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In recent years, a new welding torch to enhance the productivity of aluminium welding has 

been introduced. Marketed under two different brand names, this so-called high-power TIG 

welding has been promised to combine the productivity of MIG with the quality of 

conventional TIG. Given the novelty of the welding torch design, pre-existing research 

utilising such process is practically non-existent at the time of writing. Thus, it was decided 

to investigate the issue experimentally. 

Base material of two different thicknesses were used for the experiments. Two filler wires, 

MA-6063 and ER5356 were employed. The high-power TIG was satisfactory for welding 4 

mm thick plates, but unreliable with 8 mm thick plates. Microstructural investigation shows 

that the weld metal grain morphology is mainly equiaxed dendritic with both filler wires. 

Samples welded with MA-6063 portray notably smaller grain size, due to the grain refining 

effect of that wire. 

Six of the weld specimens had surface-breaking cracks, with investigation focusing mainly 

on them. Common factors were base material thickness and I-groove with zero airgap. 

Dilution rates varied, and cracking occurred with both filler wire types. Radiography 

revealed no further cracks in those particular specimens. It was noted that these localised 

cracks occurred during the first half of the welding. Ultimately it was concluded that the 

likely cause was a localised stress concentration, caused by the characteristics of the 

clamping of the plates during welding. 
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Viime vuosina markkinoille on tuotu uusi hitsauspoltin tehostamaan alumiinin hitsauksen 

tuottavuutta. Kahdella eri tuotemerkillä markkinoiden, tämän niin kutsutun suurteho-TIG-

hitsauksen on luvattu yhdistävän MIG-hitsauksen tuottavuuden perinteisen TIG-hitsauksen 

laatuun. Hitsauspolttimen uutukaisuudesta johtuen jo ennalta olemassa olevaa tutkimusta 

kyseisestä prosessista ei juurikaan ole kirjoitushetkellä olemassa. Näin ollen aihetta 

päätettiin tutkia kokeellisesti. 

Kokeissa käytettiin kahta eri perusaineen paksuutta. Lisäainelankoja oli käytössä kaksi 

erilaista, MA-6063 ja ER5356. Suurteho-TIG oli tyydyttävä 4 mm paksujen levyjen 

hitsaukseen, mutta epäluotettava hitsattaessa paksuudeltaan 8 mm levyjä. Mikrorakennetta 

tarkasteltaessa huomattiin, että molemmilla lisäainelangoilla hitsiaineen rakeet ovat 

morfologialtaan pääasiallisesti tasa-aksiaalista dendriittiä. MA-6063 lisäaineella hitsatut 

näytteet osoittivat selvästi pienempää raekokoa, johtuen kyseisen lisäainelangan raekokoa 

hienontavasta vaikutuksesta. 

Kuudesta koehitsistä löydettiin pintaan asti aukeavia halkeamia, joten tutkimus keskittyi 

pääasiassa niihin. Haljenneita näytteitä yhdistivät perusaineen paksuus ja railomuotona ollut 

ilmaraoton I-railo. Sekoittumissuhteet vaihtelivat, ja halkeilua tapahtui molemmilla 

hitsauslangoilla. Radiografisessa tarkastuksessa kyseisistä koehitseistä ei löydetty muita 

halkeamia. Huomattiin, että kaikki nämä paikalliset halkeamat tapahtuivat hitsauksen 

ensimmäisen puoliskon aikana. Lopulta todettiin todennäköisen syyn olevan paikallisissa 

jännityskonsentraatioissa, jotka aiheutuivat hitsattavien levyjen kiinnityksistä. 
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SYMBOLS AND ABBREVIATIONS  

 

Roman characters 

A, B area  mm2 

I current  A 

Q heat input  kJ/mm 

T temperature  ºC 

TL liquidus temperature ºC 

TS solidus temperature ºC 

U  voltage  V 

v  welding speed mm/s, cm/min 

 

Greek characters 

ɖ welding process thermal efficiency factor 

 

Dimensionless quantities 

D dilution 

fs fraction solid 

k partition coefficient (equilibrium segregation coefficient) 

W relative quantity of an element or compound, used with subscripts 

wt.% weight percentage 

 

Subscripts 

BM base material 



FW filler wire 

Mg magnesium 

Mg(req) magnesium required for stoichiometric formation of Mg2Si 

Mg2Si magnesium silicide 

Si silicon 

Si(req) silicon required for stoichiometric formation of Mg2Si 

 

Abbreviations 

AC Alternating Current 

BM Base Material 

CS Constitutional Supercooling 

CTWD Contact Tip to Work Distance 

DC Direct Current 

DCEN Direct Current Electrode Negative (Straight polarity) 

DCEP Direct Current Electrode Positive (Reverse polarity) 

FL Fusion Line 

FZ Fusion Zone 

GB Grain Boundary 

HAZ Heat Affected Zone 

MIG Metal Inert Gas 

NDT Non-Destructive Testing 

OM Optical Microscopy 

PMZ Partially Melted Zone 

SEM Scanning Electron Microscope 



SGB Solidification Grain Boundary 

SSSS Supersaturated Solid Solution 

TIG Tungsten Inert Gas 

WM Weld Metal 

WPS Welding Procedure Specification 

XRF X-ray Fluorescence 

 



8 

 

Table of contents 

 

Abstract 

Tiivistelmä 

Acknowledgements 

Symbols and abbreviations 

Declarations 

 

1 Introduction .................................................................................................................. 12 

1.1 Objectives and hypothesis ..................................................................................... 12 

1.2 Research problem .................................................................................................. 13 

1.3 Research questions ................................................................................................ 13 

1.4 Research methods .................................................................................................. 14 

1.5 Structure and scope of the thesis ........................................................................... 15 

2 High-power TIG welding ............................................................................................. 17 

2.1 Basics of welding current and polarity in MIG & TIG processes ......................... 18 

2.2 Arcline PP ............................................................................................................. 21 

2.3 InFocus Pluspole ................................................................................................... 26 

2.4 Summary of recommended welding parameters for butt joints ............................ 30 

3 Weldability of aluminium with fusion welding processes ........................................... 33 

3.1 The brief concept of weldability ........................................................................... 33 

3.2 Oxide layer ............................................................................................................ 34 

3.3 Hydrogen induced porosity ................................................................................... 39 

3.4 Hot cracking in aluminium.................................................................................... 44 

3.4.1 Precipitation hardening of heat-treatable aluminium alloys .......................... 46 

3.4.2 Weld solidification, grain growth and constitutional supercooling ............... 48 

3.4.3 Microsegregation and formation of grain boundary liquid film .................... 55 

3.4.4 Typical characteristics of the main cracking types ........................................ 57 

3.4.5 Theoretical amount of magnesium silicide .................................................... 69 

3.4.6 Theoretical composition of the weld metal .................................................... 70 



9 

 

3.4.7 Geometrical and mechanical factors affecting hot cracking .......................... 73 

3.4.8 Mitigation of hot cracking ............................................................................. 76 

4 Experimental testing ..................................................................................................... 80 

4.1 Background of the experimentation ...................................................................... 80 

4.2 Welding test equipment ......................................................................................... 80 

4.3 Base material and welding consumables............................................................... 82 

4.4 Welding parameter matrices ................................................................................. 84 

4.5 Metallurgical and metallographic evaluation ........................................................ 87 

4.5.1 Sample preparation ........................................................................................ 87 

4.5.2 Optical microscopy ........................................................................................ 88 

4.5.3 Measurement of weld dimensions and dilution rate ...................................... 89 

4.5.4 Radiography ................................................................................................... 90 

4.5.5 X-ray fluorescence ......................................................................................... 91 

4.5.6 Vickers hardness test ..................................................................................... 93 

5 Results and analysis ...................................................................................................... 95 

5.1 Overview across all samples ................................................................................. 95 

5.1.1 Heat input ....................................................................................................... 95 

5.1.2 Macrographs .................................................................................................. 96 

5.1.3 Micrographs ................................................................................................. 102 

5.1.4 Radiography results ..................................................................................... 105 

5.1.5 Weld dimension measurements ................................................................... 108 

5.1.6 Dilution measurements ................................................................................ 112 

5.1.7 Chemical composition measurements by XRF ............................................ 113 

5.1.8 Vickers hardness measurements .................................................................. 117 

5.2 Cracked samples .................................................................................................. 123 

5.2.1 Visual inspection .......................................................................................... 123 

5.2.2 Optical microscopy ...................................................................................... 125 

5.2.3 Radiographs ................................................................................................. 128 

5.2.4 Chemical composition & dilution ................................................................ 131 

6 Discussion................................................................................................................... 134 

6.1 Remarks on the welding process itself ................................................................ 134 

6.2 Evaluation of the experiments ............................................................................. 135 

6.2.1 Effect of joint geometry on dilution and hot cracking ................................. 136 



10 

 

6.2.2 Impact of joint geometry and filler feed rate on weldability ....................... 138 

6.2.3 Observations on microstructure ................................................................... 140 

6.2.4 Findings on chemical composition and hardness ........................................ 143 

6.2.5 Assessment of the cracked samples ............................................................. 145 

6.3 Proposals for future research ............................................................................... 150 

7 Conclusions ................................................................................................................ 151 

References .......................................................................................................................... 155 

 

 

  



11 

 

DECLARATIONS 

 

Turnitin  

The originality of this thesis has been reviewed with the Turnitin similarity checking 

service. 

AI usage 

The author of this thesis, Niko Oinonen, did not use any AI tools during the preparation of 

the thesis. 

Responsibility 

The author, Niko Oinonen, takes full responsibility for the content of this thesis and has 

reviewed and edited the content generated by the possible use of AI tools. 

