strengths of all the welded samples are presented in Figure 2.11. The yield 

strength (YS) and ultimate tensile strength (UTS) of the BM were 265 and 318 MPa, 

respectively. In the as-welded condition, all the welded samples with the four filler metals 

exhibited almost the same YS (~125 MPa) and UTS (~200 MPa), remarkably lower than 

those of the BM. A close look at the welded samples after tensile testing indicated that all 

the welded samples made with the four fillers were fractured in the HAZ ( Figure 2.11(b)), 

which was the softest zone according to the HV results (Figure 2.10(a)), thus explaining the 

similar tensile strengths exhibited by all the welded samples. It is event that the as-welded 

tensile properties of all joints reflected only the minimum mechanical strength in the HAZ. 

          As shown in Figure 2.11(a), the tensile strengths of weld samples with the four fillers 

were significantly enhanced after the PWHT and reached the same level of tensile strength 
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of the BM (i.e., YS and UTS of ~275 and ~325 MPa, respectively). The fractures of all the 

weld samples were again outside the FZ but in the BM ( Figure 2.11(b)). The HV profiles 

along the welding samples (Figure 2.10(b)) indicate that the strength of the HAZ was entirely 

recovered after PWHT, and the strength of the FZs made with the four fillers was remarkably 

higher than that of the BM. The fracture of welded samples occurs in the BM, thus explaining 

why all the welded samples, regardless of their Mg content, exhibited similar tensile 

properties as the BM and achieved 100% welding efficiency (UTSjoint/ UTSBM x100). 

 

 

Figure 2.11. (a) Tensile strengths of the standard samples and (b) macro-images of fractured 

tensile samples under different conditions. The white and red arrows indicate the FZs and 

the fractures, respectively. 

 

2.3.4.2 Tensile strengths of notched samples   

As mentioned previously, the standard tensile samples fractured either in the HAZ in 

the as-welded condition or in the BM in the PWHT condition. Tensile tests in the FZ were 

conducted with double-edge notched samples to better understand the impact of the 

elemental contributions (i.e., the Mg content) on the weld bead strength (Figure 2.2(b)). A 
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correction factor [21 , 22] was applied to correlate the tensile properties of the notched 

samples to those of the standard tensile samples to obtain the tensile strengths of the FZ. The 

tensile strengths of the FZs in as-welded condition are shown in Figure 2.12(a). Due to the 

reduced area of the FZs in the notched tensile samples, all the fractures were located in the 

FZ (Figure 2.11(b)). The YS and UTS values of the FZ welded with the reference filler 

reached 148 and 238 MPa, respectively, already higher than that of the HAZ (black and red 

dashed lines in Figure 2.12(a)). With increasing Mg content, the YS of the FZ made with the 

new fillers increased up to 179 MPa for the Mg1.4 filler, 20% higher than that of the FZ 

welded by the reference filler. Moreover, the UTS of the FZs welded by the new fillers was 

also improved with increasing the Mg content; for instance, for the Mg1.4 filler, the UTS 

reached 260 MPa, 10% higher than that of the FZ of the reference filler. These improvements 

in tensile strength, consistent with the microhardness results (Figure 2.10(a)), are mainly 

attributed to the increased solid solution strengthening of the FZ caused by the higher Mg 

content in the new fillers [23].  

Subsequently, the mechanical strength was evaluated after PWHT, and the results for 

the notched samples are shown in Figure 2.12(b). The YS and UTS of the FZ made with the 

reference filler was 288 MPa and 340 MPa, respectively, exceeding the YS and UTS of the 

BM (275 MPa and 325 MPa, respectively, as marked by the blue and green dashed lines in  

Figure 2.12(b)). Among the four filler metals, the reference filler exhibited the lowest tensile 

strength. The tensile strengths of the PWHT joints welded with the new fillers were 

remarkably higher than those of the joints made with the reference filler. For instance, the 

joint made with the Mg1.4 filler exhibited a YS of 336 MPa and UTS of 392 MPa. The 
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higher the Mg content in the filler metals, the higher the tensile strengths of the joints, 

consistent with the HV results presented in Figure 2.10(b). 

 

 

Figure 2.12. Tensile strengths of the notched samples in (a) as-welded and (b) PWHT 

conditions. The black and red dash lines in (a) represent the YS and UTS of the standard 

samples in the as-welded condition, while the blue and green dash lines in (b) show the YS 

and UTS of the standard samples in the PWHT condition. 

 

2.3.5 TEM analysis 

The HV and tensile results (Figure 2.10(a)) indicated that the HAZ was the softest zone 

in all the as-welded samples. Therefore, TEM analysis was conducted to characterize the 

precipitate microstructure in the HAZ and the BM. The bright-field TEM image in Figure 

2.13(a) reveals the precipitate microstructure of the BM. It can be seen that very fine and 

needle-shaped β"-Mg2Si precipitates were uniformly distributed in the 𝛼-Al matrix of the 

BM, which are the main strengthening phase in AA6061-T6 aluminum plates. Figure 

2.13(b), taken at ~2 mm from the fusion line of the Mg1.4 joint, the approximate softest 

point in the HAZ (Figure 2.10(a)), indicated that most of the fine and coherent β"-Mg2Si was 

transformed to equilibrium and large β-Mg2Si particles in the matrix as a result of exposure 
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to high temperature [24 , 25]. Therefore, the strengthening effect on the aluminum matrix 

was almost completely lost. With increasing distance from the FZ, the effect of the arc heat 

input during welding was reduced. Figure 2.13(c), taken at ~7 mm from the fusion line of 

the Mg1.4 joint, showed that the fine and coherent β"-Mg2Si were transformed into coarse 

and semi-coherent β'-Mg2Si precipitates, resulting in a partial loss of the strengthening 

effect. In addition, the grains in the HAZ were mostly recrystallized due to the effect of the 

arc heat input (Figure 2.5(b)). The microstructure evolution in the HAZ, related to the heat 

flux during welding, accounts for the softening of the HAZ, resulting in the weakest zone in 

all the as-welded samples.  

The precipitate microstructure in the FZ of the PWHT samples was investigated using 

TEM. Typical results for the FZ made with the ER4043, Mg0.6, and Mg1.4 fillers are 

presented in Figure 2.14(a) to (c). The quantitative results of the number densities and 

volume fractions of the β''-Mg2Si precipitates in the BM and all the welded samples are 

shown in Figure 2.14(d). The microstructures of the FZs in all the welded samples were 

dominated by nanosized and coherent β''-Mg2Si precipitates (Figure 2.14(a)). The FZ of the 

reference filler had a slightly higher number density and volume fraction of precipitates than 

the BM (Figure 2.14(a)), although the BM had a higher Mg content, attributed to the higher 

excess Si content in the ER4043 joint, promoting the formation of β''-Mg2Si precipitates [19] 

.With increasing Mg content in the new fillers, the β''-Mg2Si precipitates became finer 

(Figure 2.14(b) and (c)), and the number density and volume fraction of precipitates 

increased (Figure 2.14(d)). Therefore, compared to the BM and the reference filler joint, the 

higher HV (Figure 2.10(b)) and greater tensile strength ( Figure 2.12(b)) of the FZs of the 

new fillers were directly related to the finer and denser β''-Mg2Si precipitates. After the 
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PWHT, the HAZ of the welded samples recovered to the original strength of the BM. 

However, the FZs welded by the new fillers became much stronger; hence, the weld beads 

are no longer the limiting factor for the overall strength of the welded components, thus 

indicating the significant potential for the welding of high-strength aluminum structures.    

       

 

Figure 2.13. Bright-field TEM images of (a) β" precipitates in BM, (b) β precipitates at 2 

mm from the fusion line, and (c) β' precipitates at 7 mm from the fusion line in the Mg1.4 

joint. 
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Figure 2.14.  Bright-field TEM images of β" precipitates in the FZs of (a) ER4043, (b) 

Mg0.6, (c) Mg1.4 joints. (d) Quantitative results of the β" precipitates. 

 

2.4 Conclusion   

1) The new Al-Si-Mg 4xxx filler metals exhibited weldability similar to that of the ER4043 

commercial filler. No slag inclusions, oxides, cracks, lack of fusion, or incomplete 

penetration were observed for any of the welded plates. 

2) In the joints of all the filler metals, the Mg concentration varied significantly from the weld 

surface to the weld toe and from the weld root to the weld cap. The average Mg concentration 

in the FZ of the new fillers was much higher than that of the reference filler, increasing with 

increasing Mg content in the new fillers. 

3) In the as-welded condition, all the welded samples exhibited similar mechanical strength, 

but much lower than the BM. The strength of the FZ was greater than the minimum strength 
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of the HAZ for any given filler. Therefore, all the welded samples were fractured at the HAZ, 

the weakest zone in the joints owing to recrystallization and the dissolution/coarsening of 

the strengthening precipitates. 

4) After applying the PWHT, the mechanical strength of all joints, regardless of the Mg content, 

reached the same level as the BM, achieving 100% welding efficiency. 

5) The results of the microhardness and notched tensile samples indicated that although the 

HAZ of the welded samples was recovered during PWHT, the FZs welded by new fillers 

became much stronger than the BM and the joint made by the reference filler, thus indicating 

the significant potential for the welding of high-strength aluminum structures. The improved 

strength of the FZs was attributed mostly to the finer and denser β''-Mg2Si owing to the 

higher Mg content in the FZs made by new fillers compared to that made by the reference 

filler. 
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3. Chapter 3: Welding of AA6061-T6 Sheets Using High-Strength 4xxx Fillers: 

Effect of Mg on Mechanical and Fatigue Properties  

(Published in the Journal of Materials) 

Abstract 

Al-Si-Mg 4xxx filler metals are widely used in aluminum welding due to excellent 

weldability and capability of strength enhancement by heat treatment. However, the weld 

joints with commercial ER4043 filler often suffer low strength and low fatigue properties. 

In the present work, two novel fillers were designed and prepared by increase Mg level in 

4xxx filler metals, and the effect of Mg on mechanical and fatigue properties was studied in 

as welded and post-weld heat treatment (PWHT) conditions. AA6061-T6 sheets was welded 

as the base metal using a gas metal arc welding technique. The results show that increasing 

Mg content in the fillers metals provided higher microhardness and tensile strength of weld 

joints compared to the reference 4043 filler. The joints made by novel fillers with high Mg 

content (0.6-1.4 wt.%) displayed higher fatigue strengths and loner fatigue lives compared 

to the joint made by the reference filler in both as welded and PWHT conditions. The joint 

with the filler containing 1.4 wt.% Mg exhibited the highest fatigue strength and best fatigue 

life among all three joints studied. The improved mechanical strength and fatigue properties 

in aluminum joints were attributed to the enhanced solid solution strengthening of Mg in as 

welded condition and the increased precipitation strengthening of β'' in PWHT condition. 

 

Keyword: Aluminum welding; Al-Si-Mg 4xxx filler metals; Mg addition; Mechanical 

strength, Fatigue properties.  
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3.1 Introduction  

         Nowadays aluminum alloys find widespread use in various applications such as 

bridges, automobiles, airplanes, and building construction. The diverse nature of these 

applications requires various approaches to join the aluminum components to form a 

complete assembly. Fusion welding is the primary method used for joining the assembly, 

and a proper filler metal is essential to achieve the desirable strength and to mitigate welding 

defects such as porosity and hot cracking [1, 2]. New welding techniques have emerged for 

metal welding, including friction stir welding, laser welding, and electron beam welding. 

Despite those developments, conventional welding techniques such as tungsten inert gas 

(TIG) and gas metal arc welding (GMAW) are still prevalent in the industry due to their 

ability for quick welding, deep penetration, and ease of use on-site [3]. For welding Al-Mg-

Si 6xxx materials, commercial Al-Si-based ER4043 filler metal is widely used. During 

fusion welding, this filler metal exhibits good fluidity and high weld crack resistance. 

However, the mechanical properties of such joints are generally low and vary largely, 

depending on the dilution of alloying elements from the base 6xxx materials as the ER4043 

filler metal contains only high Si but without Mg.   

Many attempts were made to achieve a consistent high-strength joint for 6xxx materials. 

Anderson [4] attempted to modify the composition of ER4043 filler by adding 0.4% Mg to 

make it heat-treatable. The modified alloy, named ER4943, exhibited higher tensile strength 

in weld joints compared to ER4043 joints in both as welded and post-weld heat treatment 

conditions (PWHT). However, the joint strength of ER4943 was still lower than that of the 

base AA6061-T6 materials. Perez et al. [2] studied the effect of Mg addition on the welding 

performance and mechanical properties of AA6061-T6 joints. The results indicated that the 
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added Mg could enhance the fusion zone strength. However, little work has been done to 

explore the effect of Mg levels on other mechanical performance of 6xxx joint, such as the 

fatigue properties [5]. 

 Fatigue properties of aluminum alloy joints play an important role on the safe and 

reliable structural applications [6], and studies show that 90% of engineering constructions 

fail due to fatigue [7]. Researchers have found that excess solute Mg in 6xxx alloys can 

improve fatigue strength and fatigue life [8-12]. Takahashi [9] reported that the fatigue 

strength and fatigue life could be improved in an excess Mg in 6xxx alloys where Mg 

persisted as soluble atoms in the matrix. The author added 0.5% and 0.8% excess Mg to a 

stoichiometric Mg2Si composition AA6061-T6 alloy and found that excess Mg in AA6061-

T6 alloys increased work hardening and produced cyclic slip resistance for the crack growth. 

In addition, the excess solute Mg caused a dynamic strain aging, which made easier for 

fatigue cracks to stop propagating by slowing down the motion of mobile dislocations [8, 9].  

 Al-Mg-Si 6xxx alloys are heat treatable, and the precipitation of β''/ β' MgxSiy after 

T6 heat treatment can hinder dislocation movements and hence improve the mechanical 

properties of aluminum alloys. The effect of β'' precipitates on the fatigue properties was 

investigated [2]. It was reported that the PWHT of AA6061-T6 joints welded with ER4043 

filler resulted in a significant improvement in fatigue strength compared to the as welded 

condition, due to the formation of β'' precipitates resulting from Mg via the base metal 

dilution. Many works studies the interaction between dislocations and precipitates [11, 13-

15]. Their results revealed that the moving dislocations could share the coherent or semi-

coherent precipitates, and therefore, their number density increased via sharing leading to 
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enhance the resistance against the dislocation movements and hence increase the fatigue 

strength.  

The formation of porosity in the fusion welding is difficult to completely eliminate,  and 

the selection of the proper fillers and optimizing the welding parameters can reduce its 

content [16]. Morton [17] demonstrated a linear relationship between the porosity area and 

the decrease in weld fracture strength in TIG-welded AA2xxx aluminum alloy. According 

to Wang et al. [18], A356 castings that contained high porosity exhibit a fatigue life at least 

one order of magnitude lower than those free of poroisty. Gao et al. [19] and Caton et al. 

[20] studied the effect of porosity on the fatigue life of 356 cast alloys. They reported that 

the pore size and nearest pores to the surface critically influenced the crack initiation and 

fatigue lifetime. Linder et al. [21] studied the effect of porosity on the fatigue strength of 

high-pressure die-cast AlSi12Cu3 aluminum alloy. The results revealed that the increase of 

pore fraction from 0.7% to 1.6% reduced the fatigue strength by approximately 15% for 

notched specimens. 

Recently, the demand to develop high-strength weldable aluminum products is 

intensively increased, and consequently it necessitates the development of new filler metals. 

In the present work, the effect of the addition of Mg in 4xxx filler metals on the tensile 

properties and fatigue strength of A6061-T6 joints was investigated by adding 0.6 and 1.4 

% Mg. The ER4043 filler (free Mg) was used as a reference compared with the newly 

developed high Mg filler metals. The microstructure and mechanical performance of welded 

samples were analyzed under both as welded and PWHT conditions. Moreover, the effect of 

the porosity size on the fatigue strength was studied. The fracture analysis of the fatigue 
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fractured samples was performed to explain the effect of the Mg addition on the fatigue 

properties.  

3.2 Experimental procedure 

           AA6061-T6 sheets, as the base metal (BM) with a dimension of 500 × 100 × 2 mm, 

were welded by the novel filler wires using the gas metal arc welding (GMAW) technique. 

The filler wire manufacture and the welding process are illustrated in Figure 3.1. Two novel 

filler wires with different Mg contents (0.6 and 1.0 %), designated as FMg0.6 and FMg1.4, 

were fabricated and used. In addition, a commercial ER4043 filler wire was also included in 

the experiment as the control base. The chemical compositions of the BM along and three 

filler wires is listed in Table 3.1. A Fronius Transpulse Synergic 5000-CMT welding 

equipment mounted on a Motoman UP50N robot was utilized for welding the sheets in the 

butt joint configuration with a gap size of 0 + 0.1 mm. The welding parameters and the X-

ray radiography examination for welded sheets were reported in our previous work [22]. The 

welded sheets were subjected to a post-weld heat treatment (PWHT) including a solution 

treatment at 530 oC for 1 h, followed by water quenching at room temperature and aging at 

170 oC for 6 h.  

To characterize the microstructure, the welded samples were subjected to a standard 

grinding and polishing procedure. Optical microscopy (OM), scanning electron microscopy 

(SEM, Jeol JSM-6480LV), and transmission electron microscopy (TEM, Jeol JEM-2100) 

were employed to study the microstructure evolution. The transverse microhardness profiles 

were performed using an NG-1000 CCD microhardness tester by applying a load of 50 g 

and a dwell time of 20 s on polished samples.  
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The tensile and the high cyclic fatigue (HCF) tests were performed using Instron 8801 

servo-hydraulic machine in as-welded (AW) and PWHT conditions. Based on the X-ray 

radiographic results, the samples were selected from the low porosity zone to reduce the 

effect of the porosity on these properties. As shown in Figure 3.2, the standard and notched 

tensile samples were used. Given that the standard samples were cracked outside the fusion 

zone (FZ), the notched samples were designed to characterize the strength of the FZ. For the 

fatigue tests, the standard samples were mirror polished to remove surface inhomogeneity. 