  



12 

 

1  Introduction 

This study aims to investigate how the chemical composition affects the probability of hot 

cracking and the microstructure of the weld metal in aluminium alloy 6082. The chemical 

composition is controlled by dilution in the weld metal, which itself depends on factors such 

as the filler material composition, filler feed rate and joint geometry. This research utilises 

Tungsten Inert Gas (TIG) welding as the welding process. More specifically, a novel high-

power TIG welding will be utilised. 

To explore this topic, parameters related to joint geometry (such as air gaps and bevelling), 

filler material composition and filler feed rate will be utilised. Since the focus of the study 

is on the influence of chemical composition and dilution on hot cracking and the weld zone 

microstructure, other welding parameters, such as heat input, will be kept constant. 

The findings will discuss how joint geometry and dilution affect the probability of hot 

cracking and the microstructure of the weld zone. By understanding the interplay between 

chemical composition, dilution and joint geometry, this research aims to provide a better 

understanding of optimising high-power TIG welding practices for 6082 aluminium alloy. 

1.1  Objectives and hypothesis 

The aim of this study is to determine the ratio of the alloying elements added by the filler 

material to the weld metal of aluminium alloy 6082 that leads to hot cracking in the weld 

metal due to the alloying elements. The central hypothesis is that dilution can be controlled 

by manipulating joint geometry and adjusting the filler feed rate, therefore preventing the 

formation of a molten metal chemical composition that is susceptible to hot cracking. This 

research will indicate that improper filler material feed rate and joint geometry parameters 

can exacerbate hot cracking in samples. Finally, the overall weldability of aluminium with 

this kind of high-power TIG welding process will be examined. 
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1.2  Research problem 

Utili sing high-power TIG welding enhances welding speed and productivity, but it also leads 

to elevated heat input. High heat input forms a large amount of molten metal, which increases 

the possibility of hot cracking caused by molten phase shrinkage. Added filler material 

significantly helps reduce the risk of hot cracking. Nevertheless, the alloying elements in the 

filler material also change the weld metal chemical composition. This alteration in chemical 

composition, within a certain range, can also increase the possibility of hot cracking, because 

the segregation of alloying elements leads to the formation of phases with low melting 

points. These microsegregations are not under control. During the solidification of the weld 

metal, these low melting point phases contribute to hot cracking. The effects of segregation 

and formation of low melting point phases are unknown. 

Various sources have reported specific values for each alloying element that increase the 

risk of hot cracking. However, these values are not precise and are often illustrated 

schematically using diagrams. The amount range of these high-risk alloying elements for the 

6000 series filler material is unknown because this filler material has been developed 

recently. 

The addition of filler material affects not only the joint geometry but also the chemical 

composition of the weld metal. A change in the filler feed rate can prevent hot cracking. It 

should be noted that filler material addition is often experimental and has not been 

extensively explored in most references. Furthermore, excessive filler feed rates can lead to 

incomplete penetration or other weld defects. 

Air gaps and bevelling can control dilution, which can also influence hot cracking. However, 

the fit-up process may reduce productivity. As aspects of weld geometry, the weld 

penetration depth and bead size should be optimized to ensure that the welded joint is 

acceptable based on visual inspection standards. 

1.3  Research questions 

This study focuses on investigating the effects of joint geometry, dilution and filler material 

addition on hot cracking and the microstructure of butt joint welds in aluminium alloy 6082. 
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Even if not explicitly repeated in the research questions down below, they all focus on this 

very specific high-power TIG welding process. By employing an approach primarily 

experimental by nature, the study aims to answer the following key questions: 

1. What role does joint geometry play in altering the dilution in high-power TIG welded 

butt joints of aluminium alloy 6082? 

a. How does dilution in the weld metal affect the microstructure and 

susceptibility to hot cracking? 

2. What modifications to joint geometry (air gaps, bevel angles) can control dilution 

and reduce hot cracking risks? 

3. How much alloying elements in the weld metal leads to hot cracking? 

4. How can filler feed rates be optimized to minimize hot cracking? 

5. How does joint geometry and base material thickness affect weldability when 

utilising the novel high-power TIG welding process? 

1.4  Research methods 

The process variables in this experimental study are defined as follows: 

¶ Air gap. 

¶ Groove type (I-groove or Y-groove). 

¶ Base metal thickness. 

¶ Filler material type (6000 or 5000 series). 

¶ Filler feed rate. 

Throughout all experiments, welding parameters such as welding current, voltage and travel 

speed ï which determine the heat input ï will be kept constant to ensure consistent conditions 

across the samples. 

Research methods in this work consist of a literature review to understand the theory behind 

hot cracking, combined with practical experimentation conducted in the welding laboratory. 
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Welded specimens will be examined from the cross-sectional area, and metallographic 

examinations will be performed on the welds. Examinations of test specimens will be done 

mainly with optical microscopy. The mechanical performance (e.g. strength) of the welded 

samples will be excluded from this study. Based on these experiments, observations will be 

made on how the high-power TIG welding process and joint geometry can affect dilution 

and hot cracking susceptibility of the welds. 

 

1.5  Structure and scope of the thesis 

The main structure of the thesis consists of three main chapters, the first of which will give 

a brief presentation on the so called ñhigh-power TIG weldingò. The chapter after that will 

introduce the basics of weldability of aluminium by fusion welding processes, with focus 

being on three main aspects: oxide layer, porosity and hot cracking. Last main chapter will 

focus in the experimental welding tests and the specimen examination related to that. After 

these three chapters results and discussion will follow, ending the study with conclusions 

drawn from it. 

It is assumed that the target audience of this thesis is already acquainted with the 

conventional TIG and Metal Inert Gas (MIG) welding processes, as well as with aluminium 

as a material. Thus, a wider scope on the basics related to those three matters will not be 

covered here. 

The literature review/theory chapter of this work is more ñphenomenologicalò in nature, i.e. 

the aim is to understand the underlying phenomena, especially in case of hot cracking, and 

not delve into the mathematics/simulations behind said phenomena. Base material wise, this 

work will focus on wrought aluminium alloys, meaning that cast alloys and their peculiarities 

will be disregarded. With the focus of this work being on this very specific, new high-power 

TIG process for aluminium welding, initial literature search found out that research papers 

concerning this type of welding process simply do not really exist. As such, it was decided 

that the theory chapter of this work will be more focused on understanding the basics of 

welding metallurgy behind the hot cracking phenomena, in order to be able to assess the 

results from the experimental part of this work. 
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In the experimental part, base material wise the scope will be limited to 6082 aluminium. 

Whilst a lot of research has been done on hot cracking of aluminium whilst utilising 

conventional TIG and MIG welding processes, not much information exists for such topic 

with regards to the employment of the high-power TIG welding. For that reason, this new 

welding process was chosen to be experimented with here. Whilst the main focus is on hot 

cracking, which in itself is an important part of consideration for assessing the weldability 

of aluminium, weldability will also be inspected in broader scope. This is to say, it will be 

of experimental interest to see how this new high-power TIG welding process performs as 

the joint geometry and base material thickness vary.  
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2  High-power TIG welding 

This chapter gives a brief presentation of the so-called high-power TIG welding. Condensed 

comparison to conventional TIG and MIG welding processes is made. 

 

The two most common fusion welding processes used for welding aluminium are MIG and 

TIG welding. Said processes can be summarized in such simplified manner, that MIG offers 

higher productivity, while TIG usually delivers welds that are of higher quality. German 

company Linde GmbH (Linde) has taken up the task to try and innovate a solution, which 

would combine the aforementioned characteristics, namely the productivity of MIG and the 

quality of TIG, to be a result of one and single welding process. From material found in this 

literature review, it is not certain when Linde started their development program, but it seems 

to have been in 2017, when Linde first publically announced the ARCLINE® PP (Arcline 

PP) TIG welding torch, seen in Figure 1, with ñPPò standing for ñplus-poleò. Arcline PP is 

to be their solution for improving the productivity of aluminium welding, in a way of 

combining the best of MIG and TIG characteristics in one packet in aforementioned manner. 

From iF Design website it is found that the launch date for this product was 2018, and the 

development time has been listed as ñ25 ï 36 monthsò. (Hämäläinen, 2022; iF Design, 2019; 

Siewert et al., 2018) 

 

 

Figure 1. Arcline PP torch (iF Design, 2019). 
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2.1  Basics of welding current and polarity in MIG & TIG processes 

In terms of the mode of welding current, MIG process utilises direct current (DC), and the 

filler wi re that acts as a consumable wire electrode is set in the plus-pole of the welding 

power source. Said polarity type can also be abbreviated as DCEP, meaning ñdirect current 

electrode positiveò. DCEP is also known as reverse polarity. Conversely, direct current 

electrode negative (DCEN) is known as straight polarity. TIG process can, overall, use 

DCEP, DCEN or alternating current (AC), but practically always AC mode is used in case 

of welding aluminium with TIG. (Lukkari, 2001: 104, 121; Lukkari et al., 2016: 284ï285) 

Simply put, the reason for utilizing the plus-polarity of electrode (constantly in DCEP MIG, 

periodically in AC TIG) is the cathodic cleaning effect it imposes onto the surface of the 

aluminium, removing the aluminium oxide layer, thus making the whole act of welding 

effective. According to the current understanding, the cleansing effect of the arc during the 

positive semi-period in AC mode (or full time in DCEP) is based on the kinetic energy of 

the positively charged gas ions that transfer from the positive electrode onto the negative 

workpiece, shattering and vaporising the oxide layer in its path. This cathodic cleaning effect 

is illustrated in Figure 2 and Figure 3 below. (Lepola and Ylikangas, 2021: 127ï128; 

Lukkari, 2001: 104; Lukkari et al., 2016: 269) 
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Figure 2. Illustrative schematic of the cathodic cleaning effect of the plus-pole electrode, 

translated from (Lukkari et al., 2016: 269). 

 

 

Figure 3. Further illustration of the surface cleaning effect of the plus-pole electrode (Kou, 

2021: 13). 

 

In case of TIG welding of aluminium, DCEP can be used, but only for very thin materials, 

because approximately 70% (2/3) of the heat load is deposited into the plus-pole, be it the 

electrode or the workpiece, as seen below in Figure 4. Said figure is taken from a welding 

blog, but the same information can also be found in proper welding books, such as (Lukkari, 

2001: 104) or (Lepola and Ylikangas, 2021: 122), both listed in the references. 
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Figure 4. The effect of the welding current and polarity in TIG welding (YesWelder, 

2026). 

 

With DCEP it means the electrode takes the bigger heat load, which in turn forces lower 

amperage to be used in order to make sure the electrode can tolerate the increased heat load. 

Thus, only thin aluminium is suitable for said TIG polarity. As a curiosity it is to be 

mentioned that aluminium can be welded with DCEN TIG, but that requires pure helium (or 

at least very high content of it, >75 %) as shielding gas, alongside very meticulous removal 

of the oxide layer prior to welding, as DCEN in itself does not provide any arc cleaning 

characteristics in the process. The ñtrickò with helium is that it increases the arc power, 

which will momentarily increase the temperature on the surface of the workpiece over the 

evaporation temperature of the aluminium oxides (~2700 °C). Using such large amounts of 

helium can lead to problems with arc ignition, but it is also problematic from economic 

perspective, as helium gas is very expensive. (Armao, 2014; ESAB, 2025a; Lepola and 

Ylikangas, 2021: 127ï128, 130; Lukkari, 2001: 103, 109; Siewert et al., 2017b) 
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2.2  Arcline PP 

In order to combine the productivity and weld quality of those aforementioned conventional 

arc welding processes into one, Arcline PP utilises DCEP polarity. As discussed earlier, 

setting the electrode to be the positive pole in TIG welding means that the heat load on the 

electrode will increase. In Arcline PP torch this can be seen by the fact that the electrode 

utilised is very thick, being 7 mm in diameter. That alone has not been enough to achieve 

the results Linde desired for increased productivity, thus the Arcline PP torch also houses a 

built-in direct water-cooling system for the electrode. These two factors together enable the 

use of high amperage, which increases the energy density of the arc, helping to achieve 

greater penetration depth. (Siewert et al., 2018) 

It is noted that in DCEP TIG, arc stability issues arise when using electrodes with a large 

diameter. Thus, a second gas stream called focus gas was implemented into the Arcline PP 

torch. It flows from the inner nozzle around the electrode and is used to focus and stabilize 

the arc, thus also contributing to the increased energy density of the process. The arc and the 

focus gas stream are enveloped by the outer nozzle, providing the shielding gas stream. The 

focus- and shielding gas nozzles are concentric with the electrode. The effect of the focus 

gas on penetration depth can be seen in Figure 5. (Siewert et al., 2018) 

 

 

Figure 5. The effect of focus gas (without on the left, with on the right) on penetration 

depth (Siewert et al., 2017b). 

 

Samples seen in Figure 5 were welded with Arcline PP at 275 A, using a standoff of 5 mm. 

(It needs to be noted that based on the text in their 2018 paper, it seems Siewert et al. refer 
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with the term ñstandoffò to the arc length of the TIG/Arcline PP processes.) Welding speed 

45 cm/min, wire feed rate 7 m/min. Base material (BM) 6 mm thick EN AW-5083 

aluminium. On left side a weld without focus gas, on right side a weld completed with focus 

gas of argon + 300 ppm (parts per million) oxygen at 10 l/min. Oxygen functions as an active 

component in the focus gas, making it possible to minimize the movement of the arc root on 

the workpiece. As a result, the heat input is more concentrated and the arc more stable. The 

effect of the active component in the focus gas was researched by varying its amount, as is 

seen in Figure 6. (Siewert et al., 2018) 

 

 

Figure 6. Effect of the focus gas oxygen content on the weld behaviour (Siewert et al., 

2018). 

 

It was found that the best results would be achieved when the amount of oxygen was 300 

ppm. If the oxygen content was lower, it made both the cleaning zone and the weld itself 

wider. On the other hand, with higher amount of oxygen the arc became unstable, with clear 

irregularity in the shape of the weld. Overall, such gases with an active component can be 

called doped gas mixtures. In case of Arcline PP, the focus gas is recommended to be argon 

or argon-helium mixture with active component of 300 ppm either oxygen or nitrogen 

monoxide. (Siewert et al., 2018) 

Mixing the argon with helium can improve the penetration depth of the weld, and the effect 

is most seen in thicker materials of high thermal conductivity, such as aluminium or copper. 

The higher thermal conductivity of helium increases the heat input into the workpiece, thus 
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compensating for the high heat conduction present in thick plates of aluminium. As per the 

2018 paper, for welding thick plates (> 8 mm) Linde recommends using a mixture of ñ15% 

helium, 300 ppm oxygen, and balanced argonò in the focus gas in order to sufficiently melt 

the root. Linde also claims that the usage of helium in the focus gas can further increase the 

welding speed of Arcline PP. It was also found that in case of the Arcline PP torch that 

utilises two welding gases, the aforementioned effects from active components and/or 

helium were much more significant when being mixed into the focus gas, as opposed to 

being used in the shielding gas. For shielding gas pure argon is recommended. (Korjala, 

2021; Linde AG, 2017; Siewert et al., 2018) 

In their paper Siewert et al. (2018) showcased examples of welding tests they had conducted. 

A comparison of Arcline PP process to conventional MIG and AC TIG can be seen in Figure 

7, base material used being EN AW-5083. 

 

 

Figure 7. Comparison of weld faces and roots resulting from different welding processes 

(Linde AG, 2017). 

 

Welding parameters related to the welds seen in Figure 7 are listed in Table 1. 
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Table 1. Welding parameters used during process comparison (Siewert et al., 2018). 

Process Current [A] Filler rate [m/min] Stickout [mm] Standoff [mm] 

MIG (2 mm)  9 15  

TIG-AC (2 mm) 125 1.7  5 

ARCLINE PP (2 mm) 275 6.5  5 

 

MIG (6 mm)  4.7 15  

TIG-AC (6 mm) 185 1.2  5 

ARCLINE PP (6 mm) 275 7  5 

 

Regarding other parameters used for the welds seen in Figure 7, filler wire diameter was 1.2 

mm. Shielding gas of pure argon at 20 l/min was used, and for Arcline PP a focus gas of 

VARIGON® S (Varigon S) at 10 l/min. Varigon S is a gas produced by Linde, containing 

300 ppm oxygen with the balance being argon. (Linde GmbH, 2013; Siewert et al., 2018) 

Linde has also showcased the penetrative abilities of the Arcline PP process, by conducting 

longitudinal butt joints as single-pass full  penetration welds on EN AW-5083 plates of 

multiple thicknesses, as seen in Figure 8. Related welding parameters are shown in Table 2. 

(Siewert et al., 2017a; Siewert et al., 2018) 

 

 

Figure 8. Single-pass Arcline PP weld cross-sections of various thicknesses (Siewert et al., 

2017a). 
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Table 2. Welding parameters for single-pass Arcline PP welds of various thicknesses 

(Siewert et al., 2018). 

Base material thickness Current [A] 
Welding speed 

[cm/min] 
Filler rate [m/min] 

2 mm 275 200 6.5 

6 mm 275 40 7 

8 mm 340 24 5 

10 mm 350 22 6 

 

Remaining parameters and settings were identical to those described in written text 

underneath Table 1. In the paper it was noted that plates of 8 mm thickness (and less) can be 

welded in a single pass without any groove preparation for successful complete joint 

penetration. To achieve the same for plates thicker than 8 mm, a Y-preparation is 

recommended, enabling said single-pass full  penetration up to a plate thickness of 10 mm. 

(Siewert et al., 2018) 

Whilst Arcline PP in itself is basically just a torch, in their 2017 brochure Linde mentions 

that they can also offer all the other components needed for the welding process, such as 

water cooler, power source, wire feeder and connector box. For the water cooling Linde 

recommends a cooling capacity of 1 kW per 100 A of welding current. In brochure Linde 

states that a ñdedicated Arcline PP power sourceò is available, but it does not clarify what 

exactly they meant by that. On the other hand, it is then followed up by the statement that 

existing TIG-AC power sources are possible to be used as well. The connector box is 

described as ña device that allows the Arcline PP torch to be connected to different types of 

welding machinesò. Further details of the function of this ñconnector boxò are not given, but 

it seems to split (ñtranslateò) the singular gas flow signal from the power source into two 

separate signals for the two gases used by the Arcline PP process. Lastly it is mentioned that 

in case the distance between the power source and welding torch exceeds 8 meters, the usage 

of said connector box is recommended, and it shall be placed close to the welding torch (< 

1.5 m), so that accurate gas flow can be ensured. (Linde AG, 2017) 

At the time of writing (2025ï26), no publicly available material, such as brochures, is found 

online from Lindeôs websites. Thus, no commercial, real world examples of Arcline PP 

applications were found, but it seems the exact same high-power TIG torch is also available 
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from the apparent co-developer of Arcline PP, Kjellberg Finsterwalde, known under their 

branding as ñInFocus Pluspoleò. 

2.3  InFocus Pluspole 

Kjellberg Finsterwalde is a German group of companies, hereinafter referred to simply as 

Kjellberg. Oscar PLT falls under the same Kjellberg umbrella, being founded in 2012/2013 

as an internal research company. With that said, based on the available material, it can be 

seen that Arcline PP has been a joint development project of (then) Linde AG and Oscar 

PLT. Also, the Arcline PP welding torch instruction manual from 2021 lists Kjellberg 

Holding GmbH as the copyright owner of said document. These findings further reinforce 

the claim that Arcline PP and InFocus Pluspole are the same torch system, just offered under 

separate branding. Reasons for such split or ñdouble brandingò were not found. (Kjellberg 

Finsterwalde, 2025; Kjellberg Finsterwalde, 2026) 

Compared to the lack of (recent) reference material from Linde for Arcline PP, a product 

brochure for InFocus Pluspole released during the summer of 2025 was found on Kjellbergôs 

website. According to the brochure, InFocus Pluspole as a product was launched in 2022. 