The tests were conducted at ambient temperature with applying a sinusoidal waveform at a 

frequency of 20 Hz and a cyclic stress ratio of 0.1. To plot the fatigue S-N curve, the statistic 

approach of the ISO 12107:2003 standard was used. As aluminum alloys usually do not 

present a fatigue limit, the fatigue tests were stopped at the cycle number of 107.  

 

 

Figure 3.1. Schematic of the filler wire manufacture and welding process. 

DC casting Billet cutting Homogenization  Extrusion Filer wires coils 

Welding process 

GMA welding 
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Figure 3.2. Dimension of the samples (a) standard samples for tensile and fatigue tests and (b) 

double-edge notched samples for tensile test [11, 23, 24].   

 

Table 3.1. Chemical compositions of the base metal and filler wires. 

ID Si Fe Mn Mg Cu 

BM (base) 0.52 0.18 0.11 1.05 0.25 

ER4043 5.5-6 <0.8 <0.05 <0.05 <0.3 

FMg0.6 6.23 0.14 0.23 0.6 0.001 

FMg1.4 6.4 0.18 0.28 1.4 0.001 

 

3.3 Results and discussion 

3.3.1 Welding defect analysis 

The results of the X-ray radiography test (XRT) and the optical macrographs from the cross 

section of the FZs are shown in Figure 3.3. A uniform weld deposit with no sing of hot 

cracking, slag inclusions, oxides, or incomplete penetration were observed in all the welded 

samples. Two porosity zones with low and high porosity levels were observed in the fusion 

zones (FZ) as shown in Figure 3.3 (a). The high porosity zone was partially caused by using 

homemade filler wires with non-perfect smooth surface. Since X-ray radiography test cannot 



47 

 

detect the undercuts defects,  the metallographic macroimages were taken as shown in Figure 

3.3(b). No sign of undercuts on top or root surfaces as well as macroporosity were observed. 

Figure 3.3(c) displays optical microscopy image of the low porosity zone as example of 

FMg1.4 joints. The porosity in this zone was a combination of the gas and shrinkage pores. 

The gas pores were mostly round shape (red arrows) and of larger size relative to the irregular 

shrinkage pores (yellow arrows) [25]. 

The statistical analysis of the porosity was performed using two methods, the XRT and 

the metallographic one, and the results is illustrated in Figure 3.3(d). The XRT utilized the 

whole radiographic images of the welded samples to estimate the overall porosity and the 

average percentage of the porosity was calculated for all the weld seams. The porosity levels 

of two newly developed filler joints were higher than the commercial ER4043 filler joint, 

and were 0.3% ± 0.03 (area of pores in the weld area of the whole weld seam), which is still 

in an acceptable rang (quality level B < 1%) according to ISO 10042:2005(E) standard [26]. 

Although the XRT is appreciated in revealing the macro defects, it had difficulty to examine 

the micro defect under the size of 100 µm due to the spatial resolution and signal-to-noise 

sensitivity [27]. Therefore, the metallographic analysis was performed in the low porosity 

zones of all of filler joints. The average percentages of porosity in three filler joints were 

found to be 0.1% ± 0.05 (Figure 3.3(d)). Based on these results, the samples for the 

mechanical property characterizations were chosen from the low porosity zone aiming to 

reduce the effect of the weld defects and to better reveal the impact of the added Mg.  
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Figure 3.3. a) X-ray radiography  results, b) macroimage of the cross-section of FMg1.4 joints, c) 

the optical microimage of porosity in the low porosity zone (The red arrows  for gas pores and yellow 

arrows for shrinkage porosity), and d) the overall area fraction of the pores with XRT and the area 

fraction of the pores in the low porosity zone with metallographic analysis.  

 

 

3.3.2 Mechanical properties 

3.3.2.1 Microhardness 

The microhardness profiles across the mid-thickness of the as-weld and PWHT 

specimens are displayed in Figure 3.4 (a). The hardness values varied significantly across the 

mid-thickness, through which the three principal zones of the welded samples (i.e., BM, 

HAZ and FZ) can be distinguished. The average HV values of three filler joints, 

corresponding to each zone in as-weld and PWHT conditions are shown in Figure 3.4(b). For 

the as welded condition, the highest hardness of 122 HV was measured in BM, while the 

lowest value (i.e., 80 ± 4 HV) was measured in the HAZ zone in ER4043 joint. The HV in 

High porosity Low porosity 

Porosity  
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HAZ was slightly improved with increasing Mg content in novel filler wires. The sharp drop 

of the HV values in the HAZ was related to dissolution/coarsening of the precipitates [22]. 

The HV values were enhanced by moving toward the FZs owing to the solid solution 

strengthening. The HV in FZ increased from 95 HV in ER4043 to 102 HV in FMg0.6 and 

further to 110 HV in FMg1.4. After applying the PWHT, the HV values in HAZ were 

retrieved and became equal to the BM. Furthermore, the HV values in FZ of all the filler 

joints were higher than that of BM. The HV increased with increasing Mg content of filler 

wires, and it enhanced from 137 HV in ER4043 to 140 HV in FMg0.6 and further to 145 

HV in FMg1.4 in the PWHT condition, respectively.  

 

 

Figure 3.4. (a) Schematic of microhardness profiles and location in as welded and PWHT condition, 

(b) The average of the microhardness in the FZs and HAZs of three filler joints in as welded and 

PWHT conditions. 
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3.3.2.2 Tensile Strength  

3.3.2.2.1 The tensile strength of the standard samples  

It is common in aluminum welding that the FZ has the lowest strength relative to the 

BM and even to the HAZ [2, 28-30]. This is often observed in aluminum 6xxx alloy welding 

using the commercial fillers of the 4xxx series, such as ER4043. The addition of Mg to the 

Al-Si filler metals can improve the mechanical strength by a combination of solid solution 

strengthening and precipitation hardening [31].  

The tensile strength results of the BM and the joints with standard samples are shown 

in  Figure 3.5(a). In as weld condition, all the joints exhibited similar tensile strength results 

because the as welded samples were all fractured in the HAZ. The UTS and YS of the 

samples were approximately 200 MPa and 150 MPa, respectively, whereas the UTS and 

yield of the as received BM were 325 and 275 MPa, respectively. The tensile results and the 

HV results are consistent (Figure 3.4(b)), as both indicate that HAZ was the softest zone. 

With the modification of Mg, the strength of the weld joints became not the lowest part of 

the joint, instead, the HAZ showed the lowest microhardness and strength in as welded 

condition, as seen in Figure 3.4(b) and  Figure 3.5(a).  

 After the PWHT, the tensile strength of the standard samples increased to the same 

level as BM , as seen in Figure 3.5(a). The heat-treated joints show interesting strength since 

the fracture using the standard samples occurs away from the FZs but in BM of all joints. 

The applied PWHT recovered all the microhardness and the strength in the HAZ zone, 

resulting in a microhardness profile coinciding with the BM level, and hence, its strength of 

all joints was similar to the BM [2]. It is apparent that using the standard samples, the 

difference of joint strengths for three different fillers cannot be distinguishable.   
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3.3.2.2.2 The tensile strength of the notched samples 

 Figure 3.5 (b) displays the tensile properties of the notched samples in the as welded 

and PWHT conditions. Applying the double edge notch, the fracture transferred from HAZ 

to the FZ in as welded condition. The UTS of the joints increased to 220 MPa in ER4043, 

238 MPa in FMg0.6 and further to 250 MPa in FMg1.4 joints, respectively. By applying the 

PWHT, the fracture from BM transferred to the FZ. The UTS were further raised, which 

were 340, 366, and 384 MPa in ER4043, FMg0.6 and FMg1.4 joints, respectively. The black 

and blue dotted lined in Figure 3.5(b) show the level of the UTS and the YS of the BM for 

the comparison for the strength of the welded joints. The joint of FMg1.4 exhibited the 

highest strength among all the joints, while the ER4043 joint had the lowest strength but was 

slightly higher than that of the BM. It can be seen that, in both as-weld and PWHT 

conditions, the higher was the Mg content of the filler wires, the greater was the strength of 

the joints.  

The strength of the as welded joints was found to be higher than that of the HAZ as 

shown in Figure 3.4(a). This is because some Mg from the BM was diffused to the FZ of the 

joints, enhancing the solid solution strength and making it harder as compared to the HAZ. 

By using the notched samples (Figure 3.2(b)), the effect the Mg on the strength of the FZ 

can be better characterized. The joint strength was dramatically improved with increasing 

the Mg content in the fillers. In the PWHT condition, all FZs displayed higher strengths 

compared to the strength of the BM, as shown in Figure 3.5(b). The improved strength in 

the FZs is directly related to the precipitation of β'' in the aluminum matrix [2, 32]. The 

bright-field TEM images of Figure 3.6 show the typical precipitate microstructures of the 

BM and the ER4043, FMg0.6 and FMg1.4 welded samples, which were dominated by 
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nanoscale coherent β'' MgSi precipitates. The FZ of the reference filler (Figure 3.6(a)) 

showed a higher number density and volume fraction of β'' than the BM (Figure 3.6(b)), 

attributing to a higher Si in the reference filler to promote the precipitation of β'' [33], 

although the BM possessed a higher Mg content. With increasing Mg in the novel filler 

wires, the β'' became denser and finer relative to the reference filler (Figure 3.6(c-d)) and 

their number density and volume fraction of  β'' increased (Figure 3.6(e)).  

    

Figure 3.5. (a) tensile strengths of the standard samples and (b) tensile strengths of the notched 

samples in as welded (AW) and PWHT conditions. The blue and black dotted lines in (b) representing 

the YS and UTS of BM, respectively. 
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Figure 3.6. Bright-field TEM images of β" precipitates in the FZs of (a) BM, (b) ER4043, (c) FMg0.6 

and (d) FMg1.4 joints, (e) Quantitative results of β" precipitates. 

 

3.3.3 Fatigue properties  

3.3.3.1 S–N curves of welded samples  

The S-N curve of the joints in as weld and PWHT conditions are displayed in Figure 3.7. 

It is convenient to use the stress associated with specific fatigue life, such as  106 and 107 
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cycles on the S-N curve to express fatigue strength [33]. In this study, the fatigue strength 

for the different joints was taken at the fatigue life of 106 cycle because there was no plateau 

in the S-N curves of aluminum alloys.  The fatigue life of the joints increases with decreasing 

applied stress. The S-N curves can generally be expressed by Basquin’s equation [34]: 

  𝜎𝑚𝑎𝑥 = 𝐴𝑁𝑓
𝑏                                                                                

where 𝜎𝑚𝑎𝑥  is the maximum applied stress, A is the fatigue strength coefficient, b is the 

fatigue strength exponent, and Nf is the number of cycles to failure.  

The S-N curve of the BM was also included for comparison purpose. As can be seen in 

Figure 3.7, the BM at all the applied stresses displayed the highest fatigue strength and life 

compared to the welded samples, since AA6061 rolled sheets had almost no defects relative 

to the welded joints. The fatigue strength and life increased with increasing Mg content in 

the filler wires (Figure 3.7(a)). The joints welded ER4043 displayed the lowest fatigue 

strength and life due to a low Mg content in ER4043. For instance, the fatigue strength in as 

weld samples increased from 115 MPa in ER4043 to 136 MPa in FMg0.6 and further to 158 

MPa in FMg1.4 joints. The fatigue strength and life of the joints were further enhanced by 

applying the PWHT (Figure 3.7(b)). The fatigue lives of all the joints were closer to the 

fatigue life of BM compared to those in as welded condition. Meanwhile, the fatigue strength 

was improved from 150 MPa in ER4043 to 172 MPa in FMg0.6 and further to 194 MPa in 

FMg1.4 joints. The high Mg level in the filler wire improved the fatigue strength of the 

FMg1.4 joint by 37 % and 30 % in the as welded and PWHT conditions, respectively, 

relative to the ER4043 joint.  
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The trends of the relation of the maximum stress with fatigue life are also reflected in 

the fitting parameters of the S-N curves. The BM exhibited its high fatigue strength, as it has 

the highest fatigue strength coefficient (A value= 769.56). In the as welded condition, the 

ER4043 has the lowest A value (535.73). The welded joints of FMg0.6 and FMg1.4 have 

almost similar A values (between 604 – 608), which are considerably higher than that of 

ER4043 (Figure 3.7(a)). Similar to the as welded condition, the novel filler wires exhibited 

higher A values in the PWHT condition relative to the reference filler (Figure 3.7(b)). As 

shown by those regressed curves in Figure 3.7, at any given applied stress, the fatigue lives 

of the joints of novel filler wires are significantly higher than the joint of the reference filler; 

among all the joints, the joint of FMg1.4 filler exhibited the best fatigue life. These results 

depict that increasing the Mg content in the filler wires results in a significant improvement 

in the fatigue strength and life of the weld joints in both as welded and PWHT conditions .  

 The fatigue strengths at 106 cycles vs the UTS of the notched samples for all three joints 

are plotted in Figure 3.7(c). The fatigue strength of the joints is directly related to the UTS; 

the higher the UTS value, the greater the fatigue strength. This can be attributed to the 

increased solution strengthening in as welded samples and the enhanced precipitation 

strengthening in the PWHT samples, as the Mg content increased in the filler wires [35]. 
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Figure 3.7. (a) S-N curves in as welded and (b) in PWHT conditions, (c) the fatigue strength as a 

function of the UTS in both as welded and PWHT conditions.  

 

3.3.3.2 Effect of porosity on fatigue life 

Several studies reported [36, 37] that the fatigue cracks in weld joints were mostly originated 

from porosity. In the present study, the fracture in fatigued samples mostly ocurred in the 

FZs since the porosity formation is a common phenomenon during fusion welding, and the 

porosity is the largest defects in the welded joints in term of the size. To better understand 

the impact of porosity on the fatigue life, the samples were selected randomly from the 

welded plates covering the whole porosity range. Measuring the pores size was performed 
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according to the method used by Wang et al. [18], in which the squar root of the total  

projection area (√𝐴 ) of the pores in the fatigue fractured sample was measured, as shown 

in Figure 3.8. The pore size was plotted agaisn the  number of cycle at the maximum applied 

stress of 170 MPa in as weld condition (Figure 3.9). The general tendency is that the larger 

the pore size in the FZ, the lower the fatigue life in all the joints, indicating the severe 

deleterios effect of porosity. Moreover, for the small pore sizes (√𝐴 < 375 µm), the joints 

with higher Mg content presented longer fatigue life compared with the joint of the reference 

filler, especially for FMg1.4 filler. However, for the large pore size (√𝐴 > 375 µm), the 

fatigeu lives of all joints were already in the low level and their values were in similar range, 

indicating that the porosity became a major influencing factor instead of the mecahnical 

properties of the joints. This implies that the crack can directly start from the large pores 

without the initiation period [19]. 

 

 

Figure 3.8. (a) SEM image of the fatigue fracture surface showing an example of pores and (b) the 

projection area of the pores. 
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Figure 3.9. Fatigue life as a function of pores size at maximum applied stress of 170 MPa in the as 

welded condition. 

 

3.3.3.3 Fracture analysis of weld joints  

The fatigue fracture surfaces of the ER4043 and FMg1.4 joints in the as-weld condition 

are shown in Figure 3.10. The fracture surfaces show the three different zones, including the 

crack initiation, crack propagation, and the final failure zones [38]. It appears that the cracks 

are predominantly initiated from the pores close to the sample surface. According to Liu et 

al.[39],  the  crack initiated at the boundary between the pore and the surrounding material 

due to the stress concentration at the boundaries. As the crack adjacent to the pore grew, it 

would move both forward and backward inside the pore. Eventually, two cracks would 

converge, resulting in a crack that spans the entire pore (as illustrated in Figure 3.10(b)). Then 

the microcrack continued to extend to the final failure. As shown in Figure 3.10 (c and f), 

the fracture surfaces in the final failure zone were very shallow with presence of only several 

dimples and without slip bands, which implies that no plastic deformation occurred during 

cyclic loading in as welded condition. The joint of ER4043 in the crack propagation zone 
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displayed more cleavage facets compared to the joints of FMg1.4 (Figure 3.10(b) vs. Figure 

3.10(e)). This result indicated that low-energy fracture occurred in the ER4043 joint, and 

hence a shorter lifetime was spent in the propagation zone compared to that the FMg1.4 

joint.  

Figure 3.11 displays the fatigue fracture surfaces of ER4043 and FMg1.4 joints in the 

PWHT condition. Similar to the as weld joints, the cracks were principally initiated from the 

pores close to the sample surface. As shown in Figure 3.11(b and f), slip bands can be 

observed in the PWHT samples. Compared to the as-weld samples, the crack propagation 

through the localized plastic deformation governed by the slip bands required higher 

numbers of cyclic loading, and hence extended the fatigue life [14-16]. Therefore, unlike the 

as-weld condition, the fatigue life in the PWHT samples is derived by a combined influence 

of the porosity, crystallographic mechanism and plasticity of the material [40]. As shown in 

Figure 3.11(c), the final zone experienced a ductile fracture in all the joints. The fracture 

dimples were larger and deeper in Figure 3.11(c) than those in Figure 3.10(c), showing 

improved plasticity in the PWHT samples. The area fraction of the propagation zone in 

FMg1.4 joint was larger relative to the joint of ER4043 (7.4 mm2 vs 5.6 mm2), due to its 

superior tensile strength and the positive effect of the coherent β'' precipitates.  According to 

Wang et al. [18], the fatigue of Al-Si alloys failed mostly due to defects like porosity and 

oxide films, and the total fatigue life was primarily made up of crack propagation life, and 

the number of cycles required to start the fatigue crack from a defect can be ignored. 