Overall, this gives the chance to see how this torch technology and manufacturerôs claims 

have changed over time, when comparing the older material from Linde (2017/2018) to this 

newer information from Kjellberg (2025). (Kjellberg Finsterwalde, 2025) 

Early on the Kjellberg brochure starts with same premise as the earlier material from Linde, 

telling how welding of aluminium is dominated by MIG and TIG processes, followed by 

how InFocus Pluspole will combine their benefits, offering both quality and productivity in 

a single package. Structural details of the InFocus Pluspole torch can be seen in Figure 9. 
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Figure 9. InFocus Pluspole torch nozzle details (Kjellberg Finsterwalde, 2025). 

 

As can be seen, Figure 9 illustrates the concentric nature of the focus gas nozzle and 

shielding gas nozzle enveloping the directly cooled tungsten-copper compound electrode, 

with the flow of gases visualised within. Further details of the InFocus Pluspole torch nozzle 

can be seen in Figure 10, where said torch from Kjellberg is compared to the 

conventional/standard TIG torch. 

 

 

Figure 10. Illustrative comparison of standard TIG nozzle to the InFocus Pluspole nozzle 

(Kjellberg Finsterwalde, 2025). 
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Due to the identical nature of the torches, both abovementioned illustrations can be applied 

to Lindeôs Arcline PP as well. 

While the initial promises of combined benefits of MIG and TIG processes and torch 

configuration are identical between Linde and Kjellberg due to the apparent co-development, 

Kjellbergôs newer brochure material starts to depart from Lindeôs older data in terms of 

single-pass full  penetration promises. Whereas Linde tells Arcline PP can ñensure safe 

single-pass welding of workpieces that are up to 10 mm thickò, Kjellberg has reduced said 

promise to 8 mm thickness for the workpieces. Kjellberg explicitly mentions said thickness 

range to be in reference to butt joints, and whilst Linde doesnôt discern similar information 

on the joint type, from related research paper it can be deduced Linde also refers to 

workpiece thicknesses used in butt joint configuration. (Kjellberg Finsterwalde, 2025; Linde 

AG, 2017; Siewert et al., 2018) 

Another clear difference to be noted between the older Linde and newer Kjellberg material 

is that the latter suggests increased amperage for welding 8 mm plates. Whilst Linde (Siewert 

et al., 2018) had conducted the 8 mm thick single-pass full  penetration tests with 340 A at 

24 cm/min, Kjellberg instead proposes ñ400/460 Aò to be used at 20 cm/min. Base material 

used by Kjellbergôs reference was the same EN AW-5083 as used earlier by Linde/Siewert 

et al. Kjellbergôs brochure does not indicate what exactly do they mean with the amperage 

given as ñ400/460 Aò, but on the same slide the word ñpulsedò can be seen, which raises the 

question of whether or not the InFocus Pluspole torch was ran in some kind of pulsed mode, 

with 460 A possibly marking the peak amperage. (Kjellberg Finsterwalde, 2025; Siewert et 

al., 2018) 

Either way, it seems that over the years the so-called promise of successful single-pass full  

penetration has been reduced from 10 to 8 mm thick butt joints, with suggested welding 

speed also slightly reduced. Another aspect, according to (Kjellberg Finsterwalde, 2025), of 

this high-power TIG is the improved weld bead shape in terms of hot cracking prevention, 

meaning the weld is relatively wider than its depth, a feature visible in Figure 8. 

One real life reference of InFocus Pluspole (or high-power TIG in general) application was 

found from Kjellbergôs brochure, by Spitzer Silo-Fahrzeugwerke GmbH (Spitzer). Spitzer 

is a company specialised in the design and manufacturing of dry bulk tankers, with an 

example product shown below in Figure 11. 
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Figure 11. An example of a dry bulk tanker (Kjellberg Finsterwalde, 2025). 

 

In this reference, two 5 mm thick aluminium plates, each the size of 7.5 m x 2 m, were joined 

together with a single-pass weld along the longer side of the sheet. Aluminium grade used 

by Spitzer was not specified in the reference material. The cap (upper) and root side of the 

finalised high-power TIG weld can be seen in Figure 12. (Kjellberg Finsterwalde, 2025; 

Spitzer, 2026) 

 

 

Figure 12. Customer reference of high-power TIG welding from Spitzer GmbH, with the 

cap and root of the weld showcased on the lower half of the image (Kjellberg Finsterwalde, 

2025). 



30 

 

 

With regards to Figure 12, on the background the result of the welding process can be seen, 

i.e. the two aluminium plates welded together, and then rolled into cylindrical form to be 

used for the construction of the silo-type structure of the dry bulk carrier. Two flat aluminium 

plates can be seen on the forefront of the rolled workpiece, but whether they have already 

been welded together or not cannot be discerned from that image alone. 

In the case of this reference from Spitzer, the company has made some remarks on the 

utilisation of the high-power TIG welding. Apparently this new welding process is ñ30 % 

fasterò for them than whatever process they had used earlier, with said earlier process not 

being specified in the reference. Spitzer also notes that they now need ñ50 % less time for 

seam preparationò. The referenced customer also notes that with the new high-power TIG 

welding process they have ñnever tungsten inclusionsò, which points toward one of the 

original ñpromisesò or goals of the Arcline PP/InFocus Pluspole, namely the 

reduction/removal of tungsten balling on the electrode. Speaking of which, Spitzer tells they 

have achieved ñ7ï8 hours of welding with 1 electrodeò, and lastly it is noted that they need 

ñno more heliumò whilst welding these aluminium structures for their silo-type tankers. 

(Kjellberg Finsterwalde, 2025) 

2.4  Summary of recommended welding parameters for butt joints 

This section ties up the available parameter data from Linde and Kjellberg for Arcline PP 

and InFocus Pluspole welding of butt joints respectively. Table 3 lists data from Lindeôs 

ñgas calculatorò for Arcline PP welding of flat position (PA) butt joints. For plate thicknesses 

of 5 mm and 6 mm, two options were given, either with or without backing bar. Their data 

are combined, and the backing bar order (no/yes) indicates the respective parameters, if such 

data is split. It can be seen that for welding without a backing bar, Linde recommends e.g. 

higher welding speeds. It is noted that for thin materials backing bar has a minor effect. For 

all thicknesses except 10 mm, Varigon S is recommended, which may be substituted with 

Mison Ar gas. In terms of 10 mm plate thickness, Linde recommends VARIGON® He15S 

(Varigon He15S) as focus gas, containing 15 % helium, 300 ppm oxygen with the balance 

being argon. (Linde, n.d.; Linde GmbH, 2022) 
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Table 3. Recommended welding parameters for Arcline PP welded butt joints (PA) (Linde, 

n.d.). 

Thickness [mm] 2 5 6 8 10 

Backing bar No No/Yes No/Yes Yes Yes 

Current [A] 275 275 275 340 350 

Welding speed [cm/min] 200 50/34 38/20 24 22 

Focus gas flow [l/min] 9ï11 

Shielding gas flow [l/min] 2ï25 [sic] 20ï25 

Wire feed rate [m/min] 6.5 6.5/2 7/3.5 5 6 

Wire diameter [mm] 1.2 1.2/1.6 1.2 

Work height [mm] 5 4 

 

For the shielding gas flow rate for 2 mm thick plates in Table 3, [sic] is used to denote that 

the data is as given in the source. It likely is a typo, given that for all the other (including 

non-PA) welding positions said value was given as 20ï25 l/min. This ñhypothesisò is 

reinforced by the fact that the outer shielding gas flow shall cover the inner focus gas flow, 

so it shall be higher than the values given for focus gas flow. Actually this hypothesis of a 

typo is confirmed to be true, after cross-checking and finding out that the Arcline PP 

instruction manual lists the very same welding parameters as the ñgas calculatorò used as 

reference for Table 3. So, the correct value for shielding gas flow rate is 20ï25 l/min 

(Kjellberg Holding GmbH, 2021: 38). 

Linde also necessitates Y-groove for the butt joints of 8 mm and 10 mm plates. There is also 

variation in the focus gas nozzle, mainly the long nozzle, as the manufacturer calls it, 

WA2580, is to be used with 10 mm thick plates, while all other listed thicknesses can be 

welded with the so-called short nozzle, WA2590. These are same focus gas nozzle IDs that 

Kjellberg uses, which once again points toward the commonality/common roots between 

Arcline PP and InFocus Pluspole. Parameter ñwork heightò seems to refer to the distance of 

the tip of the tungsten electrode from the surface of the workpiece. (Kjellberg Finsterwalde, 

2025; Linde, n.d.) 

In their brochure/presentation for InFocus Pluspole, Kjellberg (2025) gives an example of 

the utilisation of their high-power TIG process, with three different thicknesses of base 
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material EN AW-5083 showcased, with their respective welding parameters shown in Table 

4 below. 

 

Table 4. Welding parameters for InFocus Pluspole welded butt joints (Kjellberg 

Finsterwalde, 2025). 

Thickness [mm] 3 6 8 

Current [A] 200 260 400/460 

Welding speed [cm/min] 80 25 20 

 

For shielding gas Kjellberg has used seemingly just pure argon, and for focus gas, Varigon 

S was used. No gas flow rates were given. For the 8 mm thick plates, the current is given as 

ñ400/460ò, but there is no explanation of what they mean by that. Filler wire 

(AlMg4.5Mn0.7/ER5183) had a diameter of 1.2 mm, but no wire feed rate was indicated. 