Therefore, the fatigue life of weld joints was mostly controlled by the crack propagation rate 

for the three fillers studied. This is determined by the yield strength since a higher yield 

strength decreases the propagation rate. Higher yield strengths can also result in fewer and 
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smaller local plastic deformation zones in the material. The slip bands in FMg1.4 joint started 

near to the pore initiator, which means longer time was taken to form the bands to start the 

propagation zone. By contrast, the slip bands in ER4043 joint started at boundary of the pore 

and the matrix and have no time to form wide bands and hence the crack initiated faster than 

that in FMg1.4 joint.  

The crack propagation rate can be estimated by the width of the striation in the fracture 

surface (i.e., the displacement of the crack tip with each cycle). The larger the striation width, 

the greater the crack propagation rate, and the lower the fatigue strength [2, 41, 42]. The 

method used to calculate the width of the striation is depicted in Figure 3.12(a). Figure 

3.12(b–e) reveal the striation evolution during crack propagation for two different filler 

wires, and Figure 3.12(f) displays the striation width as a function of the distance from the 

initiation zone. By moving away from the crack initiation zone, the striation width increased. 

However, at a given distance from the initiation zone, the striation width decreased with 

increasing the Mg content of the joints. For instance, at 1.5 mm from the initiation zone, the 

seriation width in FMg1.4 is smaller compared to that in ER4043 (0.76 µm vs 1.11 µm). 

This implies that the crack propagation rate in FMg1.4 joint is slower than that in the 4043 

joint, which is consistent with the results of the fatigue life in Figure 3.7. 

3.3.3.4 Effect of Mg on fatigue properties  

In the as welded condition, the central role of Mg in the aluminum matrix is the solid 

solution strengthening, improving both tensile strength and fatigue strength. Takahashi et al. 

[9] studied the excess Mg in a stoichiometric Mg2Si composition AA6061-T6 alloy, and 

found that the Mg in the solid solution increased the alloy work hardening. which produced 

cyclic slip resistance at the initial crack tip and retarded the crack growth. Moreover, the 
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solute Mg could shift the crack motion to a non-localized mode due to generation a large 

number of active slip systems leading to a longer crack path and longer fatigue life before 

the final failure [8, 13]. Due to higher Mg content in the novel filler wires, the FZ of FMg0.6 

and FMg1.4 joints contained much more Mg solutes relative to the reference filler wire [21]. 

The results in Figure 3.7(a) also confirmed that FMg0.6 and FMg1.4 joints had higher fatigue 

strength and longer fatigue life compared to ER4043 joint.   

 

Figure 3.10. SEM images of the fatigue fracture surface in as welded condition at 𝜎𝑚𝑎𝑥 of 200 MPa, 

(a) macroscopic view, (b) the initiation  and propagation zones and (c) the final zone for ER4043 

joint; (d) macroscopic view, (e) the initiation  and propagation zones and (f) the final zone for FMg1.4 

joint.   
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Figure 3.11. SEM images of the fatigue fracture surface in PWHT condition at 𝜎𝑚𝑎𝑥 of 200 MPa, (a) 

macroscopic view, (b) the initiation and slip bands and (c) the final zone for ER4043 joint; (d) 

macroscopic view, (e) the initiation and slip bands and (f) the final zone for FMg1.4 joint. 
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Figure 3.12. Fatigue striations during crack propagation in PWHT condition at 𝜎𝑚𝑎𝑥 of 200 MPa, (a) 

evaluation of fatigue striation, and (b) and (c) SEM images showing the striations at 0.5 mm and 1.5 

mm from the crack initiation zone for ER4043 joint; (d) and (e) SEM images showing the striations 

at 0.5 mm and 1.5 mm from the crack initiation zone for FMg1.4 joint; (f) striation width at different 

distances from the initiation zone. 

 

With applying the PWHT, the β'' precipitated in the aluminum matrix of FZ zones as 

the main strengthening phase (Figure 3.6) and significantly increased the tensile strength, as 

shown in Figure 3.7(b). It is reported [11, 39] that during cyclic loading the dislocations 

could share the coherent precipitates and lead to cyclic softening, which reduced the 

dislocation piling up at the grain boundaries and hence lowered the stress concentration to 
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avoid the formation of  microcracks  [2]. The higher number density of coherent β'' 

precipitates, the lower micocracks growth. The high number density of β'' precipitates in the 

FZ via increasing the Mg content in the novel filler wires resulted in improving the fatigue 

strength and life in FMg0.6 and FMg1.4 joints, as depicted in Figure 3.7(b). The fatigue 

strength and life were in the order of FMg1.4 > FMg0.6 > ER4043. Another secondary factor 

for improvement in the fatigue properties after heat treatment could be related to the 

transition of coarse plate-like Si in as weld condition to the fine spherical Si after PWHT, 

which is capable of impeding crack initiation and propagation. Khisheh et al. [43] report that 

the heat treatment extended the high-cycle bending fatigue lifetime of A380 alloy by 26% 

and 85% at the highest and lowest stress levels, respectively. This was attributed to change 

the morphology of the eutectic silicon phase that strengthened the material.  

3.4 Conclusions 

1. Increasing Mg level in Al-Si-Mg 4xxx filler metals provided higher microhardness and 

tensile strength of weld joints compared to the reference ER4043 filler in both as welded 

and PWHT conditions. The higher Mg content in the filler wire, the higher mechanical 

strength of the weld bead.  

2. The joints made by novel fillers with high Mg content (0.6-1.4 wt.%) displayed higher 

fatigue strengths and loner fatigue lives compared to the joint made by the reference filler 

in both as welded and PWHT conditions. The joint with the filler containing 1.4 wt.% Mg 

exhibited the highest fatigue strength and best fatigue life among all three joints studied.  

3. The porosity in the fusion zone had a detrimental effect on fatigue life. For the small pore 

sizes, the joints of novel fillers with higher mechanical strength showed longer fatigue lives 

compared the joint of the reference filler. For large pore sizes, the porosity became a major 

influencing factor instead of the mecahnical properties of the joints. 
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4. The porosity close to the sample surface were the major crack initiation sites during cycle 

loading. After applying the PWHT, the slip bands and fatigue striation in the welding zone 

can be clearly observed. The striation width in joint with the novel filler containing 1.4 

wt.% Mg was significantly smaller than that in the reference filler joint, indicating the low 

crack propagation rate for a longer fatigue life.   

5. With increasing Mg content in 4xxx fillers, the improved mechanical strength and fatigue 

strength in weld joints were attributed to the enhanced solid solution strengthening of Mg 

in as welded condition and the increased precipitation strengthening of β'' in PWHT 

condition.   
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4. Chapter 4: Microstructure and mechanical properties of high-

strength AA6011 aluminum alloy welding with novel 4xxx filler 

metals 

(Published in the Journal of Materials) 

Abstract 

Welding high strength 6xxx aluminum alloys using a commercial ER4043 filler often 

results in inferior joint strength. This study investigated the effects of newly developed Al-

Si-Mg filler metals with varying Mg (0.6–1.4 wt.%) and Mn (0.25–0.5 wt.%) contents on 

microstructure evolution and mechanical performance of high-strength AA6011-T6 plates 

using gas metal arc welding. Two commercial fillers, ER4043 and ER4943, were used as 

references for comparison. The results revealed that increasing the Mg and Mn contents in 

the novel fillers resulted in sufficiently high alloying elements in the fusion zone (FZ), 

leading to higher microhardness. Under as-welded conditions, the weakest region of the joint 

was the heat-affected zone (HAZ). The joint strength was almost independent of the filler 

type and was controlled by the HAZ strength. The higher Mg contents in the novel fillers 

promoted the precipitation of a large volume fraction of fine β"-MgSi in the FZ during post-

weld heat treatment (PWHT), resulting in superior strength and higher welding efficiency 

relative to the reference fillers. The optimal Mg content of the novel fillers was 0.6 wt.%. 

Increasing the Mn content of the filler metal had an insignificant effect. The FMg0.6 filler 

with 0.6% Mg achieved the best combination of strength and elongation, as well as the 

highest welding efficiency after PWHT, among all fillers studied. However, the newly 

developed fillers adversely affected the impact toughness of the joints. 

Keywords: High-strength aluminum alloy welding; AA6011 alloy; 4xxx filler metals; 

Mechanical properties; Impact toughness. 
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4.1 Introduction  

Al-Mg-Si 6xxx alloys are widely used in the aerospace and automotive industries 

owing to their high strength-to-weight ratio, good corrosion resistance, and weldability. 

However, the welding of 6xxx alloy parts using commercial Al-Si 4xxx filler metals often 

results in low welding strength, which is not acceptable for high-strength 6xxx alloy welding 

in many applications. The use of Al-Si 4xxx filler metals can be traced back to the 1940s. 

They have been widely used for the general-purpose welding of 6xxx alloys owing to their 

low cost, high fluidity in the weld zone, and good resistance to weld cracks [1]. However, 

low welding strength is a persistent problem for high strength 6xxx alloy joints. Recent 

research has explored the development of new filler metals with improved mechanical 

properties, such as the use of nanoscale reinforcement particles and advanced welding 

techniques such as friction stir welding. However, the welding strength generally remains 

lower than the strength of the base metal (BM) [1, 2]. 

The fusion welding process involves melting a part of the BM and filler metal together 

to form a weld bead or fusion zone (FZ). The composition of the FZ depends mainly on the 

composition of the BM and filler metal as well as the added ratio of these constituents, which 

is called the dilution ratio [3, 4]. Furthermore, in the case of thick and multipass weldments, 

the dilution ratio calculation is complex because some parts of the previous pass are shared 

in the formation of the next pass [5]. The dilution is highest for single-pass welds on thin 

sheets with square joints, while it is lowest for fillet welds with regular edge preparation and 

in the backup passes with thick BMs. Changes in welding parameters and joint geometry can 

affect fusion zone dilution and, hence, change the chemical composition of the weld zone 

[6]. Mousavi et al. [7] calculated the dilution ratio for different joint geometries and reported 
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that a beveled joint (single V groove) produced minimal BM dilution (40–60%), whereas 

butt joints resulted in high dilution (60–80%). Commercial ER4043 (Al-5Si) and ER4943 

(Al-5Si-0.4Mg) wires are common filler metals used in Al welding. Owing to the high Si 

content of these two fillers, the chemical composition of the FZ shifts towards an alloy 

regime that is less prone to hot cracking. However, because of the absence or insufficiency 

of Mg for Mg2Si precipitation strengthening in weldments, the mechanical properties of high 

strength 6xxx joints are often unsatisfactory. Therefore, the chemical composition of the FZ 

is the main factor affecting the metallurgical and mechanical properties of the weld and its 

susceptibility to cracking [8-10]. 

 In addition to the mechanical properties, the Charpy impact test offers significant 

benefits, such as determining the ductile-to-brittle transition and the relative toughness 

between different materials [11]. However, limited data are available in the literature on the 

impact toughness of Al alloys. Investigations of the impact properties have mainly focused 

on eutectic Al-Si cast alloys in the automotive industry [12, 13]. Murali et al. [14] studied 

the effects of Mg and Fe impurities on the impact properties of hypoeutectic Al-Si-Mg cast 

alloys in the aircraft industry. They found that an increase in the Mg content from 0.32% to 

0.65% caused a notable reduction of approximately 50% in the total absorption energy until 

fracture, which highlighted the possible embrittlement effect of Mg. The Fe intermetallics 

were investigated by Samuel et al. [15], who reported that a higher volume fraction of Fe 

intermetallics led to a reduction in impact toughness. Heat treatment was found to 

significantly enhance the impact energy of the as-cast 356 alloys, particularly when the iron 

content in the alloy was low [16]. Mosneaga et al. [17] found that the addition of Mn could 

enhance the impact toughness of the welded metal by 20–30%.  
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In our previous work [18], an AA6061-T6 thin sheet with a thickness of 2 mm was 

welded to the newly developed 4xxx fillers. The results showed that a high dilution ratio of 

approximately 56% produced an increase in the Mg content of the FZ, even if the Mg-free 

ER4043 filler was used. Consequently, the FZ became heat-treatable and exhibited a 

reasonably high tensile strength. However, when thick plates of high-strength AA6011 BM 

(YS > 400 MPa) were welded using multiple passes, the dilution ratio from the BM was low, 

and only a small amount of Mg from the BM could be transferred to the FZ. Consequently, 

the joint strength decreased depending on the amount of Mg transferred. In this study, four 

novel filler metals were designed with Mg content of 0.6–1.4 wt.% and Mn content of 0.25–

0.5 wt.%. High-strength AA6011-T6 plates with a thickness of 6 mm were welded to 

systematically investigate the effect of filler metals on the mechanical performance and 

microstructural evolution of the joints under as-weld and post-weld heat treatment (PWHT) 

conditions. ER4043 and ER4943, two reference fillers, were used for comparison with the 

newly developed fillers. 

4.2 Experimental Procedure 

The BM of the AA6011 alloy was direct-chill-cast and extruded into plates with a 

cross-section of 75 mm × 6 mm, which were then cut into a plate with a length of 500 mm 

and heat-treated in the T6 temper. The plates were welded using the gas metal arc welding 

(GMAW) technique. The filler wires used in this study were composed of four newly 

developed filler metals and two reference filler metals (commercial ER4043 and ER4943). 

The chemical compositions of the BM and filler metals are listed in Table 4.1. The process 

for producing new filler wires was reported in our previous study [18]. A Fronius Transpulse 

Synergic 5000-CMT mounted on a Motoman UP50N robot was used for the welding. Before 
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welding, the plates were clamped in a butt-joint configuration with a single V-groove 

geometry, as shown in Figure 4.1. The welding parameters used in the two passes are listed 

in Table 4.2. A higher current for the first pass (163 A) was selected with the aim of achieving 

greater melt penetration owing to the groove geometry. The current of the second pass (110 

A) necessitated reduced melt penetration and heat input [19].  Following the welding 

process, a part of the weld plates underwent PWHT, including a solution treatment at 550 

°C for 1 h and water quenching, and natural aging for 24 h, followed by artifice aging at 180 

°C for 8 h. The heat treatment was optimized to determine the mechanical properties of the 

BM during welding.   

The dilution ratios of the weld zone were calculated using the following equation [5]:  

𝐷𝑛 = [𝐵𝑀𝑛 + ∑ 𝑅𝑛𝑗

𝑛−1

𝑗
. 𝐷𝑗]/A𝑛 

where 𝐷𝑛 is the dilution with BM in pass n; n is the pass number; 𝐵𝑀𝑛 is the melted BM 

area by pass number n; j is the number of previously deposited passes, 𝑅𝑛𝑗 is the melted area 

from the previous pass j in pass n; 𝐷𝑗  is the dilution with BM in the weld zone for bead j; 𝐴𝑛 

is the total area of the BM in pass n under the as-deposited condition. All the areas are 

illustrated in Figure 4.2. The calculated dilution ratios in the first and second passes are 43 ± 

0.02% and 21 ± 0.06%, respectively. The chemical composition in each pass in the weld 

zone was calculated, and the results are listed in Table 4.3.  

        Microstructural analyses were performed using optical microscopy (OM), scanning 

electron microscopy (SEM), and transmission electron microscopy (TEM). The 

microhardness (HV) profiles were measured using an NG-1000 CCD microhardness tester 

with a 50-gram load and 20-second dwell time. The HV measurements for each joint were 
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obtained at two specific locations: the first location was positioned 1 mm from the bottom 

(representing the first pass), and the second location was located 1 mm from the upper 

surface (representing the second pass). Tensile tests were performed using an Instron 8801 

servo-hydraulic machine under as-welded (AW) and PWHT conditions, using a crosshead 

speed of 1 mm/min at room temperature with standard subsize samples, according to 

ASTEM B557-15. Impact tests were conducted on the AW and PWHT samples to evaluate 

the impact toughness of the filler joints. Perpendicular to the weld bead, half-sized Charpy 

V-notch specimens with dimensions of 10 mm × 5 mm × 55 mm, notch root radius of 0.25 

mm, notch depth of 2 mm, and notch flank angle of 45° were machined according to ASTM 

E23. The notch in the HAZ was machined 8 mm from the center of the FZ. Figure 4.3 shows 

the geometries of the impact samples. An instrumented Charpy impact testing machine with 

a capacity of 150 J, an impact speed of 5.2 m/s, and a pendulum drop angle of 150° was 

used. 

Table 4.1. Chemical compositions of the base metal and filler metals (wt.%) 
 

Si Mg Mn Fe Cu Ti 

BM (6011-T6) 0.92 0.75 0.45 0.17 0.64 0.028 

ER 4043 4.97 0.024 0.02 0.16 - 0.108 

ER 4943 5.51 0.395 0.02 0.17 - 0.108 

FMg0.6 6.23 0.6 0.23 0.14 0.011 0.103 

FMg1.4 6.4 1.4 0.28 0.18 0.012 0.103 

Mg0.6Mn 6.2 0.61 0.5 0.14 0.01 0.103 

Mg1.4Mn 6.25 1.43 0.48 0.15 0.012 0.106 

 

 

Figure 4.1. (a) Dimensions of the extruded BM and (b) Single V–groove joint (mm). 
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Table 4.2. The welding parameters used. 

 Current 

(Amp.) 

Voltage 

(V) 

Travel 

speed 

(m/min) 

Wire feed speed 

(m/min) 

1st Pass 163 ± 4 21.5 ± 0.5 0.5 4.5 ± 0.3 
2nd Pass 110 ± 5 22 ± 0.7 0.27 3.2 

 

Figure 4.2. Macroview of a typical cross section joint for the dilution calculation. The areas for the 

(a) first pass and (b) second pass.  

Figure 4.3. (a) Dimensions of the impact samples and their notches. (b) The notch position in the 

weld zone [17]. 