Based on the included welding process images, it seems that all thicknesses used zero air 

gap I-grooves, albeit there is a mention that the edges were slightly bevelled at the top and 

bottom. This likely refers to the ñedge breakingò the Arcline PP user manual mentions, 

recommending to always break the root side edges of the groove, and topside too, when I-

groove plate thickness is more than 5 mm. Lastly, Kjellberg mentions that no tacking was 

used in these three welding demonstrations. (Kjellberg Finsterwalde, 2025; Kjellberg 

Holding GmbH, 2021: 36) 
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3  Weldability of aluminium with fusion welding processes 

In this chapter, the fundamentals of aluminium weldability are discussed, with scope being 

on fusion welding, as well as on the wrought 6000 series (mainly 6082) aluminium. Three 

main aspects of interest will be examined: the oxide layer of aluminium, how hydrogen 

solubility affects aluminium weld porosity, and the fundamental theory of hot cracking 

phenomena. Of these three, the first two will be covered in more narrow scope, whilst hot 

cracking phenomena will be of greater interest. 

3.1  The brief concept of weldability 

Weldability in itself is a complex concept, usually portrayed as a triangle that joins three 

aspects (base material, joint design and welding process) together, as seen in Figure 13. 

These three aspects are closely interconnected. 

 

 

Figure 13. Triangle of weldability (European Aluminium Association, 2015). 

 

The aspect of base material looks into the weldability of any given raw material from the 

metallurgical point of view, and this viewpoint is the usual approach when talking about 

weldability, even though any one aspect of the weldability cannot be examined separately 

from others. From the aspect of the base material, weldability is mainly seen through the 

lens of scrutinising it as a material property. Citing (Lukkari, 2001: 60ï61), a material is 

suitable for welding if, based on its chemical, metallurgical and physical properties, it can 

be welded by utilising appropriate welding processes and the welded joints fulfil the 

specified requirements. As a material property, good weldability is seen as the ease of 
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welding a material, without causing excessive degradation of its properties or inflicting 

metallurgical imperfections into the welded joint. From the aspect of base material, 

weldability is better the less attention has to be paid on material factors whilst creating a 

welding procedure specification (WPS), including factors such as pre-cleaning, preheating, 

minimum/maximum heat input, specific gas shielding, post-weld heat treatment, specific 

cleanliness etc. (Lukkari, 2001: 60ï61) 

With regards to the other two aspects of the weldability triangle, the aspect of joint design 

addresses the suitability of the joint/structure design for welding, whilst the aspect of 

welding process looks into what welding methods can be used, what process parameters are 

applicable etc. Weldability can also be examined through the lens of problems/defects that 

can be inflicted on the welded joint/structure during welding. These problematic factors, 

such as cracking, porosity, insufficient strength/ductility, degraded corrosion resistance and 

inflicted distortions, affect the reliability of the welded structure. Lastly, (Lukkari, 2001: 61), 

lists following factors that affect the overall weldability: alloy type, filler material, welding 

process, cleanliness, the shapes and dimensions of the structure, as well as the rigidity of the 

structure etc. In this work, the main approach on weldability will be from the point of view 

of the aspect of the base material. (European Aluminium Association, 2015; Lukkari, 2001: 

60ï61) 

3.2  Oxide layer 

Aluminium has a very high affinity for oxygen, due to which it oxidises easily when exposed 

to air. As a result, very thin and dense layer/film of aluminium oxide (Al 2O3) forms on the 

surface of the aluminium metal. Whilst this oxide layer is extremely thin, it still grants 

aluminium a very good resistance to corrosion. Thickness of this oxide layer can, depending 

on circumstances, vary between 1ï100 nm (0.001ï0.1 µm). Typical thickness range for an 

oxide layer formed whilst the material is exposed to air is 10ï20 nm (0.01ï0.02 µm). If the 

oxide layer is scratched or otherwise damaged, a new protective layer will form instantly, 

within seconds, as long as the aluminium is exposed to air (oxygen). Thickness of this oxide 

layer is about 1 nm immediately after it is formed, and within a few weeks it will be around 

3ï5 nm. The naturally occurring oxide layer will be formed thicker, when the temperature 

or the humidity of the air increases. This naturally formed oxide layer can exceed 0.1 µm in 
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thickness, reaching up to 0.2 µm thick in moist, humid atmospheric environments. In 

principle aluminium is a reactive metal that is thermodynamically unstable, but the formation 

of the oxide layer causes the passivation of the aluminium, turning it nobler in terms of the 

potential on the galvanic series. (Lukkari, 2001: 19ï20, 60; Lukkari et al., 2016: 268ï269) 

Technically speaking this oxide layer of aluminium consists of two separate layers, 

especially when it has formed under the exposure to humid atmosphere. The amorphous 

inner, thinner layer located directly at the metallic interface of the aluminium is usually 

known as the barrier layer, and consists of pure Al 2O3. On top of this barrier layer, a thicker, 

porous and hydrogen-rich layer is formed, seemingly often just denoted as ñtop layerò in 

various schematics describing the oxide layer of aluminium. This so-called top layer is a 

combination of Al 2O3, H2O and crystalline Al(OH)3 (aluminium hydroxide). Speaking of 

aluminium alloys, (some of) the main alloying elements when thermally activated, such as 

magnesium on 5xxx-series alloys, can segregate from the alloyôs interior, oxidise and 

contribute to the constitution of the oxide layer of the material. In case of 5xxx-series alloys, 

magnesium oxide (MgO) and magnesium aluminate (MgAl2O4) are phases that can be 

formed as a mixed oxide into the top layer of the oxide film, but such details are not of 

interest in this work. Principle of the constitution of the naturally occurring oxide layer of 

aluminium alloys can be seen below in Figure 14 and Figure 15. (European Aluminium 

Association, 2015; Lukkari, 2001: 19ï20, 59ï60; Lukkari et al., 2016: 268ï269; Xiao et al., 

2015; Zähr et al., 2012) 

 

 

Figure 14. Schematic of the constitution of the oxide layer on aluminium alloys (European 

Aluminium Association, 2015). 
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Figure 15. Schematic of the natural surface layer on aluminium materials. Letter B stands 

for "barrier layer". (Zähr et al., 2012) 

 

As mentioned, due to its porous nature, the top layer of the oxide film is hygroscopic, 

meaning it easily absorbs moisture from the surrounding environment. This absorbed 

moisture releases hydrogen during the welding process, being one of the main sources of 

hydrogen in aluminium welding. (Lukkari, 2001: 59; Lukkari et al., 2016: 269ï270) 

Besides being very thin and dense, the oxide layer is also tough and hard. Additionally, it is 

also electrically non-conductive and thermally stable. Therefore, the oxide layer generally 

acts as an insulator during welding, preventing the molten weld pool from bonding to the 

fusion faces of the joint preparation. This ñinsulator-likeò property of the oxide layer is 

further reinforced by the fact that the melting point of aluminium oxide is roughly 2050 °C, 

whilst the melting point of pure aluminium is about 660 °C. So, the melting point of the 

surface film of aluminium is roughly three-times that of the pure base element itself, and is 

actually high enough that the welding arc of MIG- and TIG-processes cannot really melt it 

in any practical sense. This nature of aluminium and its oxides differs fundamentally from 

that of steels and different iron oxides, both which pretty much share the same melting point 

at around 1500 °C, meaning that whilst welding steels, the arc will melt both the steel and 

the various iron oxides with no issues. Lastly, the difference in density between the base 

material and its oxides is also worth noting. Whereas iron oxides (5.5 kg/dm3) are less dense 

than iron (7.8 kg/dm3), for aluminium (2.7 kg/dm3) the situation is upside down, with Al 2O3 

(3.9 kg/dm3) being denser than the base material. Thus, while welding steels, the iron oxides 

will float on top of the molten weld pool, and consequently cause no complications, but in 
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welding of aluminium there is the danger of the heavier aluminium oxide bits sinking into 

the molten weld pool, easily causing weld defects, such as oxide inclusions and lack of 

fusion. As aluminium oxide is a ceramic, i.e. non-metallic material, it can be viewed as a 

structural discontinuity in the weld, thus making the joint weaker. (Beygi et al., 2025; 

European Aluminium Association, 2015; Lukkari, 2001: 59ï60; Lukkari et al., 2016: 269) 

Therefore, in order to facilitate successful fusion welding of aluminium, it must be first 

cleaned properly before the welding operation commences. The cleaning process has two 

main steps. First, the surface of the aluminium workpiece is degreased and secondly the 

oxide layer is removed. This cleaning process is done to the fusion faces of the joint 

preparation, as well as to the surface areas within a distance of about 50 mm from the weld 

groove. Degreasing is done to remove any grease, oil, lubricant or other hydrocarbon 

contaminants from the surface of the workpiece. Effective solvents for degreasing include 

such liquids as acetone, toluene, methyl ethyl ketone (butanone) and most mineral spirits. 

Solvent is then applied onto the workpiece by using clean, lint-free rags. Industrial paper 

towels can also be used. Another option is to use soap in hot water, but the parts to be welded 

must then be rinsed and dried once they are clean. It is also possible to clean the aluminium 

with a specific degreaser, such as ZeroTri®. Once the workpiece surface has been degreased, 

the oxide layer is removed by means of (typically) mechanical methods, such as using a 

stainless steel wire brush. These brushes can be either simple hand brushes, or power tool 

utilised versions of them, examples seen below in Figure 16. Only light pressure shall be 

applied when brushing, and brushes dedicated for aluminium must be used. If the same brush 

would be used for both steels and aluminium, the iron dust particles could contaminate the 

aluminium surface. With regards to the wire brushes, their bristles ought to be sharp, as dull 

bristles arenôt that effective at cleaning the surface. The bristles shall neither be too stiff, as 

otherwise they might impinge the oxides into the aluminium, if too much force is applied 

when brushing. (Armao, 2023; ESAB, 2025b; Lepola and Ylikangas, 2021: 219; Lukkari, 

2001: 217ï218; Lukkari et al., 2016: 287ï288) 
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Figure 16. Examples of stainless steel brushes that can be used to remove the oxide layer 

of aluminium before welding (Tanis Brush, 2026). 