 

Table 4.3. The calculated chemical compositions in the first and second passes (wt.%) 

 

  Si Mg Mn Fe Cu 

First 

pass 

ER4043 3.25 0.34 0.21 0.17 0.29 

ER4943 3.63 0.55 0.23 0.17 0.28 

FMg0.6 3.51 0.67 0.32 0.16 0.27 

FMg1.4 3.39 1.12 0.35 0.18 0.30 

Mg0.6Mn 3.83 0.68 0.47 0.16 0.31 

Mg1.4Mn 3.59 0.82 0.28 0.09 0.28 

Second 

pass 

ER4043 4.22 0.16 0.10 0.16 0.12 

ER4943 5.21 0.46 0.24 0.16 0.16 

FMg0.6 5.26 0.63 0.27 0.15 0.11 

FMg1.4 4.52 1.07 0.37 0.18 0.15 

Mg0.6Mn 4.44 0.66 0.48 0.15 0.13 

Mg1.4Mn 4.40 1.08 0.39 0.13 0.09 
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4.3 Results and Discussion 

4.3.1 Microstructure 

Figure 4.4 shows the optical microstructure of the FMg1.4 joint, which is a typical 

example of a newly developed filler metal. Figure 4.4(a) displays the OM image of the first 

pass, which consists of α-Al dendrite cells/grains as the matrix and the surrounding eutectic 

Al-Si. In the second pass, the amount of eutectic Al-Si increased, and the α-Al cells/grains 

coarsened (Figure 4.4(b)) due to lower BM dilution and a lower cooling rate relative to the 

first pass. Figure 4.4(c) shows the effect of the heat input to the second pass on the 

microstructure of the first pass. The heat introduced in the second pass resulted in the 

fragmentation of the eutectic Al-Si network and partial spheroidizing of eutectic Si particles 

in the transition zone of the first pass.  

Figure 4.5(a–c) and Figure 4.6 show the SEM micrographs and the EDs analysis, 

respectively, of the as-welded FZs of the three filler metals. The attention was focused on 

the microstructures of the second pass, as they revealed large differences between the joints 

using low-Mg reference fillers and the new high-Mg fillers. Generally, the microstructure 

comprises α-Al, eutectic Si, primary Mg2Si, α-Al(FeMn)Si, and β-AlFeSi intermetallics. As 

Mn content increased in the new fillers, including the FMg0.6 and Mg1.4Mn joints (Table 

4.2), the plate-like β-AlFeSi began to transfer into α-Al(FeMn)Si [20]. In the Mg1.4Mn joint, 

the predominant Fe-rich intermetallic became α-Al(FeMn)Si (Figure 4.5(c)). Even in the 

absence of Mg in the ER4043 reference filler (Figure 4.5(a)), some Mg2Si particles were still 

observed in the FZ, owing to dilution from the BM. The volume fractions of the Mg2Si in 

the reference fillers ER4043 and ER4943 were 0.15±0.08 and 0.43±0.12%, respectively, 

whereas in the new fillers, the fractions of Mg2Si were significantly higher, being 
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0.75±0.21% and 1.43±0.25% in the fillers containing 0.6 and 1.4% of Mg, respectively. The 

volume fraction of Fe-rich intermetallics was dependent on the Mn content. The reference 

fillers have a volume fraction of 0.88 ± 0.24, whereas the fillers containing 0.25 and 0.5% 

Mn have volume fractions of 1.68 ± 0.32% and 2.31 ± 0.27%, respectively.   

Figure 4.5(d–f) show the microstructures of the three filler metals under the PWHT 

conditions. The heat treatment had a significant effect on the microstructure. The eutectic Si 

was spheriodized, and the β-AlFeSi intermetallic particles were partially fragmented [21]. 

This fragmentation is associated with the partial dissolution of Fe-rich intermetallics and 

their connected eutectic constituents, such as Mg2Si [22-24]. Meanwhile, the α-Al(FeMn)Si 

particles were not affected by the PWHT because they are more stable than the β-AlFeSi 

particles, as shown in Figure 4.5(f) [23]. In the ER4043 and FMg0.6 samples, almost all 

Mg2Si particles were completely dissolved (Figure 4.5(d, e)), whereas undissolved primary 

Mg2Si particles remained in the Mg1.4Mn sample (Figure 4.5(f)), because the Mg content 

in this filler is higher than the maximum solubility of Mg at the solution treatment 

temperature of 550 °C, which is approximately 0.7 wt.% at this temperature [25]. 
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Figure 4.4. Optical microscopy of the different zones of the as-welded FMg1.4 joint. (a) and (b) show 

the microstructure in the first and second passes, respectively. (c) The heat affected zone in the first 

pass by the heat input of the second pass. 

 

 

Figure 4.5. SEM images showing the microstructures of the second pass: (a) ER4043, (b) FMg0.6, 

and (C) Mg1.4Mn joints under the as-welded condition; and (d) ER4043, (e) FMg0.6, and (f) 

Mg1.4Mn joints under the PWHT condition, respectively. 
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Figure 4.6.  SEM-EDs analysis of the different phases identified in Figure 4.5. 

 

 TEM analysis was used to study the effect of PWHT on the precipitation of the joints, 

and the results are presented in Figure 4.7. The precipitates in all the FZs were MgSi-type 

phases, as expected in AA6011 heat-treatable alloys. Based on the morphology and size, the 

precipitates in the BM and all the joints except ER4043 joint were identified as β"-MgSi. In 

the ER4043 joint, they were β'-MgSi [26]. The BM exhibited a lower number density of the 

β" ( Figure 4.6 (a)) compared to the FZs of FMg0.6 and FMg1.4 joints, as shown in Figure 

4.6  (c, d). This result is most likely attributed to the higher amount of Si in the FZs of 

FMg0.6 and FMg1.4 joints, which promotes the formation of the coherent β" precipitates 

[27]. The reason behind the formation of β' in the FZ of ER4043 (Figure 4.7 (b)) is the 

Eutectic Si β - AlFeSi 

α – Al(FeMn)Si Eutectic Mg2Si 
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insufficient Mg content in the joint because the ER4043 filler itself contains almost no Mg. 

In alloys with low Mg content, β' has been reported to precipitate at a lower temperature than 

β" [28, 29]. As the aging time is the same for all joints, the formation of β' was promoted in 

the ER4043 sample. A quantitative analysis of the precipitates is shown in Figure 4.7 (e). 

The BM had a low number density and volume fraction of the β". The number density and 

volume fraction of the β" precipitates were comparable in the FMg0.6 and FMg1.4 joints, 

but their values were higher than the corresponding values in the BM. This implies that the 

Mg solutes dissolved in the low-Mg (FMg0.6) and high-Mg (FMg1.4) joints are mostly 

similar. As mentioned above, not all the primary Mg2Si in the FMg1.4 joint can be dissolved 

during PWHT. Therefore, the strengthening effect of β" precipitates in both joints is 

expected to be similar. This result is consistent with the HV and tensile strength results 

discussed in the following sections.  

Figure 4.7. Bright-field TEM images of (a) β'' precipitates in the BM; (b) β' precipitates in ER4043; 

β'' precipitates in (c) FMg0.6 and (d) FMg1.4 joints. (e) Quantitative analysis of the precipitates.  
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4.3.2 Mechanical properties  

4.3.2.1 Microhardness 

The as-welded HV profiles of the reference and newly developed fillers are illustrated 

in Figure 4.8 (a, b). The FZs of the new fillers have higher HV values than those of the 

reference fillers. Moreover, the second pass yielded higher HV values (90–115 HV, Figure 

4.8 (b)) than the first pass (86–107 HV, Figure 4.7 (a)) for all new fillers. The ER4043 joint 

exhibited the lowest HV values among all the filler metals used. However, it displayed a 

higher HV in the first pass than in the second pass (76 HV vs. 63 HV). This occurred because 

of the transfer of more Mg solutes from the BM in the first pass but less Mg in the second 

pass. The FZ of the ER4943 filler transferred similar HV values in both passes because the 

Mg content in both passes was within a similar range during dilution (Table 4.3). The Mg 

content in all the fillers played a more predominant role in the microhardness profiles than 

the Mn content. At the same Mg content, a higher Mn content in the FZ resulted in a slightly 

higher HV [30]; however, the effect was relatively weak. The order of the average HV in the 

FZ in both passes was FMg1.4 > Mg1.4Mn > Mg0.6Mn > FMg0.6, which was determined 

based on the calculated Mg and Mn contents, as shown in Table 4.3. The softest region in the 

AW condition was the HAZ, which was positioned approximately 8 mm from the center of 

the FZ, with a total length of approximately 18 mm, as shown in Figure 4.8 (a, b).  

Figure 4.8 (c, d) show the HV profiles of the PWHT samples. The PWHT resulted in 

a significant increase in the HV values in both passes as well as in all fillers by promoting 

the precipitation strengthening arising from β"/β' (Figure 4.7). The new fillers showed higher 

HV values than the two reference fillers. In the new fillers, the average HV values were 145 

± 5 HV in the first pass (Figure 4.8 (c)) and 140 ± 5 HV in the second pass (Figure 4.8(d)). 
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The ER4043 joint exhibits the lowest HV value for both passes, followed by the ER4943 

joint. In particular, the HV of the ER4043 joint in the second pass decreased to 96 HV, which 

is much lower than that in the first pass. This reduction in HV is attributed to the low Mg 

content in the FZ in the second pass and hence causes lower precipitation strengthening of 

coarse β' (Figure 4.7(b)). In the new fillers, the differences in HV between the fillers and 

passes were quite small owing to the limited Mg solubility and the similarity in the number 

densities of the precipitates, as shown in Figure 4.6 (e). Overall, PWHT was found to be 

effective in improving the HV of all the fillers, and the new fillers showed a large 

improvement in HV because of the high Mg content in the FZ compared to the low BM 

dilution in the reference ER4043 filler. The HAZ disappeared after the PWHT due to the 

recovery of strength in this zone and the re-precipitation of the β" strengthening phase in the 

matrix [18, 31].  
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Figure 4.8. Hardness measurements in the joints for (a) first and (b) second passes in the as-welded 

condition and (c) first and (d) second passes in the PWHT condition.   

 

4.3.2.2 Tensile properties 

The tensile properties of the as-welded joints are shown in Figure 4.9(a). All the tensile 

samples except for the ER4043 joint were fractured in the HAZ. The ER4043 joint was 

fractured in the FZ. The ER4043 joint presented the lowest YS and UTS of 134 ± 6 and 230 

± 8 MPa, respectively. This result is consistent with the HV results, as the lowest HV was 

1 mm 

1 mm 

FZ HAZ B

The softest FZ HAZ B

The softest 

The 1st pass 

The 2nd pass 
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observed for the ER4043 filler (Figure 4.8(a, b)). The ER4943 filler and new filler joints 

displayed similar YS and UTS values of 142 ± 4 and 241 ± 3 MPa, respectively. This is 

attributed to the fact that the HAZ in all the joints was the softest zone and had the minimum 

HV, which was also observed in our previous study on AA6061 welding [18, 32]. The 

elongation of the as-weld joints exhibited a similar trend as for the tensile strength, with an 

average elongation of 12 ± 2%, except in the case of the ER4043 joint, which produced the 

lowest elongation of 9.5 ± 0.8%. The ER4043 filler had the lowest welding efficiency 

(52.5%) among all the fillers used. The average welding efficiency of all as-welded joints 

was approximately 54.4%, which indicates that almost 45% of the AA6011-T6 strength was 

lost during the welding process (see Figure 4.9(c)). The joint strength in the as-welded 

condition represented the strength of the HAZs because all the samples were fractured in this 

zone (except for the ER4043 joint). This implies that the actual strength of the FZs was 

higher than the obtained current strength. Figure 4.9(b) shows the tensile properties of the 

PWHT joints. The tensile strengths of all the joints were consistent with the HV results, 

showing a significant improvement relative to the as-welded condition owing to precipitation 

strengthening after PWHT. Fractures occurred in the FZs of all the welded joints. The 

ER4043 joint exhibited the lowest tensile strength (UTS of 335 ± 10 MPa), and the ER4943 

joint showed greater tensile strength with a UTS of 373 ± 5 MPa due to the high Mg content 

in the filler. However, the tensile strengths of the two reference fillers were still lower than 

those of the new fillers, owing to the lower Mg content in the fillers relative to the new 

fillers. The average YS and UTS of the new fillers reached 370 ±10 and 395 ±12 MPa, 

respectively, which were still lower than those of the BM, although the number density and 

volume fraction of the β" strengthening phase in the FZs of the new fillers were higher than 

those of the BM as shown in Figure 4.7 (e). This is mostly due to the existence of welding 
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defects such as porosity, which will be discussed in the fracture analysis section [33]. In 

addition, the tensile strengths of the four new fillers were similar, as these strengths depended 

on the number density and volume fraction of β". According to the TEM results (Figure 4.7), 

the number density and volume fraction of the β" precipitates in the low- and high-Mg fillers, 

such as FMg0.6 and FMg1.4, are similar. Due to its low tensile strength, the ER4043 joint 

produced the highest elongation of 8.5 ± 2%. The elongation of the other fillers decreased 

considerably with the increasing Mg content [34]. The elongation of the ER4943 and 

FMg0.6 joints attained a similar value of 6.5 ± 1%. These results demonstrate that an 

excellent combination of strength and ductility was achieved using the FMg0.6 filler. With 

a further increase in Mg in the fillers, such as in FMg1.4, or an increase in Mn in the fillers, 

such as in Mg0.6Mn and Mg1.4Mn, the elongation decreased remarkably. The reasons 

behind this reduced ductility are attributed to 1) the undissolved brittle primary Mg2Si 

particles in the high-Mg filler and 2) the increase in the size and amount of α-Al(FeMn)Si 

intermetallic particles in the high-Mn fillers (Figure 4.5(c, f)). The welding efficiency 

increased from 76.7% for the ER4043 joint to 85.5% for the ER4943 joint. On the other 

hand, the average welding efficiency of the four newly developed fillers was 90.1%, whereas 

the FMg0.6 joint achieved the highest efficiency of 93.8% ( Figure 4.9(c)). 
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Figure 4.9. The tensile properties in the (a) as-welded and (b) PWHT conditions; (c) the welding 

efficiency in the as-welded and PWHT conditions.  

 

4.3.2.3 Fracture analysis of tensile samples  

Figure 4.10 shows the fracture surfaces of the PWHT tensile samples. Figure 4.10(a, 

b) show the pores formed during both passes in the ER4043 and Mg1.4Mn joints, 

respectively. A large number of pores were found in the second pass, whereas few but 

relatively large pores were observed in the first pass. This occurred because the heat input 

from the second pass resulted in gas release and caused the growth of pre-existing pores in 

the first pass [35, 36]. The fracture surfaces of the three joints (ER4043, FMg0.6, and 

Mg1.4Mn) in the first pass are illustrated in Figure 4.10(c–e). The fracture surface of the 

ER4043 joint showed large and deep dimples, indicating a ductile fracture. The fracture 
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surfaces of the FMg0.6 and Mg1.4Mn joints exhibited honeycomb-like shallow dimples, 

suggesting a more brittle fracture than that of the ER4043 joint. The dimples of the Mg1.4Mn 

joint were smaller and shallower than those of the FMg0.6 joint, indicating its more brittle 

nature. Broken particles, primarily Si and α-Fe intermetallic particles, were observed at the 

bottom of the dimples in the ER4043 joint and the joints with low Mg content fillers (e.g., 

FMg0.6 and Mg0.6Mn). In joints with high Mg content fillers (e.g., FMg1.4 and Mg1.4Mn), 

the broken α-Fe intermetallic particles with the undissolved primary Mg2Si particles were 

observed in the bottom of the dimples. Both α-Fe intermetallic and primary Mg2Si particles 

were mainly distributed along interdendritic boundaries. Moreover, microcracks can easily 

initiate and propagate along these brittle particles [37, 38].     

The fracture surfaces of the second pass under the PWHT condition are shown in 

Figure 4.10(f–h). Similar to the first pass, the ER4043 joint had a fracture surface, indicating 

a more ductile fracture in the second pass, whereas the dimples on the new filler joints were 

smaller and shallower than those of the ER4043 joint. The FMg0.6 joint showed relatively 

larger dimples, illustrating better ductility than the Mg1.4Mn joints, which is consistent with 

the measured elongations (see Figure 4.9). Owing to the high Si content in the second pass, 

a larger number of fractured Si particles were observed than in the first pass.  
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Figure 4.10. Fracture surfaces of the PWHT tensile samples. Porosity in the (a) ER4043 and 

(b) Mg1.4Mn joints. (c–e) First pass of ER4043, FMg0.6, and Mg1.4Mn joints. (f–h) Second 

pass of ER4043, FMg0.6, and Mg1.4Mn joints. 

 

4.3.2.4 Charpy impact toughness 

Figure 4.11 shows the impact toughness of the BM, HAZ, and FZ of the joints under 

as welded and PWHT conditions. The HAZ exhibited the highest impact toughness (21.83 

J), representing the highest absorbed energy relative to the FZ of all the joints. The impact 

toughness in the HAZ can be attributed to the effect of the welding heat input, which resulted 

in the dissolution and coarsening of the β" precipitates and the HAZ becoming the softest 

region in the joints ( Figure 4.8 (a, b)), which could absorb the impact energy. The BM 
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presented the second highest value of impact toughness of 10.35 J, owing to the absence of 

macro-defects, such as porosity in the extruded plate, and the best ductility compared to the 

welded joints (Figure 4.9(a)). Under the as-weld condition, the ER4043 and ER4943 joints 

showed higher values of impact toughness (5.03 and 4.07 J) compared to those of the new 

filler joints. The joints with the fillers containing 0.6% Mg (FMg0.6 and Mg0.6Mn) had an 

impact toughness of 2.38 ± 0.07 J, whereas the joints with the high Mg fillers containing 

1.4% Mg (FMg1.4 and Mg1.4Mn) could absorb the impact energy up to 1.3 ± 0.01 J. The 

decrease in the impact toughness with increasing Mg contents in the new fillers is mainly 

attributed to 1) the increased amount of primary Mg2Si particles (Figure 4.5(b–c)), which 

can act as a stress riser and promote the formation of microcracks [39], and 2) the increasing 

Mg solutes in the matrix, thereby retarding the dislocation movement. In the case of the 

impact test, the dislocations had no time to override the Mg effect owing to the high strain 

rate; hence, less impact energy was absorbed. 

      The joints subjected to PWHT exhibited a moderate improvement in impact toughness 

compared with those subjected to the as-welded condition. This improvement can be 

attributed to a few factors, including the spheroidization of eutectic Si particles and the 

dissolution of primary Mg2Si particles during solution treatment (Figure 4.5(d–f)) [16]. 

Under the PWHT condition, the ER4043 and ER4943 joints achieved impact toughness 

values of 6 ± 0.7 and 4.93 ± 0.35 J. Despite the improved impact toughness of the PWHT 

samples, the joints with the new fillers still exhibited lower toughness than the joints with 

the two reference fillers. This difference in impact toughness is mostly due to the 

precipitation of the high number density of the β" strengthening phase in the joints with the 
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new fillers, resulting in high tensile strength but relatively low elongation (the trade-off 

between strength and ductility) [40, 41]. 

  

Figure 4.11. Impact toughness of the BM, HAV, and FZ of all joints under as welded and PWHT 

conditions. 

 

4.3.2.5 Fracture analysis of impact samples  

Figure 4.12 shows the fracture surfaces of the as-welded impact samples. A higher 

level of plastic deformation was observed in the HAZ than in the ER4043 or any other joint.  

A typical example of the macroviews of the HAZ and ER4043 fractures is shown in Figure 

4.12(a, b). The HAZ exhibited large and deep dimples, showing significant deformation, and 

high impact energy was absorbed (Figure 4.12(c)) [42]. The fracture surfaces of the ER4043 

joint still exhibited ductile fractures in the first and second passes, as shown in Figure 4.12(d, 

e). Figure 4.12(f, g) depict the fracture surfaces of the high Mg filler (FMg1.4) in the first 

and second passes, respectively. In both passes, the cleavage facets became the dominant 



92 

 

feature of the fracture, with only a few small dimples. This brittle fracture in the FMg1.4 

joint is caused by the high amount of primary Mg2Si and Fe-rich intermetallic particles, 

which results in low ductility and premature failure. Furthermore, secondary cracks were 

observed in the fracture surfaces of the FMg1.4 joint in both passes (see the yellow arrows), 

which mainly started from the primary Mg2Si and Fe-rich intermetallic particles.  

 

 

Figure 4.12. Fracture surfaces of the impact samples under as-welded condition: Macroviews 

of the (a) HAZ and (b) ER4043 joint in the first pass. Macroviews of the (c) HAZ, (d) and 

(e) ER4043 joint in the second pass. Macroviews of the FMg1.4 joint in the (f) first and (g) 

second passes.  
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4.3.3 Comparison of the welding efficiency of various Al-Mg-Si alloys 

Table 4.4 shows a comparison of the welding efficiency of the newly developed fillers 

with previously reported fusion welding efficiencies of various Al-Mg-Si alloys under AW 

and PWHT conditions. The welding efficiency under the AW condition when the 

commercial fillers ER4043 or ER4943 are used for various Al-Mg-Si 6xxx-based materials 

with different thicknesses ranges from 33.6 to 69.7%, with an average value of 54.6%. The 

average efficiency of the different 6xxx alloy welds was consistent with that of the newly 

developed fillers ( Figure 4.9(c)). This suggests that the welding efficiency under the AW 

condition was almost independent of the welding technique (tungsten inert gas (TIG) vs. gas 

metal arc welding (GMAW)), the base materials, and their thickness. The fractures of the 

tensile samples commonly occurred in the FZ or HAZ. This is primarily attributed to the 

occurrence of weldment flaws or defects in the FZs and an insufficient strengthening source 

in the FZs (using ER4043/4943 fillers), which results in a considerable reduction in the FZ 

strength. When the FZ becomes stronger, such as when using the new fillers in this work, 

the weakest region of the welding is transferred to the HAZ, where the precipitation 

strengthening of the 6xxx alloys is largely demolished.  

Generally, PWHT weldments exhibit much better welding efficiency than AW 

weldments. This is due to the formation of the β''/β' strengthening phase in the FZ and the 

strength recovery of the HAZ. The fracture of the tensile samples for all 6xxx alloys occurred 

only in the FZ because the heat treatment removed the HAZ. Under the PWHT conditions, 

the welding efficiency when the ER4043/493 fillers are used for various 6xxx alloys ranged 

from 51.5 to 85.5%, with an average value of 70.7%. The average welding efficiency of the 

newly developed fillers with the base material AA6011 was 90.1% ( Figure 4.9(c)), whereas 
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the new FMg0.6 filler exhibited the highest efficiency of 93.8% among all welded materials 

listed in Table 4.4.  This is primarily attributed to the higher Mg content in the new filler 

metals and, hence, the higher precipitation-strengthening effect in the FZ compared to the 

ER4043/493 reference fillers (Table 4.3). 

Table 4.4. Comparison of the welding efficiency for various Al-Mg-Si alloy fusion welding in both 

AW and PWHT conditions.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 No BM (thickness) Filler Technique 
Efficiency, 

% 
Fracture  Reference 

AW 

1 6061 (6mm) 4043 TIG 33.6 FZ [43] 

2 6061 (3 mm) 4943 TIG 58.1 FZ [44] 

3 6082 (3 mm) 4043 TIG 48.3 FZ [45] 

4 
6082 (3 mm) 

4043 

(0.35Ti) 

TIG 
57.1 FZ [45] 

5 6082 (4mm) 4043 TIG 69.7 HAZ [46] 

6 6061 (6.35 mm) 4043 GMAW 53.3 FZ [47] 

7 6061(9 mm) 4043 GMAW 54.4 HAZ [31] 

8 6061(9.5mm) 4043 GMAW 58.7 FZ [48] 

9 6061 (12.7 mm) 4043 GMAW 56.1 FZ [49] 

10 6011 (6 mm) 4043 GMAW 56.1 HAZ This work 

11 6011 (6 mm) 4943 GMAW 55.5 HAZ This work 

12 6011 (6 mm) Mg1.4Mn GMAW 54.7 HAZ This work 

13 6011 (6 mm) FMg0.6 GMAW 54.2 HAZ This work 

PWHT 

1 6061 (2.5 mm) 4043 TIG 74.2 FZ [50] 

2 6061 (6.36 mm) 4043 TIG 51.5 FZ [51] 

3 
6082 (3 mm) 

4043 

(0.35Ti) 

TIG 
61.5 FZ [45] 

4 6082 (12 mm) 4043 TIG 64.3 FZ [52] 

5 6061 (3 mm) 4043 GMAW 76.0 FZ [53] 

6 6061 (6.35 mm) 4043 GMAW 85.1 FZ [47] 

7 6061 (9 mm) 4043 GMAW 53.0 FZ [31] 

8 6061 (12.7 mm) 4043 GMAW 62.3 FZ [49] 

9 6005 (3.2 mm) 4043 GMAW 80.1 FZ [54] 

10 6063 (6.4mm) 4043 GMAW 78.1 FZ [54] 

11 6011 (6 mm) 4043 GMAW 76.7 FZ This work 

12 6011 (6 mm) 4943 GMAW 85.5 FZ This work 

13 6011 (6 mm) Mg1.4Mn GMAW 87.7 FZ This work 

14 6011 (6 mm) FMg0.6 GMAW 93.8 FZ This work 
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4.3.4 Discussion 

In the present work, it was confirmed that using a commercial ER4043 filler (free of 

Mg) for welding a high-strength AA6011 alloy produced inferior strength and low welding 

efficiency because of the low dilution and insufficient Mg in the weldments. ER4943 filler 

with Mg increased to 0.4 wt.% improved the strength and welding efficiency. Further 

increasing the Mg and Mn contents in the newly developed fillers led to high dilution and 

an increase in the alloying elements (mainly Mg and Mn) in the FZ, resulting in higher solid 

solution strengthening and higher microhardness in the FZ under the AW condition. 

However, the softest region of the joint in the AW condition was the HAZ, because the 

highest amount of β"-MgSi strengthening precipitates were dissolved in the HAZ due to the 

high welding temperature [18]. The joint strength under AW conditions was controlled by 

the strength of the HAZ ( Figure 4.9(a)). Therefore, the new fillers with high Mg and Mn 

contents did not show a significant benefit under AW conditions in terms of strength and 

welding efficiency compared to the two reference fillers. 

Because the newly developed fillers provided sufficient Mg in the FZ, a large volume 

fraction of fine β"-MgSi was precipitated in the FZ during PWHT (Figure 4.6), resulting in 

superior strength and higher welding efficiency compared to the reference fillers ( Figure 

4.9(b, c)). The FMg0.6 filler, containing 0.6 wt.% Mg, achieved the best combination of 

strength and elongation and the highest welding efficiency among the four new fillers 

studied. Upon increasing the Mg content to 1.4 wt.% (such as in FMg1.4 and Mg1.4Mn 

fillers), the tensile strength remained at a similar level because the primary Mg2Si could not 

fully dissolve in the FZ during the solution treatment due to the Mg solubility limit (Figure 

4.5(f)). However, the elongation decreased remarkably for the higher-Mg fillers. The 
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increase in Mn content in the novel fillers at the same Mg content (Mg0.6Mn and Mg1.4Mn 

fillers) did not enhance the strength of the joints but rather reduced the elongation. Therefore, 

the Mg level in the filler metal plays a predominant role in improving the tensile strength 

and welding efficiency of high-strength AA6011 joints.  

4.3.5 Conclusions 

1. During the welding of thick plates of high-strength AA6011 alloy using multiple 

passes, increasing the Mg and Mn contents of the Al-Si-Mg 4xxx filler metals 

resulted in sufficiently higher alloying elements in the FZ compared to the 

ER4043/ER4943 reference fillers, resulting in higher microhardness in the 

weldments.  

2. Under the AW condition, the weakest region of the joint was the HAZ because the 

highest amount of β"-MgSi strengthening precipitates in the AA6011 alloy were 

dissolved. The joint strength was almost independent of the filler type and was 

controlled by the HAZ strength. The average welding efficiency of the as-welded 

joints was 54.4%.  

3. The higher Mg contents in the newly developed fillers promoted the precipitation of 

a large volume fraction of fine β"-MgSi in the FZ during PWHT, resulting in superior 

strength and higher welding efficiency relative to the reference fillers. The Mg in the 

filler metals played a predominant role in improving the tensile strength and welding 

efficiency of the high-strength AA6011 joints. 

4. The optimal Mg content of the filler metals was 0.6 wt.%. Upon further increasing 

the Mg content, the tensile strength remained at the same level, but the elongation 

decreased significantly. The novel fillers with 0.6% Mg content exhibited a complete 
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dissolution of Mg2Si particles after PWHT, whereas the fillers with 1.4% Mg content 

retained undissolved Mg2Si in the matrix owing to the Mg solubility limit. The 

increased Mn content in the filler metals had an insignificant effect on joint strength 

but caused a reduction in elongation. 

5. The novel FMg0.6 filler containing 0.6% Mg achieved the best combination of 

strength and elongation after PWHT among all the filler metals studied. In addition, 

the FMg0.6 filler exhibited the highest welding efficiency of 94% when comparing 

the data collected for all the welded Al-Mg-Si 6xxx alloys. 

6. The newly developed fillers adversely affected the impact toughness of the joints 

under both AW and PWHT conditions. After performing the PWHT, the impact 

toughness of the novel fillers improved but was still lower than that of the reference 

fillers. 
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5. Chapter 5: Comparison of Mechanical, Fatigue and Corrosion 

Properties of Fusion-Welded AA6011-T6 Plates Using Three 

Different Filler Wires 

(internal review) 

Abstract 

This study systematically examined the welding performance of three filler wires, ER4043, 

ER5356 and newly developed FMg0.6, in the gas metal arc welding of AA6011-T6 plates. 

An extensive analysis of the microstructure, mechanical properties, fatigue resistance, and 

corrosion behavior of AA6011 weldments was conducted. The ER4043 and FMg0.6 joints 

exhibited finer grain sizes in the fusion zone compared to ER5356 joint. The as-welded 

ER5356 and FMg0.6 joints exhibited elevated hardness and tensile strength compared to 

ER4043 joint. Notably, the fractures in the former two occurred within the heat affected 

zone, while the ER4043 joint experienced fractured within the FZ. The FMg0.6 joint 

demonstrated the highest overall strength among all joints with superior fatigue resistance 

in both as-welded and PWHT conditions. In the as-welded state, the ER5356 joint displayed 

the highest weight loss, whereas in the PWHT condition, it suffered the highest corrosion 

rate, attributed to the precipitation of β-Al2Mg3 at the grain boundaries. The FMg0.6 joint, 

characterized by a high-volume fraction of eutectic Mg2Si in the as-welded state, exhibited 

a higher corrosion rate compared to ER4043 joint. However, the PWHT proved effective in 

enhancing corrosion resistance of the FMg0.6 joint. Given its highest tensile properties, 

superior fatigue properties and satisfactory corrosion resistance —particularly with 

PWHT— the newly developed FMg0.6 filler emerges as a promising candidate for welding 

high-strength 6xxx alloys.  
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fatigue resistance; corrosion behavior 

5.1 Introduction  

         Aluminum alloys, particularly 6xxx series alloys like AA6061 and AA6011, play a 

pivotal role in diverse industries such as architecture, automotive, and transportation, owing 

to their high mechanical properties and resistance to corrosion. To ensure the widespread 

applicability of high-strength AA6xxx alloys, it is crucial to be easily weldable. Despite its 

susceptibility to hot cracking, this challenge can be effectively mitigated by incorporating 

ER5356 or ER4043 filler materials during fusion welding. The success of this mitigation 

strategy, however, hinges on meticulous welding design and the expertise of skilled 

personnel [1, 2].  Fusion welding remains as the predominant method for joining aluminum 

components, with conventional arc welding techniques, such as metal inert gas (MIG) 

welding and tungsten inert gas (TIG) welding [3]. 

The mechanical properties of the welded joints are influenced by several factors, including 

welding parameters, base metal (BM), and the type of filler wires. Among these factors, the 

filler type stands out as a predominant element in determining both the mechanical and the 

materials properties of joints. Commercial fillers such as ER4043 (Al–5Si) and ER5356 (Al–

5Mg) are commonly employed to achieve satisfactory welding efficiency. The choice of 

ER4043 filler, for instance, induces changes in the chemistry of the melt pool, leading to a 

decrease in joint strength and an unfavorable color match for anodized applications. 

Conversely, when utilizing ER5356, there is a positive aspect in terms of anodization color 

matching. However, this advantage comes at the expense of the joint corrosion resistance, 

high-temperature stability, and weld pool fluidity [2, 4]. In the context of filet weld, ER5356 
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emerges as a more suitable choice when compared to ER4043, primarily due to superior 

shear strength. Furthermore, ER4043 tends to exhibit enhanced weldability and a slightly 

reduced sensitivity to cracking, attributed to its higher Si content. Welds with ER4043 

typically feature enhanced cosmetic appearance, smoother surfaces, reduced spatter, and less 

smut [5]. In a study by Naing et al. [6],  it was observed that the repair joint formed with 

ER5356 filler exhibited higher tensile strength compared to the repair joint utilizing ER4043 

filler. Recognizing the potential for enhancement, researchers have explored modifications 

to the chemical of these commercial fillers. Various attempts have been made to improve 

these fillers, and one notable approach involves incorporating ceramic nanoparticles into 

aluminum alloy filler materials. This modification aims to enhance mechanical properties 

and address welding issues like cracking [7]. However, in a study involving the addition of 

TiB2 nanoparticles into AA 4943 and utilizing TIG technique [8], the results indicated only 

marginal improvements in mechanical properties compared to standard filler.  

 Corrosion stands out as a critical concern, particularly in welded joints experienced a 

corrosive environment such as sea water, when it comes to aluminum and its alloys. The 

protective layer of Al2O3, with a micrometer-scale thickness on the surface, plays a crucial 

role in shielding the bulk alloys from extensive oxidation [9, 10]. Despite this protective 

measure, AA6xxx alloys are susceptible to localized corrosion attacks when exposed to 

aggressive environments. This vulnerability can be primarily attributed to the presence of 

Fe-rich intermetallics and the existence of Mg2Si [11]. Zhang et al. [12] investigated the 

corrosion tendencies of AA6061-T6 joints produced through laser-arc hybrid welding were. 

Their results revealed that this welding led to the formation of dendritic structures in the 

fusion zone, accompanied by the segregation of alloying elements. Additionally, notable 
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occurrences of severe pitting occurred in the FZ, and intergranular cracking was observed in 

the HAZ. To enhance the corrosion resistance in welded joints, strategies involve reducing 

precipitate size, dissolving coarsened precipitates, or controlling precipitate size, location, 

and distribution [13]. Nam et al. [14] found surfaces with finer grains exhibited higher 

corrosion resistance, attributed to an increased formation of a passive protective film. In 

contrast, Osorio et al. [15] reported that coarse-grained regions might resist corrosion better 

due to fewer corrosion sites. By investigating the galvanic corrosion of laser-welded 

AA6061 aluminum alloy, Rahman et al. [16] reported that the cathodic process occurring at 

the FZ contributes to a high corrosion susceptibility. Yan et al. [10] conducted the 

potentiodynamic polarization tests on the welded AA6061 using ER4043 and ER5356 

fillers. Their findings indicated that the corrosion current density of the ER4043 joints was 

slightly higher than that of the ER5356 joints. 