 

It should be ensured to brush in a single direction to ensure proper removal of the oxides, 

instead of accidentally mixing and brushing them into the aluminium. It is important to 

remember this order of cleaning, because if the oils and other greases arenôt removed first, 

any mechanical brushing will just push said oils and greases deeper into the surface of the 

aluminium. Other methods for removing the oxide layer also exist, such as grit blasting, 

chemical cleaning/pickling (involving acids that dissolve the oxide layer), or nowadays even 

laser cleaning, but these methods wonôt be covered here. (Armao, 2023; ESAB, 2025b; 

ESAB, 2025c; Fraser, 2024; Lukkari, 2001: 217ï218; Lukkari et al., 2016: 288) 

This aforementioned cleaning process shall be done just before the welding begins, as the 

oxide layer starts to reform instantly. If the timespan between cleaning and welding is long, 

such as over two hours, the cleaning process ought to be repeated before commencing 

welding (Lukkari, 2001: 218). On the other hand, in (Lukkari et al., 2016: 288) it is 

mentioned that standard SFS-EN 1090-3 sets a time limit of four hours, after which the 

cleaning ought to be repeated. Once the cleaning process is done, the welding process will, 

so to speak of, take care of the rest. As described earlier in chapter 2.1 the most common 

welding processes for aluminium welding utilise the cathodic cleansing effect to break away 

any reformed oxides, and apply inert shielding gas to protect the surface from oxidation. 
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3.3  Hydrogen induced porosity 

One of the most persistent imperfections in aluminium welds is the porosity they so often 

contain, and the cause for this is usually attributed to the high solubility of hydrogen in 

aluminium. It is difficult to achieve an aluminium weld that is completely free of porosity. 

The solubility of hydrogen in molten aluminium is really high compared to the solubility in 

aluminium that is in solid state. Solubility of hydrogen is illustrated in Figure 17 and Figure 

18 below. Whilst hydrogen causes porosity in aluminium, other gases, such as oxygen or 

nitrogen, do not. Instead, they form compounds, such as nitrides (AlN2) and oxides (Al2O3), 

which can cause other imperfections in the weld regardless. (Lukkari et al., 2016: 270ï271) 

 

 

Figure 17. Solubility of hydrogen in aluminium and iron (rauta). Temperature plotted on 

horizontal, solubility on vertical axis. (Lukkari et al., 2016: 270) 
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Figure 18. A newer diagram plotting the solubility of hydrogen in aluminium versus 

temperature. Note the revised solubility value in the solid at melting point. (Trometer et al., 

2024) 

 

According to older, still very mainstream sources, such as (Lukkari et al., 2016: 270), the 

ratio of hydrogen solubility in molten vs solid state aluminium at melting point of 660 °C is 

about 20:1. The same ratio is almost 100:1 when comparing the maximum and minimum 

solubility in molten state, and over 1000-fold when comparing the solubility at temperature 

of approximately 2000 °C to the solubility in solid state aluminium at 660 °C. As seen in 

Figure 18, made by (Trometer et al., 2024), who adjusted the plot values by findings from 

(Anyalebechi, 2022), the solubility value of hydrogen in solid state aluminium at 660 °C has 

been revised from 0.036 cm3/100 g to 0.043 cm3/100 g. Thus, the ratio of hydrogen solubility 

between molten and solid states at melting point of 660 °C would be closer to 15:1 than 20:1, 

but nevertheless, the point remains the same that there is a very noticeable jump in hydrogen 

solubility when aluminium transforms from solid to molten state of matter. 

In laymanôs terms, what happens is that as the aluminium solidifies, it has less space to give 

for the hydrogen, rejecting any amount in excess of the solubility limit. Being a lighter-than-

air gas, hydrogen naturally tends to rise upwards, meaning the rejected hydrogen eventually 

exits the molten metal. The problem arises if the molten weld pool solidifies quickly, then 

all the excess hydrogen may not have enough time to reach the surface and exit the weld 

pool, and instead, they get trapped inside as pores or ñbubblesò. In Figure 19, a scanning 

electron microscope (SEM) image of a fracture surface with a pore on it can be seen, 
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illustrating the naturally round shape of such gas induced voids within the weld. (Lukkari et 

al., 2016: 270) 

 

 

Figure 19. SEM image of a pore in aluminium (MIGAL.CO, 2026). 

 

Related to the matters discussed in the previous paragraph, the solidification range of the 

molten weld pool also affects the tendency to porosity. Pure metals usually have a singular 

solidification temperature, meaning they change state of matter in a clearly defined 

temperature. On the other hand, metal alloys usually always have a so-called mushy zone, a 

two-phase region where both liquid and solid states of matter exist simultaneously. This 

mushy zone is defined by liquidus (TL) and solidus (TS) temperatures, and that temperature 

gap (TLïTS) indicates the size of the solidification range. At liquidus, the solidification 

begins, and once the alloy reaches solidus, the solidification is complete. An alloy can 

behave like a pure element, meaning the change in state of matter occurs at a single, or very 

narrow temperature range. Such alloys are known as eutectic alloys, having a eutectic 

composition, and are of no specific further interest to discuss here. So, if the solidification 

range is narrow, or doesnôt exist at all ï such as in case of pure aluminium ï the molten weld 

pool solidifies rapidly, increasing the risk of porosity. The extent of the solidification range 

increases with increasing alloying. For example, in case of pure aluminium, such as Al99.98, 

the solidification range is simply the melting point of the pure element itself, 660 °C. For 

Al99.5 the solidification range is 657ï646 °C, and for AlMg4.5Mn0.7 (EN AW-5083) it is 

638ï574 °C. (Kyröläinen and Kauppi, 2016: 22ï23; Lukkari et al., 2016: 271; Pettinen et 

al., 2004: 59ï61) 
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Another way to prevent gas induced porosity is to assist the exit of hydrogen from the molten 

weld pool. This can be achieved, for example, by reducing the cooling rates by using 

preheating and/or higher heat input (e.g. by reducing welding speed), although their possible 

impact on the strength of the material has to be kept in mind. A suitable welding position 

also assists the exit of hydrogen, as lighter-than-air gases rise upwards. Thus, positions with 

upward opening grooves are preferred, such as PA, PB and PF. Welding positions in 

accordance with EN ISO 6947 are shown in Figure 20. (Lukkari, 2001: 229; Lukkari et al., 

2016: 271) 

 

 

Figure 20. Welding positions in accordance with EN ISO 6947, adapted from (capilla, 

2026). 

 

Likewise, sideways (PC) or downward opening grooves (PD, PE or PG) are either 

unfavourable or downright poor from the perspective of the exit of the gases. Using helium 

in the shielding gas can reduce porosity formation by increasing heat input, which slows 

down the cooling rate of the weld. For example, a MIG-weld on 10 mm thick aluminium 

(grade not specified in the source), with a length of 370 mm, utilising I-groove with one bead 

on each side, had a total area of pores measured at 152 mm2 when using pure argon as 

shielding gas. With a mixture of 75 % Ar + 25 % He the area of the pores was 28 mm2, with 

a 50/50 mixture 18 mm2 and with a mixture of 25 % Ar + 75 % He the area of pores was 

measured to be 6 mm2. Porosity negatively affects the strength of the welded joint by 

reducing the load-bearing area of the weld. The impact on the fatigue strength is even greater. 

(Lukkari et al., 2016: 270ï272) 
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The main source of the hydrogen is the oxide layer of aluminium, containing especially 

aluminium hydroxide (Al(OH)3) and moisture (H2O). It is to be noted that this oxide layer 

does not exist solely on the workpieces to be welded, but possibly also on surface of the 

aluminium filler wire. Any moisture and dirt on the groove faces can also contribute 

hydrogen into the weld, as do any impurities in the shielding gas. Hydrocarbons, which are 

organic compounds of hydrogen and carbon, are also an important source of hydrogen and 

thus pores. Thus, itôs important to clean the surfaces prior to welding, as discussed earlier. 

Equipment and workspace related conditions also matter when trying to prevent hydrogen 

contaminations during welding. For example, inadequate gas shield can be a reason for 

hydrogen finding its way into the arc zone. Gas shield being inadequate can be caused by 

factors such as insufficient gas flow rate, wrong torch position (pull technique) or draftiness 

of the workplace. Paying attention to the shielding gas hoses and their materials is of great 

importance. As the difference in partial pressure of different gases in- and outside the hoses 

is great, moisture can diffuse through the walls of the hoses if the hose material isnôt 

sufficiently impermeable. If the hoses are not being used, moisture will be absorbed on the 

inside walls and thus flushing the gas system with the shielding gas before welding is of 

good practise. Condensation of moisture from atmosphere is something to keep in mind, 

when bringing the workpieces and filler materials into the workspace, as it can happen very 

easily on metallic surfaces. Lastly, in MIG-welding the filler wire is also a large source of 

hydrogen, because the surface area of the MIG filler wire used per weld length is so much 

greater than the area of the workpiece the arc melts. Traditional TIG filler rods are thicker, 

thus the surface area per unit length is smaller in them, being one reason why TIG-welding 

faces less porosity in aluminium welding. Also, due to the difference in physical format of 

the TIG filler rods and MIG filler wires, the rods are easier to clean before welding. (Lukkari, 

2001: 227ï228; Lukkari et al., 2016: 270ï271) 

It is noteworthy that the alloying elements in aluminium also affect the solubility of 

hydrogen in liquid aluminium. This is illustrated in Figure 21, where the effects of alloying 

elements on hydrogen solubility in liquid aluminium at 700 °C and 101.3 kPa partial pressure 

of hydrogen are shown. (Anyalebechi, 1995) 
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Figure 21. Reported effects of alloying elements on hydrogen solubility in liquid 

aluminium (Anyalebechi, 1995). 