The corrosion susceptibility of heat-treatable aluminum alloys can be attributed to the 

precipitation of different phases, which affects chemical activity. This susceptibility is 

further influenced by the factors such as composition, heat treatment, grain characteristics, 

precipitate distribution, environmental conditions, and applied loading [13, 17]. The 

application of post weld heat treatment (PWHT) stands as an effective method for improving 

both the mechanical and chemical characteristics of the fusion-welded joints. This is 

achieved by reducing residual stresses and modifying the microstructure of heat-treatable 

aluminum alloys [18]. In multi-pass welding, the high heat input gradually degrades the 

microstructure in the HAZ, exposing the welded area to temperatures in the solution 

treatment and overaging range. This demands the necessity of applying PWHT to mitigate 

the cumulative impacts of these thermal cycles [2, 19].  
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The objective of this study was to conduct a comprehensive investigation of the welding 

performance high-strength AA6011-T6 thick plates using the commercial fillers of 

ER4043and ER5356, and the newly developed  FMg0.6 filler. The investigation 

encompassed assessing tensile properties and the fatigue characteristics of the welded joints 

in both their as welded and in PWHT conditions. Furthermore, corrosion resistance was 

evaluated for the BM, HAZ, and all FZs. The aim was to elucidate the chemical attributes of 

the joints and provide a comprehensive analysis with relevance to industrial applications.  

5.2 Experimental Procedure 

       Wrought 6011-T6 aluminum plates of 500 mm x 75 mm x 6 mm were produced by DC 

casing and extrusion and used as a BM. The BM was cast at 730 0C followed  by 

homogenization at 560 0C for 3hr. Then it was extruded at 500 0C with water rinsing at the 

exist. After that, the extruded plates were naturally aged at RT followed by aging at 177 0C 

for 8 hr.  They were then heat-treated to T6 and used as BM. The plates were welded using 

the MIG technique. The extruded plates were welded using the MIG technique using two 

commercial filler wires, ER4043 and ER5356, and a novel filler named FMg0.6. Table 5.1 

presents the chemical composition of the BM and three filler wires. The production route of 

the filler wires was detailed in our previous paper [20]. The welding was performed using a 

Fronius Transpulse Synergic 5000-CMT mounted on a Motoman UP50N robot. Before 

welding, the plates were prepared by cutting then cleaning with acetone, followed by 

clamping in a butt joint configuration with a single V groove. To fill the groove space 

between two sheets with the filler wire, the welding process involved two passes with 

specific parameters listed in Table 5.2. After welding, the post-weld heat treatment (T6) was 

applied for a part of samples, consisting of a solution treatment at 550°C for 1 hour followed 
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by water quenching, and subsequently natural aging for 24 hours, followed by artificial aging 

at 180°C for 8 hours. This heat treatment was optimized to restore the mechanical properties 

lost during the welding process and regain the original strength of the BM in T6 condition 

prior to welding. 

After welding, an X-ray radiography test (XRT) was performed. Tensile and fatigue samples 

were selected from low porosity zones (less than 1%) to minimize its effect on properties. 

Microstructure was examined optical microscopy (OM) and scanning electron microscopy 

(SEM). Microhardness profiles were measured using an NG-1000 CCD microhardness 

tester, applying a 50-gram load with a 20-second dwell time. The HV profiles were 

performed 1 mm from the root side (first pass) and at 1 mm from the cap side (second pass). 

Tensile and high cyclic fatigue tests were conducted on Instron 8801 servo-hydraulic 

machine, both in as-welded and PWHT conditions. The tensile test was performed at a 

crosshead speed of 1 mm/min and room temperature, using standard subsided samples. 

Fatigue tests were carried out at ambient temperature, applying a sinusoidal waveform with 

a frequency of 30 Hz and a cyclic stress ratio of 0.1. The tensile and fatigue samples were 

machined according to ASTM  E8-04 and ASTM E466-96, respectively, as shown in Figure 

5.1. The fatigue S-N curves were plotted using the ISO 12107:2003 statistical approach. As 

aluminum alloys typically lack a fatigue limit, the fatigue tests were halted after 107 cycles. 

The Potentiodynamic polarization (PD) test was conducted at ambient temperature utilizing 

the Flat Cell Kit, with a naturally aerated 3.5% NaCl solution (w/w) serving as the 

electrolyte. A three-electrode system was utilized, comprising a mesh platinum counter 

electrode, a saturated Ag/AgCl reference electrode, and the cold-mounted samples as the 

working electrode. The FZs were cut alone and separated from the HAZ by cutting at the 
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fusion line. The whole FZ (both passes) was taken as one working electrode. The HAZ was 

taken with length of 10 mm from the fusion line and width as the BM thickness (6 mm). the 

BM samples were cut from cross-section of the unwelded plates with the same area as the 

HAZ ( 10 x 6 mm2). The BM, HAZ, and the FZs  in both AW and PWHT conditions underwent 

cold mounting and polishing, followed by a 2-minute cleaning with acetone and methanol to remove 

any grease or atmospheric dust prior to initiating the PD test.  The values of the current were 

normalized with the actual surface area of the electrode to calculate the current density for each 

electrode. The PD measurements were conducted after stabilization the open-circuit potential 

(OCP) of the working electrodes in the solution of 3.5% wt. NaCl for 1 hour. PD 

measurements were carried out with a sweeping rate of 1 mV/s, ranging from an initial 

potential of -1175 mV to 200 mV versus the reference electrode. The measured current 

density in the PD test was used to compute the corrosion rate with Eq. (1) according to 

ASTM G102. 

𝐶𝑜𝑟𝑟𝑜𝑠𝑖𝑜𝑛 𝑟𝑎𝑡𝑒 = 3.27 𝑥 
𝑖𝑐𝑜𝑟𝑟  𝑥 𝐸𝑊

𝜌
   (

µm

year
)                                   (1) 

 

 

Where 𝑖𝑐𝑜𝑟𝑟 is the corrosion current density, EW and 𝜌 are the equivalent weight and density 

of Al, respectively.  

 

The BM, HAZ, and the FZs in AW and PWHT conditions were cold mounted then polished. 

Then the samples were cleaned with acetone and methanol for 2 minutes to fully clean from 

any grease or atmospheric dust before starting the test. The immersion test was performed 

based on GBT19746-2005 standard using test specimens of the size of 50 mm × 10 mm × 5 

mm with keeping the FZ in the middle of the sample length for the welded joints as shown 

in Figure 5.2(a). The specimens were mechanically ground with SiC papers (240 to 1200 
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mesh) and cleaned with pure alcohol. They were then weighed precisely using an electronic 

balance (± 0.01 mg) before being immersed in a naturally aerated 3.5% NaCl solution, placed 

about 30 mm below the liquid level in glass jars (see Figure 5.2 (b)). To remove corrosion 

products, the samples were treated with a chromic acid solution at 80°C, following the GBT 

16545-1996 standard. The mass loss test was conducted on three samples simultaneously, 

and the result was the average value [21]. 

Table 5.1: Chemical compositions of BM and three filler wires (wt.%). 

 

 

 

Table 5.2: The welding parameters used. 

 

Figure 5.1. Dimensions of the tensile and fatigue samples in mm. 

 Si Mg Mn Fe Cu 

BM (6011) 0.92 0.75 0.45 0.17 0.64 

ER 4043 4.97 0.024 0.02 0.16 - 

ER 5356 0.06 5 0.1 0.15 0.01 

FMg0.6 6.23 0.6 0.23 0.14 0.011 
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Figure 5.2. Schematic drawing of the immersion test, (a) sample dimensions, and (b) the 

test set up. All dimensions are in mm. 

 

5.3 Results and discussion  

5.3.1 Microstructure of the Joint 

      Figure 5.3 illustrates the grain morphologies analyzed using OM under polarized light in 

the BM, HAZ and FZ. The BM shows elongated grains in the direction of the extrusion with 

an average size of 106.8 µm (Figure 5.3(a)). Between the HAZ and FZ there was a 

recrystallized zone (RZ) in the side of HAZ, and its width was influenced by the heat input 

from the welding arc. Typically, the region after the RZ experiences partial recrystallization 

zone due to the temperature gradient with smaller grain size than that of the BM [22]. In 

4xxx filler joints, the width of the RZ was approximately 407 µm, which is wider than that 

of ER5356 joints (346 µm, Figure 5.3(b) and (c)). This change in the RZ is attributed to the 

higher welding current in both passes used in the 4xxx fillers than that used in the ER5356 

filler, as indicated in Table 5.2  The RZs in ER5356 and the 4xxx fillers displayed similar 

grain sizes, 16.5 ± 2 and 14.7 ± 3 µm, respectively, due to fast cooling rate [23, 24]. In the 
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FZ of ER5356 joint (Figure5.3(d) and (e)), the grain size in the first pass was 219.6 ± 28 µm, 

which were significantly smaller than that in the second pass (410.2 ± 44 µm). This 

difference is ascribed to the greater heat input (132 Amp) and a faster cooling rate during 

the first pass, in contrast to the relatively lower heat input in the second pass (87 Amp) and 

slower cooling rate in the second pass [25, 26].  Similarly, in the FZs of 4xxx filler joints 

((Figure 5.3(f) and (g)), the grain size in the first pass was smaller than that of the second 

pass (231.8 ± 35 µm vs 347.79 ± 49 µm) due to the differences in the heat input and cooling 

rate. The grain morphology between the two passes showed epitaxial grain growth, 

illustrated in  Figure 5.3(h). For the porosity, the average equivalent pore diameter in the 

first pass was almost similar in all filler joints, 54 ± 8 µm. In the second pass, ER4043 and 

FMg0.6 filler joints had smaller pore size than that of ER5356 joint (63 ± 17 µm vs  103 ± 

21 µm). This behavior is attributed to that the high cooling rate in the 4xxx filler joints gives 

ride of producing smaller pore size, while the low cooling rate in ER5356 joint produced 

larger pores according to [27]. 

The microstructures of the BM and FZs under as welded condition are shown in Figure 5.4. 

BM microstructure contains α-Al(FeMn)Si, Mg2Si, and Q-AlMgSiCu intermetallic phases. 

Due to the extrusion process, the Fe-rich α-Al(FeMn)Si  was oriented in the extrusion 

direction (Figure 5.4(a) and (b)). The microstructure of the ER5356 joint consists of β-

Al2Mg3 and Mg2Si phases (Figure 5.4(c)) [28, 29]. The ER5356 filler has no Si in its 

composition, and however, few granular Mg2Si particles were formed due to the diffusion 

of Si from the BM dilution [30]. The main phases in ER4043 joint are eutectic Si, Fe-rich 

intermetallics, and Mg2Si (Figure 5.4(d)). It can be observed that the Fe-rich intermetallics 

have two forms, namely the platelet-like β-AlFeSi and the less harmful α-Al (FeMn)Si.  
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FMg0.6 joint has similar phase types as the ER4043 joint ((Figure 5.4(e)). However, the 

volume fraction of Mg2Si in FMg0.6 joint is higher relative to ER4043 joint (0.75 ± 0.21% 

vs 0.15 ± 0.08 %). Similar trend was observed in the volume fraction of  α-Al(FeMn)Si ,1.68 

± 0.32% and 0.88 ± 0.24 % for FMg0.6 and  ER4043 joints, respectively, due to the addition 

of 0.25% Mn in FMg0.6 filler (see Table 5.1), which modified the harmful β-Fe intermetallic 

to less harmful α-Fe intermetallic, as shown in Figure 5.4 (e) [31].  

The microstructures of the FZs after PWHT are shown in Figure 5.4(f-h). The ER5356 joint 

shows the formation of β-Al2Mg3 at the grain boundaries and some dispersed within the 

grains Figure 5.4(f) [32, 33]. Since the 5xxx alloy is not heat-treatable, performing the 

PWHT can homogenize the matrix microstructure leading to better mechanical properties as 

depicted in the following sections [33]. In the 4xxx filler joints Figure 5.4(g) and (h)), the 

PWHT shows a significant effect on the matrix. All the Mg2Si phases in both joints 6 were 

completely dissolved in the microstructure. Moreover, the eutectic Si morphology was 

transformed from fibrous structure in the as welded condition to spheroid morphology [30]. 

The Fe-rich intermetallics experienced partial fragmentation [34-36].  
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Figure 5.3. Grain morphologies of the different zones under as welded condition. FMg0.6: 

(a) BM, (b) and (c) recrystallized zones (RZ) in ER5356 and ER4043 joints, respectively; 

(d) and (e) the FZs in the 1st and 2nd passes in ER5356 joint, respectively; (f) and (g) the FZs 

in the 1st and 2nd passes in FMg0.6 joints, respectively; (h) the boundary between the 1st and 

the 2nd passes in ER4043 joints. The green arrows point to the porosity. 
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Figure 5.4. (a) and (b) microstructure of the BM. (c), (d), and (e) microstructures of the 2nd 

pass of ER5356, ER4043, and FMg0.6 joints under the as welded condition, respectively. 

(f), (g) and (h) microstructures of the 2nd pass of the ER5356, ER4043, and FMg0.6 joints 

after PWHT, respectively. All phases were identified with the SEM-EDX. 

 

5.3.2 Microhardness  

The microhardness profiles of the three filler joints under as welded condition are illustrated 

in Figure 5.5(a) and (b). The highest HV was observed in the BM, 145 ± 3 HV. The HAZ 

between the FZ and BM exhibited the softest region with approximately 74  HV. This 

softening result is due to an overaging induced by the heat input from the welding arc [37, 

38]. With movement from the HAZ (the softest zone) to the FZ, the HV gradually increased 

due to dissolution of the original β”-Mg2Si precipitates in BM, leading to solution 
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strengthening. In contrast, the HV from the BM to the softest zone depicts decreasing due to 

enhancing the effect of the welding heat on the dissolution of β”-Mg2Si precipitates [20]. 

The HVs in the FZ of the first pass of the ER4043 joint and in both passes of ER5356 joints 

show similar values, 78 ± 3 HV, whereas the HV in the FZ of FMg0.6 joint depicts an 

increase in the hardness value, 88 ± 2 HV. The similarity in HV of both passes of ER5356 

is attributed to the limited solubility of the Mg in the matrix at room temperature. According 

to Pozank et al. [39], the solubility of Mg in FCC-Al is less than 1 wt.% leading to the same 

Mg content in the matrix of the both passes. The second passes of ER5356 and FMg0.6 joints 

depicts slight difference in HV values of 85 ± 5 and 89.2 ± 4 HV, respectively, as shown in 

Figure 5.5(b). The HV of ER4043 has the lowest value in the second pass, 66 ± 2 HV, due 

to the low Mg in the filler and low BM HV  dilution [38]. The higher HV in FMg0.6 joint in 

all passes can be attributed to the added Mg (0.6%) in its composition.  

The HV profiles of all joints after PWHT are shown in Figure 5.5(c) and (d). The HV results 

in ER4043 joint exhibited large variation between the two passes. The first pass displayed a 

greater HV value compared to the second pass (135 ± 3 vs 100 ± 5 HV). This discrepancy 

can be attributed to the increased BM dilution in the first pass in comparison to the second 

pass, resulting in a higher concentration of precipitates in the first pass.  The ER5356 filler 

shows similar HV in both passes, 100 ± 3 HV, due to the limitation of Mg solubility as the 

same in the as welded case. It is worth to mention that the HV of ER5356 is higher than that 

of the as welded condition (80 ± 5 HV) due to the applied heat treatment, which leads to 

homogenize the microstructure and reduce the residual stress came from the welding process 

[29]. Furthermore, the addition of few Si contents in both passes from the BM dilution leads 

to formation Mg2Si precipitates during PWHT [40-42].  The newly developed filler, FMg0.6, 
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shows the highest HV with 145 ± 2 HV compared to two commercial fillers. The high HV 

in FMg0.6 joint is attributed to the high Mg content in its composition, which leads to 

sufficient precipitation of coherent nanosized β” precipitates as explained in our previous 

works [20, 30]. With applying PWHT, the HAZ disappeared in all joints, which led to 

retrieving all precipitates and hence the mechanical properties.  

 

 

Figure 5.5. Microhardness profiles, (a) and (b) for as welded condition in the first and second 

passes. (c) and (d) after PWHT in the first and second passes. 

 

1 mm 

FZ FZ HAZ HAZ BM BM 

FZ FZ BM BM 

Softest zone 
Softest zone 
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5.3.3 The tensile Properties  

Figure 5.6(a) shows the tensile properties of the as welded joints. The BM depicts the highest 

ultimate tensile strength (UTS) and yield strength (YS) of 437 ± 6 and 397 ± 10 Mpa, 

respectively. The ER5356 and FMg0.6 joints exhibited similar values of UTS and YS, 

measuring 240 ± 2 and 148 ± 5 MPa, respectively. This similarity occurs because the HAZ 

represents the softest zone in both joints and has the lowest HV (Figure 5.5(a)), where the 

fracture occurs in the tensile sample (see the insets in Figure 5.6(a)). The ER4043 joint shows 

the lowest UTS and YS, 230 ± 7 and 135 ± 5 Mpa, respectively, and the fracture occurred in 

the FZ. This result is consistent with the HV result since the FZ of ER4043 exhibited the 

lowest HV in the second pass (Figure 5.5(b)) due to less dilution from the BM and no Mg in 

ER4043 filler composition.  Although the grain sizes in each pass of ER4043 and FMg0.6 

are in the same range (see Figure 5.3), the tensile strength of FMg0.6 joint is higher 

compared to ER4043 due to the added Mg in the filler, which increases the solution 

strengthening of the joint [20, 30]. The elongation of the BM has the highest value of 23 ± 

3%. All three joints show lower elongation due to the inhomogeneous microstructures such 

as coarse equiaxed and columnar grains at the center and the fusion line, as well as the 

porosity in the FZs (Figure 5.3). ER4043 has the lowest elongation of 10 ± 0.8% amount all 

three joints, while both ER5356 and FMg0.6 joints exhibit the similar elongation, 

approximately 12. 

The tensile properties of the PWHTed joints are shown in Figure 5.6(b). The ER4043 joint 

has UTS and YS of 335 ± 12 and 282 ± 8 MPa, respectively, which is higher than that in the 

as welded condition because of formation of some nanosized β”-Mg2Si precipitates 

originated from the BM dilution [20, 38]. ER5356 joint exhibits the lowest UTS and YS of 
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305 ± 12 and 250 ± 8 MPa in PWHT condition. This is a result of the adverse influence of 

the brittle Al3Mg2 phase at the grain boundaries (Figure 5.4(f)) [10]. However, the strength 

of ER5356 joint surpasses the strength in the as-welded condition. This enhancement in 

strength is ascribed to the homogenization effect of the heat treatment and the potential 

formation of a few β”-Mg2Si precipitates due to silicon diffusion from the BM dilution  [41, 

42]. The highest strength in the welded joints was observed in FMg0.6 joint with UTS and 

YS of 410 ± 6 and 387 ± 6 MPa, respectively. This high strength of FMg0.6 joint was 

achieved via the precipitation of a high number β”-Mg2Si precipitates after PWHT as 

reported in our previous works [20, 30, 36]. It is worth mentioning that the dilution in the 

2nd pass is low due to the geometry of the groove and using thick BM. The role of the high 

Mg in FMg0.6 filler compensates the decrease in the dilution, and supports the FZ in FMg0.6 

joint with enough Mg content to make it efficient in T6 aging treatment [43, 44]. ER4043 

depicts the highest elongation of 8.7 ± 0.8 % among all welded joints. The elongations of 

the FMg0.6 and ER5356 joints are 6.8 ± 1 % and 5.7 ± 1.5 %. Respectively, showing 

reduction in elongation relative to ER4043. The precipitation of the brittle β-Al3Mg2 in 

ER5356 joint (Figure 5.4(f)) and the formation of micropores near these precipitates result 

in a premature material fracture and reduction in the elongation as reported by Wen et al. 

[45].  
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Figure 5.6. The tensile properties of the joints: (a) in the as welded condition, and the insets 

showing the typical fractures occurred in the tensile sample; (b) in the PWHT condition. 

 

5.3.4 Fatigue Properties of the Joint 

The fatigue properties in the as welded condition are shown in Figure 5.7(a). The BM 

represents the highest fatigue strength compared to the welded joints due to very low flaws 

and microdefects in the matrix [38].  It is common in metallic alloys that the higher tensile 

strength improves cyclic performance and fatigue behavior of materials, assuming a good 

surface condition and less influence from microdefects [10, 30]. Fractures during tensile 

testing are found in different zones for ER4043, ER5356, and FMg0.6 joints, however, 

fatigue failures consistently occur in the FZ for all joints due to the presence of welding 

defects such as micropores and coarse grains. ER5356 joint  represents the lowest fatigue 

strength due to the high porosity size compared to ER4043 and FMg0.6 joints (Figure 5.3), 

as confirmed by Yan et al. [10]. FMg0.6 joint shows the highest fatigue strength compared 

to two commercial fillers. Thus the order of the fatigue strength can be defined as FMg0.6 > 

ER4043 > ER5356. The higher fatigue properties in FMg0.6 relative to ER4043 joint is 
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related to the hindering effect of the dislocation motion by the Mg solute atoms in the Al 

matrix during the cyclic loading as reported in our previous work [30].  

Figure 5.7(b) depicts the fatigue properties of the PWHTed joins. The fatigue strengths of 

the PWHTed samples were improved significantly relative to the as welded joints (Figure 

5.7 (a)), as also confirmed by Perez et al. [38]. The order of the fatigue strength after PWHT 

is the same as in the as welded condition: FMg0.6 > ER40433 > ER5356. The fatigue 

strengths in the heat-treated ER4043 and FMg0.6 joints were enhanced due to the 

strengthening effect of β”-Mg2Si precipitates. Increasing the Mg in FMg0.6 joint results in 

a higher density of β”-Mg2Si precipitates compared to ER4043, hence contributing  a higher 

fatigue strength [36]. Nanosized β” precipitates contribute to high fatigue strength through 

two mechanisms. Firstly, they serve as barriers to dislocation movement during cyclic 

loading, resulting in the shearing of these precipitates. This impediment prevents 

dislocations from accumulating and forming microvoids at grain boundaries [38, 46].  

Secondly, when a dislocation reaches the crack tip, it can enlarge the crack size by one 

Burgers vector. Slowing down dislocation motion prolongs the time it takes for dislocations 

to reach the tip, consequently leading to a higher fatigue life [30]. In ER5356 joint, due to 

the homogenization effect of the heat treatment, the fatigue strength was enhanced compared 

to the as welded condition, and however, its values were still lower compared to the heat-

treated ER4043 and FMg0.6 joints, which is probably attributed to the precipitation of the 

brittle β-Al3Mg2 phase at grain boundaries and [18] and fewer β”-Mg2Si precipitates in the 

matrix due to lack of Si solutes.   

The fatigue fracture surfaces of the PWHTed joints are shown in Figure 5.8. The fatigue 

fracture normally consists of three zones: the initiation zone, the propagation zone, and the 



122 

 

final fracture zone. For all joints, the initiation zone locates the surface or near surface 

porosity Figure 5.8(a), (d) and (g)), as reported by many researchers [10, 18, 47]. The 

propagation zone starts directly from the initiation zone (pores) and ends when the total crack 

length reaches the critical size as indicated by the yellow dashed lines, where the final 

fracture zone continues up to the end of the sample. The striation width was measured at 1 

mm from the initiation zone in all welded joints, which represents the incremental increase 

in the fatigue crack with each cyclic loading, referring to the fatigue crack propagation rates. 

the striation widths were measured to be 431±27, 573±63, and 715±51 nm for the FMg0.6, 

ER4043, and ER5356 joints, respectively. Therefore, the fatigue crack propagation rates 

remarkably increased from FMg0.6 via ER4043 to ER5356 joints. The newly developed 

filler, FMg0.6 joint, exhibits the lowest fatigue crack propagation rate, which gives the 

highest fatigue life as result of the modification its composition with the addition of Mg in 

the filler. ER5356 joint depicts highest crack propagation rate because few precipitates can 

retard the dislocation motion, just the Mg solutes can do it. When the propagation zone is 

finished, the remaining part of the fatigue sample cannot endure cyclic loads, leading to a 

normal fracture resembling that of a tensile test when the UTS is surpassed. The final fracture 

zone of  ER4043 joint shows larger dimples compared to that ofFMg0.6 joint due to low Mg 

content in ER4043 filler. At the bottom of all dimples in ER4043 and FMg0.6 joints, 

fractured Si particles were observed, indicating the mechanism of dimples formation due to 

brittle Si particles. The final fracture zone of ER5356 joint shows smaller size and more 

shallow dimples compared to E4043 joint due to the existence of  β-Al2Mg3 particles [48].   
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Figure 5.7. The S-N curves of the welded joints, (a) in as welded condition, and (b) in the 

PWHT conditions. 

 

 

Figure 5.8. Fatigue fractures in the PWHT condition: (a), (b) and (c) the initiation, 

propagation, and final zones of ER5356 joint. (d), (e) and (f) the initiation, propagation, and 

final zones of ER4043 joint; (g), (h) and (i) the initiation, propagation, and final zones of 

FMg0.6 joint. 
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5.3.5 Corrosion Resistance of the Joint 

5.3.5.1 Potentiodynamic polarization 

Figure 5.9(a) displays the typical potentiodynamic polarization (PD) curves of the BM and 

the as welded joints. All corrosion parameters are summarized in Table 5.3 for both as 

welded and PWHT conditions. The corrosion parameters were measured by Tafel 

extrapolation method according to ASTM G59-97as shown in Figure 5.9 (c). The corrosion 

mechanism of aluminum in the salty and naturally aerated environment primarily involves 

the anodic dissolution of aluminum and the cathodic reduction of oxygen. The overall 

reaction can be expressed by Eq. (2) [49, 50]: 

2Al(𝑠) + 𝐻2𝑂(𝑙) + 2Cl(𝑎𝑞)
− +  2H(aq)

+ +
3

2
𝑂2 (𝑔) → 2Al(OH)

2
Cl(𝑠)           (2)  

The anodic polarization branch of the curves (from the corrosion potential, 𝐸𝑐𝑜𝑟𝑟, and 

moving in the positive direction) have similar behavior indicating the same mechanism of 

corrosion in the salty medium. The BM shows the highest 𝐸𝑐𝑜𝑟𝑟 of -602.9 mV, and the lowest 

corrosion rate of 24.25 µm/Y, representing the highest corrosion resistance compared to the 

welded joints. The HAZ exhibits a diminished corrosion resistance relative to the BM with 

a corrosion rate of 113.5 µm/year.  This reduction in the corrosion resistance is caused by 

many small grains in the RZ and the partially recrystallized part of the HAZ (Figure 5.3(b) 

and (c)), which increase the grain boundary area and hence the susceptibility to intergranular 

corrosion (IGC) [51]. The ER5356 joint depicts the lowest 𝐸𝑐𝑜𝑟𝑟  of -666.7 mV and the 

highest corrosion rate of 167.18 µm/Y. Excessive Mg content in ER5356 joint leads to 

reduce the corrosion resistance because of the low reduction potential of Mg relative to the 

that of Al [52, 53]. FMg0.6 joint shows higher corrosion rate compared to ER4043 joint 
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(99.45 vs 78.33 µm/Y). This is attributed to the high contents of eutectic Mg2Si and Fe-rich 

intermetallics in FMg0.6 joint relative to ER4043 joint (Figure 5.4(d) and (e)). The eutectic 

Mg2Si and Fe-rich intermetallic particles act as anodes and cathodes, respectively, relative 

to the matrix leading to more corrosion with high contents of such phases [16, 18, 53].  

The PD curves of the PWHTed samples are shown in Figure 5.9 (b). The anodic and cathodic 

reactions are the same in the as welded condition. All corrosion parameters are summarized 

in Table 5.3 for both as welded and PWHT conditions. ER5356 joints exhibits the lowest 

corrosion resistance with Ecorr of -680.36 mV and the corrosion rate of 178.76 µm/Y. This 

occurs due to the formation of the anodic susceptibility of β-A3Mg2 at the grain boundaries 

and its sensitization effect [32, 33, 54]. It can be observed that the PWHT leads to increase 

the corrosion resistance relative to the as welded condition in both ER4043 and FMg0.6 

joints (Table 5.3).This behavior is due to the dissolution the eutectic Mg2Si and the partial 

fragmentation of the Fe-rich intermetallics in the matrix (Figure 5.4(g) and (f)) [55]. The 

ER4043 and FMg0.6 joints show slight difference in the corrosion rates (60 vs 53 µm/Y), 

which are lower than those on the as welded condition by 23% and 46.8 %, respectively. 

Overall, the joint with the newly developed FMg0.6 demonstrates excellent corrosion 

resistance similar to the commercial ER4043. 
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5.3.5.2 Surface morphologies of the corrosion tested samples  

       Figure 5.10(a-d) shows the macroscopic images of corroded surfaces of the BM and as 

welded joints after performing the PD tests. The BM has the lowest content of pits compared 

to the welded joints (Figure 5.10(a)). The HAZ exhibits a great number of pits in contrast to 

the BM (Figure 5.10(e)) because of its smaller grain size relative to that of the BM and 

elevated presence of grain boundaries hosting both anodic and cathodic phases [9]. The 2nd 

passes of the ER4043 and FMg0.6 joints were selected to show the significant differences 

between both in Figure 5.10(b) and (c). ER4043 joint has a lower number of pits than 

FMg0.6 joint due to lower content of eutectic Mg2Si. ER5356 joint suffers from the worst 

pitting corrosion because the high Mg content in the matrix leads to more dissociation of the 

Mg in the solution. Furthermore, the dispersed β-Al2Mg3 phase in the as welded condition 

acts as anodes, promoting the pit formation in the FZ (Figure 5.4(a)). Additionally, the 1st 

pass of ER5356 joint has less Mg content relative to the 2nd pass due to the high dilution. 

This difference in the Mg leads to significant difference in the potential of each pass. 

Therefore, much more pits in the 2nd pass are found and the most sever material loss is 

observed in the boundary (Figure 5.4(d)) [16, 54].  

The macro views of the PWHTed joints after the PD tests are shown in Figure 5.10 (f-h). 

The pit contents are reduced in ER4043 and FMg0.6 joints compared to that in the as welded 

condition. This is because of reducing the anodic acting phases in the matrix, such as the 

eutectic Mg2Si and modifying the spheroid Si particles as well as the partial fragmentation 

of the Fe-rich intermetallics (see Figure 5.4(c) and (f)) [56]. ER5356 joint shows more sever 

and higher pit contents in both passes relative to the as welded condition due to dispersion 

of the anodic behaved β-Al2Mg3 at the grain boundaries and within the grains (Figure 5.4(d)).  
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Figure 5.11Figure 5.11 illustrates in detailed pitting corrosion in both as welded and 

PWHTed joints. The BM pits are elongated in the extrusion direction ( Figure 5.11(a))  due 

to distribution of the intermetallics in the extrusion direction (Figure 5.4(a)) [57]. The 

intermetallics, such as Q-AlMgSiCu and the Fe-rich phases act as cathodic relative to the 

matrix, and hence the material between the distributed phases were dissociated.  In the areas 

other than the pits, the fine intermetallic particles still act as cathode to the matrix, and micro-

pits are nucleated around such intermetallics (see the inset of Figure 5.11 (a)). In HAZ, the 

IGC and pits are observed along the grain boundaries due to the presence anodic Mg2Si, 

which precipitated in this zone and totally dissolved in the NaCl solution (Figure 5.11 (b))  

[13, 58]. The EDs analysis in B and C points depicts almost pure Al at the pit core and the 

corrosion products in HAZ (Table 5.4). The as welded ER4043 and FMg0.6 joints in the 2nd 

pass (exampled in Figure 5.11(c)), exhibit a dendritic structure susceptible to localized 

corrosion, a phenomenon consistently observed across all tested samples, particularly 

alongside eutectic Si and Fe-rich intermetallic phases (see Table 5.4) with minimal depth of 

penetration into the material [55]. The morphology of  the pits in the 1st  pass of the ER4043 

and FMg0.6 joints was found to be resemble to the morphology in the 2nd pass.  Figure 5.11 

(e) illustrates a case of aggressive corrosion observed in as-welded ER5356. In this joint, 

pits are found not only at  the dispersed β-Al2Mg3 phase but also throughout the matrix, 

leading to the coalescence of these pits and sever damage to the FZ material.  

 

Figure 5.11Figure 5.11(d) represents the morphology of the pitting corrosion in the 1st and 

2nd passes in the ER4043 and FMg0.6 joints after PWHT. The fine and spheriodized Si 
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particles as well as the fine Fe intermetallics lead to localized dissolving the matrix around 

such particles, as seen in the attached image in Figure 5.11 (d). Moreover, the larger Fe-rich 

intermetallic particles, the deeper pit formed around them (Figure 5.11 (d)). Figure 5.11 (f) 

examples the pitting corrosion in ER5356 in the PWHT condition, featuring a wider 

distribution, coalescence, and deeper pits compared to the as welded condition ( Figure 5.11 

(d)). Additionally, the occurrence of IGC attributed to the presence of β-Al2Mg3, 

distinguishing it from ER4043 and FMg0.6 joints. 

 

 

 

Figure 5.9. Potentiodynamic polarization curves (a) in as welded, (b) in PWHT conditions, 

and (c) an example shown The Tafel extrapolation for Icorr and Ecorr estimation.  

(Icorr , Ecorr) 
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Table 5.3. The corrosion parameters from the potentiodynamic polarization test. 

Sample Ecorr (mV) Icorr (µA/cm2) 
Corrosion rate 

(µm/y) 

BM -602.91 2.23 24.31 

HAZ -623.2 10.42 113.58 

ER5356-AW -666.15 13.35 145.52 

ER4043-AW -635.02 7.19 78.37 

FMg0.6-AW -620.27 9.13 99.52 

ER4043-HT -630.07 5.51 60.06 

FMg0.6-HT -628.12 4.85 52.87 

ER5356-HT -680.35 16.4 178.76 

 

 

 

Figure 5.10. Macroscopic images of the pitting corrosion in the corroded surfaces of (a) the 

BM, (e)  the HAZ, (b), (c) and (d) the welded joints in the as welded condition; (f), (g) and 

(h) the welded joints in in the PWHT condition. 



130 

 

 

 

Figure 5.11. Surface morphology of pits after polarization in 3.5 wt.% NaCl solution, (a) 

BM, (b) HAZ, (c) and (d) 1st pass of ER4043 in as welded and PWHTed cases, respectively, 

(e) and (f) 2nd pass of FMg0.6 in as welded and PWHTed cases, respectively, and (g) 1st 

pass of ER5356 in PWHTed case. 

 

Table 5.4. EDs analysis of the corroded BM, HAZ and welded joints 

 

 

 

 

5.3.5.3 The immersion test 

The immersion test is a common method used to evaluate the corrosion behavior of welded 

aluminum alloys via the weight loss over a certain period. The weight losses from the 

immersion tests in the as welded condition are shown in Figure 5.12(a). The higher the 

weight loss, the lower the corrosion resistance achieved. The study examines weight loss in 

 Al Si Mg Mn Fe Cu O Cl 

A 63.32 2.12 1.1 - - 2.53 30.93 - 

B 100 - - - - - - - 

C 27.35 - - - - - 52.61 20.05 

D 73.8 6.09 - 2.01 2.57 - 15.54 - 

E 82.19 4.28 - - - - 13.53 - 

 

 

 

A 

Grain boundaries 

B 

C 

 
D (relatively large Fe intermetallic  

E 
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welded joints through immersion tests. The BM had the lowest weight loss due to its high 

corrosion resistance, indicated by its high corrosion potential (Ecorr). The The ER5356 

welded joint exhibited the highest weight loss over time because its FZ acts as an anode 

relative to the BM and HAZ, leading to increased corrosion. This joint had significant 

potential differences between the BM and FZ (Ecorr(BM) > Ecorr(FZ)), and between the HAZ 

and FZ (Ecorr(HAZ) > Ecorr(FZ)), promoting corrosion as shown in Table 5.3. Conversely, 

the ER4043 and FMg0.6 joints initially showed lower weight loss compared to ER5356 with 

an increase over the period of 20 days due to the electrolyte corrosion. After 30 days, the 

weight loss of the ER4043 joint remained stable, and the FMg0.6 joint showed only a slight 

increase, possibly due to oxide layer formation [9, 59]. Lower potential differences between 

the BM and FZ in these joints contributed to less weight loss compared to the ER5356 joint. 