 

Within the scope of this work, i.e. focus being on 6000 series aluminium alloys with the 

main alloying elements of Mg and Si, it can be seen that magnesium increases the solubility 

of hydrogen in liquid state aluminium, whilst silicon decreases it. Yet from hands-on 

workshop level point of view that type of information is of no real practical use, as filler 

material selection in aluminium welding focuses mainly on preventing hot cracking and 

fulfilling the desired strength requirements (Lukkari, 2001: 182). 

3.4  Hot cracking in aluminium 

Cracking is one of the worst defects in any weld, meaning it is an unacceptable imperfection, 

as defined by (SFS 3052:2020, 2020). In the field of aluminium welding, the witnessed 

cracking phenomena is virtually always the one of hot cracking, with the name indicating 

that the cracks propagate quickly after welding during the last stages of solidification as the 

metal cools down. Practically speaking, three different types of hot cracking exists in 

aluminium, them being known as solidification, liquation and crater cracking. Crater 

cracking is caused more often than not by incorrect manipulation of the welding torch, and 

is thus sort of different in nature from the former two. Thus, crater cracking will not be 

discussed in this work, and the focus is set to understand the basics of solidification and 
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liquation cracking. Illustrations of the nature of solidification cracking (a) and liquation 

cracking (b) can be seen in Figure 22. (Lukkari et al., 2016: 272ï273, 280) 

 

 

Figure 22. Images to illustrate the nature of a) solidification cracking and b) liquation 

cracking. Adapted from (Kou, 2021: 324 & 420). 

 

As can be seen, solidification cracking occurs within the weld metal region of the weld. This 

region is also known as fusion zone (FZ) or composite region, depending on source material. 

Although, the usage of FZ here seems a bit weird, as (SFS 3052:2020, 2020) defines FZ to 

be, inside the weld metal (WM), part of the parent/base metal that has been melted. 

ñTraditionallyò longitudinal, solidification cracks can also be transverse, the location within 

the WM is the main criteria for definition here. Liquation cracking, on the other hand, can 

be found in the partially melted zone (PMZ) of the weld. Itôs a region located between the 

fusion line (FL) and ñtrueò heat affected zone, which would be abbreviated as T-HAZ as per 

(Lippold, 2015: 12), a source which mentions how research into the regions of fusion welds 

once split heat affected zone (HAZ) into PMZ and T-HAZ. Nomenclature wise, HAZ will 

be used further in this work. Figure 23 illustrates the typical regions found in a fusion weld. 
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Figure 23. Schematic of the regions of a fusion weld (Lippold, 2015: 11). 

 

Whilst this preceding figure uses the term ñweld interfaceò to denote the line between the 

unmixed zone and PMZ, both FL and weld line seem to be interchangeable terms to refer to 

the same regional boundary in a fusion weld (Kyröläinen and Kauppi, 2016: 65ï66). In this 

work, the term FL will be used. 

3.4.1  Precipitation hardening of heat-treatable aluminium alloys 

The 6000 series aluminium used in this work have both Mg and Si as their main alloying 

elements, forming coherent magnesium silicide (Mg2Si) precipitates during the heat-

treatment process. This is one of the heat-treatable series of aluminium alloys, with the 

process behind increased strength being known as precipitation hardening (Figure 24). 

(Lukkari et al., 2016: 260) 

 

 

Figure 24. Principle of precipitation hardening (LearnMetallurgy.com, 2021). 
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Precipitation hardening consists of three main steps: solution heat-treating or solution 

annealing (denoted as ñsolutionizingò in Figure 24), cooling or quenching and ageing. In the 

first step of solution heat-treating, the alloy is heated to a suitable temperature (annealing 

temperature), and held long enough until all alloying elements have dissolved into the Al-

matrix to create a single phase solid solution. Annealing temperature in this first step depends 

on the given alloy, but is always below the melting point. For 6082, the annealing 

temperature is around 530 °C (Lukkari, 2001: 19). What essentially happens during this first 

step is that the pre-existing, incoherent precipitates of alloying elements, such as Mg and Si, 

get dissolved into the Al-matrix due to their solubility increasing with temperature. The 

annealing temperature shall be reached quickly, within a few minutes up to two hours. Once 

the whole raw material has reached the annealing temperature, the time it is held in that 

temperature is measured in a few tens of minutes. (Lukkari et al., 2016: 264ï265) 

In the second step, the alloy is rapidly cooled (quenched) from the preceding annealing 

temperature to room temperature. This cooling process has to be quick enough, so that the 

alloying elements remain in the solid solution, creating a metastable phase known as 

supersaturated solid solution (SSSS). Quenching can be done, depending on alloy, by using 

cold water or pressurised air. (Lukkari et al., 2016: 265) 

Actual strengthening of the alloy happens during the third and last step of this process known 

as ageing, during which the atoms of the alloying elements contained within SSSS are 

precipitated out in a controlled manner. The solid solution, supersaturated by the alloying 

elements, disperses via diffusion, forming tiny precipitates inside the grains. These tiny 

precipitates, arranged in a coherent manner within the grains are the reason why the alloy 

becomes strengthened, as those precipitates make it harder for the metal to deform by 

blocking/hampering the movement of dislocations. As said, 6000 series, i.e. AlMgSi alloys, 

form Mg2Si precipitates during the ageing process. Besides the focus of this work, there are 

two other main groups of heat-treatable aluminium alloys, them being AlCu (2000 series) 

and AlZnMg (7000 series). They form Al2Cu and Zn2Mg precipitates respectively. Ageing 

can be done either naturally, where the quenched alloy is held at room temperature for a few 

days (2000 and 6000 series) or a few weeks (7000 series), or artificially, in which the 

quenched alloy is held at an elevated temperature for shorter time, measured usually in hours. 

Ageing path (natural or artificial), time and elevated temperature (in case of artificial ageing) 
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vary once again by alloy. For the 6082 grade used in this work, (Lukkari, 2001: 19) gives 

two (2) days hold time for natural ageing, and 5 h hold time at around 180 °C for artificial 

ageing. (Lukkari et al., 2016: 264ï265) 

The main takeaway from this subsection for the succeeding ones is the existence of 

magnesium silicide. Whilst in pure form itôs an inorganic compound with a melting point of 

roughly 1100 °C (LTS Research Laboratories, Inc., 2011), in the context of welding 6000 

series aluminium, it will form a low melting point phase with aluminium (such as binary Al -

Mg2Si), which plays an important role for these alloys in terms of hot cracking phenomena. 

Low melting point in this context means that such phases have their solidus temperature 

below the melting point of pure aluminium, which is roughly 660 °C. For example, the 

solidus temperature for the aforementioned binary Al-Mg2Si phase is around 595 °C, see 

Figure 40 (a). 

3.4.2  Weld solidification, grain growth and constitutional supercooling 

Solidification of a metal consists of two steps: nucleation and the growth of grains (crystals) 

from the melt. Nucleation is the first step as a metal starts to solidify, requiring binding of 

energy into the forming nuclei. On the other hand the release of the latent heat, which was 

bound during the melting of the metal, raises the temperature of the melt and that of the 

solidified metal. In order for a pure metal to solidify, nucleation requires that the temperature 

of the melt drops below the melting temperature, i.e. the melt has to supercool (also known 

as undercooling). A pure metal does not contain factors, such as inclusions or constitutional 

differences caused by foreign elements, which would promote nucleation. Thus, the 

conditions for nucleation are similar all across the melt. This is known as homogeneous 

nucleation. (Kyröläinen and Kauppi, 2016: 68) 

In practise though, when it comes to the solidification of metals, the prerequisites for 

nucleation to start from favourable locations (such as particles, impurities etc.) are almost 

always present. In such case the process is known as heterogeneous nucleation. 

Solidification during welding nucleates immediately on the solidïliquid interface with 

dominantly epitaxial mechanism in such manner that the crystal growing from the melt is of 

same grain/crystal with the base material as long as the conditions permit. In simple terms, 

this epitaxial growth of grains means that the initial grain growth from the fusion line prefers 
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to use the pre-existing grains of the base material and the direction of their crystal lattices 

for growth path, given that the compositions/structure of the base metal and liquid are 

similar. Related to that, epitaxial solidification indicates that there is no clear fusion line at 

the atomic level, as solidification begins from those pre-existing grains. (Kyröläinen and 

Kauppi, 2016: 68; Lippold, 2015: 18; Pettinen et al., 2004: 95ï96) 

Progression of the solidification requires the supercooling of the liquid (melt) below the 

melting/freezing point. Once nucleation occurs, the crystals begin to grow towards direction, 

where the supercooling due to heat dissipation is at its peak. Heat transfer at solidïliquid 

interface occurs in both directions, towards both the solidified metal and the melt. 

Solidification, i.e. the growth of grains, can progress in different modes, depending on the 

amount of liquid ahead the solidification front (solidïliquid interface) that has supercooled. 

Simplified, the ñdepthò of the supercooled area in the molten metal determines the growth 

mode of the grains, starting from slow growth of planar grains and progressing into faster 

growing dendrites as more of the molten metal undergoes supercooling. (Kyröläinen and 

Kauppi, 2016: 69) 

All this preceding phenomena description was about a situation where the molten metal 

supercools, and the chemical composition of the metal is identical in both solid and liquid 

state of matter, meaning the melting point is overall constant in both liquid and solid metal. 

This is not the case for metals or alloys that contain impurities and/or alloying elements. 