 

Figure 5.12(b) shows the immersion test results in the PWHTed joints. The weight losses in 

all PWHTed joints are generally lower compared to the as welded condition, due to the 

removing effect of the HAZ and all HAZ become similar to the BM, and hence the reduction 

of the exposed anodic zone to be only the FZ. Moreover, the PWHT leads to modification 

of the microstructure by dissolving all the eutectic Mg2Si and spheroidization of the eutectic 

Si. This leads to reducing the microgalvanic cells between the phases and the matrix, hence 

lower corrosion potentials were obtained compared to the as welded condition (see Table 

5.3).  For each immersion period, the weight losses of the three joints are almost similar. 

This is because of the limited area of the anode (FZ), which leads to reduction of  the 

diffusion rate of Al ions in the electrolyte, hence low Al oxidation kinetics [60]. The weight 

losses of all PWHTed joints (3 ± 0.3 mg) are lower than that of the BM (4 ± 0.5 mg) at the 
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immersion time of 10 days (see Figure 5.12(a) and (b)). This finding is attributed to the fact 

that the BM acts as cathode relative to the FZs and hence low weight loss in each joint due 

to low exposed anodic area (FZ). In the case of BM without welding, it acts no cathode, 

instead, large area is available for the general corrosion to occur. The weight loss increases 

with more time exposure as more time can give the chance for more Al oxidation.  

 

 

Figure 5.12. Results of the immersion corrosion tests (a) in as welded and (b) in PWHT 

conditions. 

 

5.3.6 Discussion 

The above results confirmed that the use of commercial ER4043 and ER5356 fillers for 

welding a high-strength AA6011 alloy resulted in inferior tensile and fatigue strengths. This 

is attributed to the low dilution and insufficient Mg content in the weldments of ER4043, 

along with the non-heat-treatable nature and presence of brittle β-Al2Mg3 in ER5356 joint. 

The augmentation of Mg in FMg0.6 filler results in an increased Mg content in the FZ, 

leading to high solid solution strengthening, and hence high microhardness under the as 

welded condition. The strength of both ER5356 and FMg0.6 joints in their as welded  
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condition is primarily determined by the strength of the HAZ, where the high quantity of 

strengthening precipitates β’’-MgSi dissolved due to the elevated welding temperature [38]. 

Consequently, FMg0.6 with a high Mg content does not significantly improve tensile 

strength under as welded  condition compared to ER5356. In the case of as-welded ER4043 

joint, tensile strength is marginally lower than that of as-welded FMg0.6 joint due to the 

relative low Mg content in the FZ. Regarding fatigue strength, FMg0.6 joint demonstrates 

superior performance compared to the commercial fillers due to its higher Mg content 

relative to ER4043 and the absence of brittle β-Al2Mg3 phase presented in ER5356. In terms 

of corrosion properties, as-welded FMg0.6 exhibits better performance than ER5356 but 

slightly inferior to ER4043.  

 

In comparison to the used commercial ER4043 and ER5356 fillers, the PWHTed FMg0.6 

joint exhibited superior tensile strength relative to the used commercial fillers in the PWHT 

condition (see Figure 5.6(b)) due to precipitation of high number density of  nano-scaled    

β’’-MgSi in the FZ of FMg0.6 joint during PWHT. The lower strength in PWHTed ER4043 

and ER5356 is attributed to low Mg content in the FZ and precipitation of the brittle β-

Al2Mg3, respectively. FMg0.6 joint also showed the highest fatigue strength as well as the 

highest fatigue life compared to both commercial fillers. The highest fatigue properties of 

FMg0.6 joint is attributed to the high number density of the coherent precipitates β’’-MgSi) 

which hinder the dislocation movement and prolong the fatigue life [46].  The corrosion 

performance of both ER4043 and FMg0.6 joints is remarkably increased after PWHT 

because of dissolving the eutectic Mg2Si. While the PWHTed ER5356 suffers from high 

corrosion rate attributed to precipitation of the β-Al2Mg3 at the grain boundaries, the 
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PWHTed FMg0.6 joint shows similar corrosion rate and weight loss relative to that of 

ER4043 joint. Therefore, the incorporation of 0.6% Mg in FMg0.6 significantly enhances 

both tensile and fatigue properties with satisfactory corrosion resistance when welding high-

strength AA6011 joints.  

 

5.4 Conclusions  

1. The ER4043 and FMg0.6 joints exhibited finer grain sizes in the fusion zone 

compared to ER5356 joint in the as welded condition.  After the PWHT, the ER5356 

joint exhibited the precipitation of the brittle β-Al2Mg3 at the grain boundaries and 

inside of grains. In contrast, the ER4043 and FMg0.6 joints underwent 

spheroidization of eutectic Si and partial fragmentation of the Fe-rich intermetallics.  

 

2. Due to the high Mg contents in the FZs, the as-welded ER5356 and FMg0.6 joints 

displayed higher microhardness and tensile strength compared to the ER4043 joints. 

Fractures in the former occurred in the softest HAZ, whereas the fracture in ER4043 

joint happened in the FZ. After PWHT, the FMg0.6 joint presented the highest tensile 

strength among the three joints studied. 

 

 

3. The FMg0.6 joint presented the highest fatigue strength and life compared to both 

ER4043 and ER5356 commercial joints in both as-welded and PWHT conditions, 

attributed to the modification of its composition with the added Mg. The striation 

widths of the PWHTed samples were in the order of FMg0.6 < ER4043 < ER5356, 
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indicating the lowest fatigue crack propagation rate in FMg0.6 joint. The fatigue 

strength and life of the PWHTed joints were significantly improved relative to their 

as-welded counterparts.  

 

4. The ER5356 joint exhibited the lowest corrosion resistance among the three joints 

studied in all conditions. In the as welded state, the FMg0.6 joint displayed a slightly 

higher corrosion rate compared to ER4043 joint, attributable to a high-volume 

fraction of eutectic  Mg2Si. After PWHT, the corrosion resistances of both ER4043 

and FMg0.6 joints were improved to the similar level.   

 

5. Considering overall welding performance, including high tensile properties, superior 

fatigue strength and satisfactory corrosion resistance, the FMg0.6 joint outperformed 

the other two  commercial ER4043 and ER5356 joints studied. As a result, the newly 

developed FMg0.6 filler wire emerges a promising filler metal for welding high 

strength 6xxx alloys. 
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6. Chapter 6: General conclusions and recommendations 
 

6.1 General Conclusions 

In this project, the composition of the commercial filler, ER4043 was modified vial different 

contents of Mn and Mg. The modified fillers were used to weld two BMs of different 

thicknesses, AA6061-T6 (2 mm) and AA6011-T6 (6 mm). In addition, the commercial fillers 

such as ER4043, ER4943, and ER5356 were utilized to compare and test the welding 

performance and the mechanical properties of the new fillers. 

• The new Al-Si-Mg 4xxx filler metals exhibited weldability similar to that of the ER4043 

commercial filler in welding thin and thick 6xxx BMs. The Mg contents in the FZs of the 

new fillers were much higher than that of the reference fillers due to increasing Mg content 

in the new fillers. Furthermore, welding thick AA6011 BM through multiple passes, enhance 

the Mg and Mn contents in the Al-Si-Mg 4xxx filler metals led to a substantial increase in 

the alloying elements within the FZ compared to the ER4043 and ER4943 reference fillers. 

 

• In the as-welded condition, the joint of ER4043 with AA6011 BM experienced 

fracture within the FZ. While all the as-welded samples with all BMs demonstrated 

comparable mechanical strength, it was notably lower than that of the BM. The 

strength of the FZs surpassed the minimum strength of the HAZ for any given filler. 

Consequently, all the welded samples exhibited fractures at the HAZ, identified as 

the weakest zone in the joints due to recrystallization and the dissolution/coarsening 

of strengthening precipitates. 

• In the PWHTed joints of AA6061 BM, the mechanical strength of all joints, 

regardless of the Mg content, reached the same level as the BM, achieving 100% 



143 

 

welding efficiency in the joints of AA6061 BM. While the joints of the AA6011 BM 

were developed to higher strength relative to the as welded conditions but lower than 

the BM strength. The strength of the newly developed fillers gives the same strength 

level with average efficiency of 91.5%. The high Mg contents in the new fillers 

supported the precipitation of a high-volume fraction of fine β"-MgSi in the FZ 

during PWHT, leading to enhanced strength and superior welding efficiency 

compared to the reference fillers.  

 

 

• In the joints of AA6061 BM, the joints made by novel fillers with high Mg content 

(0.6-1.4 wt.%) displayed higher fatigue strengths and longer fatigue lives compared 

to the joint made by the reference filler in both as welded and PWHT conditions. The 

joint with the filler containing 1.4 wt.% Mg exhibited the highest fatigue strength 

and best fatigue life. While in the joints of AA6011 BM, The FMg0.6 joint presented 

the highest fatigue strength compared to the commercial joints in the as welded and 

PWHT condition as result of the modification of its composition with the added Mg. 

 

• The Porosity in the FZs of AA6061 BM negatively impacted fatigue life, with joints 

using novel fillers exhibiting longer fatigue lives for small pore sizes and the 

influence of porosity becoming dominant for large pore sizes, regardless the Mg 

content. In all BMs, the porosity close to the sample surface were identified as a 

significant factor in porosity-related crack initiation during cyclic loading. PWHT 

revealed clear slip bands and fatigue striation in the welding zone, with the joint 

using the novel filler containing higher Mg contents displaying narrower striation 
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width, indicative of a lower crack propagation rate and a longer fatigue life compared 

to the reference filler joint. 

 

• In the joints of AA6011 BM, the optimal Mg content for the filler was found to be 

0.6 wt.% (FMg0.6 filler), with high tensile strength but a decrease in the elongation. 

FMg0.6 exhibited complete dissolution of Mg2Si particles after PWHT, while those 

with 1.4% Mg retained undissolved Mg2Si due to the Mg solubility limit. The higher 

the Mg in the newly developed fillers, the lower the impact toughness in the welded 

joints was found. The PWHT enhanced the impact toughness compared to the as 

welded condition, however, lower than that of the joints of the reference fillers.  

 

• The ER5356 joint exhibited the lowest corrosion resistance in all conditions. In the 

as-welded state, the FMg0.6 joint displayed a higher corrosion rate than the ER4043 

joint due to the elevated volume fraction of primary Mg2Si. Following PWHT, the 

corrosion resistances of ER4043 and FMg0.6 joints improved because of the 

homogenized distribution of precipitates within the FZs and the removal of the HAZ. 

In the PWHT condition, both ER4043 and FMg0.6 joints demonstrated similar 

corrosion resistance, hence the FMg0.6 is a promising filler regarding to the 

mechanical and the corrosion properties.  

 

 



145 

 

6.2 Recommendations 

In this project, the effect of modification of the  commercial ER4043 composition with Mg 

and Mn was systematically investigated. The welding performance was found to be the same 

as the commercial fillers in the thin and thick 6xxx BMs. Furthermore, the efficiency in 

welding the thin AA6061 reached 100% of this BM strength. However, there yet remains 

several additional issues that are worth investigating. The following  recommendations can 

be drawn for future work in this field: 

 

• The elongation and the impact toughness with using the high Mg fillers was reduced 

relative to that of the reference fillers. Therefore, modification of the new filler 

composition with the Sr can lead to modification of the eutectic Si and hence 

improving the joint elongation and the impact toughness in all conditions. Moreover, 

the corrosion resistance is expected to be improved due to reduction of the Si particle 

size.  

 

• Moreover, using the new fillers with the high strength and thick BM, AA6011, gave 

a maximum efficiency of 93.5% with the filler of FMg0.6. The latter mentioned 

efficiency is good relative to the reference fillers, however, better efficiency with 

joint strength closer to that of the high BM strength is required in the industrial scale. 

So, further modification along with the Mg addition can improve the welding 

efficiency. This modification can be addition of nanoscale ceramic particles of the 

TiC or Al2O3.   
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• In this study, AA6011 BM with 6 mm thickness was used. The results showed that 

the rich new fillers with Mg have compensated for the reduction of the BM dilution, 

especially in the second pass. However, more progressive passes (such as the third 

and fourth passes) in thick and high strength BMs suffer from nil dilution. Therefore, 

another check can be done with using higher thickness AA6011 BM such as 9 or 12 

mm thicknesses for more revealing the effect of the new fillers in welding ultra 

thicker BMs.  

 

• Finally, the newly developed fillers illustrated high welding efficiency and high 

mechanical properties with the BMs of 6xxx aluminum alloys. However, using high 

strength 7xxx was not involved in this study. Therefore, trying welding this BM 

series with the newly developed fillers can reveals their advantages and limitations 

(if found) with the 7xxx BMs.  
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Appendix I: The general description of the newly developed fillers wires fabrication 

The newly developed fillers were fabricated by using the steps in figure I.1. Billets with 100 

mm diameter was  DC cast. Then the billets were cut into small billets with suitable length  

of 200 mm. Next, the heat treatment starts with homogenization for 10 hr at 530 0C followed 

by cooling with the rate of 350 0C/hr. before starting the extrusion process, the billets were 

rapidly reheated in an induction furnace in about 1 min. to reach a final temperature of 510 

0C. finally the heated billets were extruded into filler wires with a diameter of 1.5 mm.   

 

Figure I.1. the manufacturing procedures of the newly developed fillers wires 

 

 

homogenization for 10 
hours at  530 0C,  

Rapidly heat the billet by 
induction furnace (  1̴ 
min) up to 510 0C 

Extruded them to 
1.5 mm diameter 
wire rods 

followed by 
cooling at the 
rate of  3̴50  
0C/hr 

Billet (100 mm 
diameter) DC-

Casting 

Cut the billet  to a 
length of 200 mm 
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Appendix II: The correlation of the strength in parts I and II.  

To verify the strength of the FZ, a new method was developed as the standard sample was 

fractured away from the FZ. So, a new modified tensile sample with double edges round 

notch in the FZ, was used as shown in the chapter 2 (Figure 2.2(b)).  The samples with the 

modification were fractured at the center of the FZ ( see Figure 2.11(b)). It is impossible to 

estimate average true stress-logarithmic true strain data beyond the onset of the diffuse 

necking.  After the onset of necking, a nonuniform deformation field, called   plastic 

instability, starts to develop just after a maximum load. The stress state and deformation in 

the necked region are analogous to those in the notch of a circumferentially notched tensile 

specimen. After a non-uniform deformation field develops in the necked region of a tensile 

specimen, an analytic solution is used for true stress. After applying the correction to the true 

stress, the corrected true stress –strain curve can be converted to the engineering stress-strain 

curve just up to the maximum load. By applying a correction on the true stress according to 

equations (1) and (2) [59].   

 

 

                                                   Eq (1)                                                                                                                                                                                                      

 

                                                                                              Eq (2) 
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Where ζ represents the correction factor as a function of the true plastic strain, ɛp, and n is 

the strain hardening exponent. σeq is the true stress after correction. σa,av is the true stress 

calculated from the tensile machine. Then according to Figure II.1, the engineering strain at 

max. load is higher than any monitored strain for all samples. So, with conversion all 

engineering strains to true strains, the true strain at the max. load will be higher than any true 

strains. As the strain hardening exponent is equal to the true strain at the max. load, the value 

of 1.4 n, for all curves in as welded and PWHT condition, is higher than the plastic strain ɛp. 

So, based on equation (1), the correction factor, ζ, can be considered as one. Based on this 

result, the engineering stress-strain can be calculated directly from the tensile machine.  

 

Figure II.1.  Stress-strain curves of the FZs in the as welded condition (AA6061-T6 BM). 
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Appendix II : support chapter 3 and chapter 4,  

1. The BM (AA6011-T6) fabrication  

a. DC casting of Billet with dimensions : 

  

-  Length : 405 mm 

-  Diameter : 101.6 mm (4’’) 

  

b. Casting parameters: 

 

- Number of billets cast per drop : 4 

- Metal temperature : 730  0C 

- Casting speed : 120 mm/min. 

  

c. Homogenization heat treatment: 

  

- Soak time: 3h 

- Soak temperature: 560 0C 

- Cooling rate: Fast air cool 

  

d. Extrusion parameters: 

  

- Target preheat temperature: 500 0C 

- Ram speed: 8 mm/s 

- Exit speed : 10 m/min 

- Butt length : 36 mm 

- Extrusion ratio : 20 

- Plate dimensions :  75 x 6 mm 

- No stretching after extrusion 

  

e. Aging: 

  

- 24 hr natural aging minimum 

- Soak time : 8 hr 

- Soak temperature : 177 0C 
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1. The BM (AA6011-T6) and welding wires cleaning prior to the welding  

- After machining the edges of the BM plates, cleaning of the BM was done 

according to the following procedures in the order: 

 

a. Cleaning with acetone to remove any grease. 

b. Removing of oxides will be removed using stainless steel brush  

c. Re-cleaning with acetone prior to the welding. 

d. The BM was welded within less than 5 hours after finishing the cleaning 

procedures.     

 

 

- For Filler metals preparation, the rest of the extruded wires from the previous part 

of the welding project were used in this study . Due to long storage of the filler 

wires (about 14 months), degreasing and oxide removal were applied according to 

the following procedures. 

 

a. The filler wires were pickled in a cleaning reagent (50% water + 50% HNO3) at 

room temperature for 15 min. 

b. Then the pickled wires were rinsed with warm water, then dried in the air. 

c. For removing the humidity, Filler wires were stored in the oven with controlled 

atmosphere of zero humidity at 30- 40 0C for 5 hours to reduce the 

contamination of humidity. 

d. Prior to welding, the wires were cleaned by acetone. 
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