Instead, in the practical context of welding of alloys, we deal with a concept known as 

constitutional supercooling (CS), which in simplified essence of matters dictates the 

morphology of grain growth as the weld solidifies. (Kyröläinen and Kauppi, 2016: 69) 

To illustrate the concept of CS with the 6000 series aluminium used in this work, the 

solubility of Mg and Si is of key interest here, especially in the context of hot cracking, but 

that will be discussed later. Solubility depends on temperature, and as the weld starts to 

solidify, the temperature of the growing grains decreases. This leads to situation, where the 

growing Al-grains start to reject solutes, such as magnesium and silicon, that are in excess 

of the solubility limit at a given, decreasing temperature. These excess solutes are then 

rejected into the liquid, still molten metal, ahead of the solidification front. The fact that 

these excess solutes concentrate (segregate) in relatively high amounts into this relatively 

constrained area means that the temperature gradient in that localised area drops below the 

liquidus temperature of that molten metal. In other words, supercooling occurs, and because 
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itôs driven by these rejected solutes, itôs known as constitutional supercooling. (Kyröläinen 

and Kauppi, 2016: 69) 

Aforementioned rejection of the solutes is, in broader sense, known as solute redistribution, 

and can be expressed with a parameter known as partition coefficient k. ñEquilibrium 

segregation coefficientò is another name for parameter k, used by (Kou, 2021: 160). 

Coefficient k is, as (Lippold, 2015: 16) mentions, the ratio of the solid and liquid 

composition in contact with each other at a given temperature within the solidification range. 

In principle three scenarios exist. If k is less than 1, it means the solute will move to the 

liquid at the solidïliquid interface, i.e. the growing grain rejects the solute. If k is more than 

1, then the opposite happens and the quantity of the solute decreases in the liquid. As k 

approaches 1, solute redistribution will be reduced during solidification. In context of this 

work, for Al-Mg-Si ternary alloy (6000 series), the partition coefficient for both Mg and Si 

is notably below 1, being listed as roughly 0.22 for Mg (varies between 0.14 and 0.3, 

depending on temperature) and around 0.1 for Si by (Vuġanoviĺ et al., 2005). Simply put, 

this means that the solidifying aluminium grains reject silicon more than magnesium. 

(Lippold, 2015: 16) 

As highlighted by Lippold (2015: 19ï21), the solidification mode, i.e. the grain morphology, 

is dictated by the magnitude (or degree) of constitutional supercooling. Whilst CS is driven 

by the interaction of two solidification parameters, namely temperature gradient G and 

solidification rate R, the chemical composition also plays a role in it. Temperature gradient 

G can be increased by increasing the temperature of liquid and cooling of solid. 

Solidification/growth rate R indicates, on conceptual level, the travel speed of the solidï

liquid interface. Interplay of the G/R ratio can be seen in Figure 25, where S and L denote 

solid and liquid respectively, with T being temperature of the liquid and TL liquidus 

temperature. (Kou, 2021: 159, 168; Lippold, 2015: 19ï21) 
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Figure 25. Effect of constitutional supercooling on solidification mode/grain morphology 

(Kou, 2021: 168). 

 

Thus, as the G/R ratio decreases by lowering the temperature of the liquid ahead of 

solidification front, and/or by increasing the growth rate of the grains, visually it is seen as 

the temperature gradient line overlapping more and more with the liquidus line of the melt. 

Kou (2021: 168) mentions that increasing the solute content of the alloy, i.e. modifying the 

chemical composition, increases the equilibrium freezing range, which in turn increases the 

degree of CS. As for the grain morphology, (Kou, 2021) lists four (planar, cellular, columnar 

dendritic and equiaxed dendritic) solidification modes, whilst some older sources such as 

(Lippold, 2015) also list a fifth, cellular dendritic mode, being sort of hybrid between cellular 

and columnar dendritic modes. As illustrated in Figure 25 (d) and described by Kou (2021: 

168), in case the degree of CS is very high, it is easier for equiaxed dendrites to nucleate 

than what it would be for columnar dendrites to try to grow all the way across what 

essentially is a wide mushy zone, as solid dendrites and liquid between all the dendrite arms 

(interdendritic liquid) coexist there. Equiaxed dendritic nucleation is also promoted by any 

impurity particles existing in the liquid. The same principle can also be deliberately used for 

the mechanism of grain refinement by adding nucleating agents or inoculants into the liquid 

metal (Kou, 2021: 228). Such a process is known as grain refinement, which will be 

investigated a bit more when discussing the MA-6063 filler wire later. 

Kou (2021: 197) notes that the G/R ratio decreases when moving from the fusion line 

towards the centreline of the weld, suggesting that the solidification mode may change across 

the fusion zone, as illustrated in Figure 26. 
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Figure 26. Schematic of the variations in solidification mode across the weld (Kou, 2021: 

198). 

 

Continuing with (Kou, 2021: 176), he notes that whilst G/R ratio signifies constitutional 

supercooling, the result of G*R is the cooling rate of the weld. Figure 27 illustrates the effects 

that the interplay of G and R has on the microstructure of the weld. 

 

 

Figure 27. Summary of the effect temperature gradient G and growth rate R have on the 

morphology and size of grains (Kou, 2021: 176). 
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As can be seen, G/R ratio affects the fundamental morphology of the grain, whilst the cooling 

rate (G*R) then affects the size of that morphology, i.e. how ñfineò the grain structure is. 

Kou (2021: 200) notes that the cooling rate G*R increases when moving from the fusion line 

towards the weld centreline. Essentially this means that the grain structure features, such as 

dendrite arm spacing, become finer closer to the weld centreline. In this case ñfinerò would 

mean that the spacing/distance between dendrite arms decreases as the cooling rate increases. 

To translate the preceding theory into more practical welding parameters, temperature 

gradient G ties up with heat input Q, whilst it can be approximated (Kou, 2021: 196ï197) 

that at the weld centreline the growth rate R roughly equals welding speed v. It has been 

shown (Kou, 2021: 201ï202) that whilst keeping welding speed constant, increasing heat 

input changed the grain morphology in the weld from cellular to dendritic. This is to say that 

increasing Q decreases G, which may sound counterintuitive at first, but is explained by the 

definition of temperature gradient; it measures the rate of temperature change over distance. 

Thus, if heat input is increased, the temperature wonôt ñplummetò down so rapidly when 

moving away from the weld centreline, but instead, descends in a shallower manner as the 

temperature of the material has risen more and further across from the arc. Similarly, heat 

input and welding speed also affect the G*R ratio, i.e. the cooling rate. It has been 

experimentally shown that whilst welding at constant current, the grain morphology became 

finer with increasing welding speed. Thus, the cells/dendrites are finer in structure at higher 

welding speeds as the cooling rate is higher. (Kou, 2021: 196ï197, 201ï203) 

Heat input and welding speed affect the shape of the weld pool. In turn, this can also affect 

the columnar grains that grow normal to the trailing part of the weld pool boundary. Such 

growth direction follows the liquidus isotherm, and can often be seen in welding of certain 

materials, such as copper and aluminium. Figure 28 illustrates how the weld pool shape 

affects the grain structure in the weld metal. (Kou, 2021: 214ï215) 
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Figure 28. Effect of welding speed on the shape of the weld pool, which influences the 

orientation of columnar grains (Kou, 2021: 217). 

 

As can be seen, lower travel speed results in more elliptical shape of the weld pool, whilst 

faster speeds transform it into a teardrop shape. Thus, the shape of the liquidus isotherm also 

changes from curved into one that is more planar in shape, and the growth direction of the 

columnar grains adjusts accordingly. It has been noted that the weld metal ductility (of pure 

Al) was greatly reduced with high welding speed, as the columnar grains pointed towards 

the weld centreline. In such case the grains were almost normal to the welding direction, 

which was the tensile test axis. As shown in parts (c) and (d) of Figure 28, it is also possible 

that axial columnar grains grow along the weld centreline. Such axial grains can initiate from 

the fusion boundary as welding begins, and the weld pool shape affects how large of a 

portion of the pool boundary is normal to the welding direction, and thus suitable for such 

axial growth. Such axial grains have been seen in aluminium alloys and austenitic stainless 

steels. (Kou, 2021: 216ï218) 

What all this grain morphology fundamentally means in terms of hot cracking in aluminium 

alloys, is that it affects the network of solidification grain boundaries (SGB). As the excess 

solutes are rejected into the liquid channels that form SGBs at the end of solidification, it is 

natural that the density of this ñnetworkò of SGBs plays a role in determining the distribution 

of the low melting point eutectic liquid that has formed thanks to the redistribution 

(segregation) of those excess solutes into the molten aluminium ahead of the solidification 

front. Comparing the extreme cases, a morphology consisting of equiaxed dendrites will 

have a higher amount of SGBôs than a planar morphology when solidified. Given the fact 

that dendrites look like fir trees, i.e. they are complex in terms of shape, the easy way to 

think about it is to imagine how much more surface contact area there is between all 



55 

 

complexly shaped dendrite arms. (Eutectic liquid or low melting point phases located 

between such dendrites can be referred to as being interdendritic.) Thus, there are a lot more 

ñnooks and cranniesò in dendritic morphology for the excess rejected solutes to travel 

(diffuse) to. Grain refining can promote the formation of equiaxed dendritic grains, and it 

has been observed (Schempp, 2013) that grain refinement led to a coarsening of the 

interdendritic phases, breaking up the network of such interdendritics. All thi s is to say is 

that the shape (morphology) of the grains will affect how the rejected, excess solutes (which 

ultimately form the low melting point liquid films) distribute themselves across the weld 

metal. 

3.4.3  Microsegregation and formation of grain boundary liquid film 

In case of cellular or dendritic solidification, redistribution of the solutes results in 

microsegregation, a phenomena where solute segregation happens on microscopic scale 

across the cells or dendrite arms. As discussed earlier, the equilibrium segregation 

coefficient k shows how much the solidifying grain rejects excess solutes. The lower the k, 

the more solute is rejected into the liquid ahead of solidification front. As a result, that very 

segment of the liquid near the solid-liquid interface gets enriched by those solutes, and on 

microscopic level this is what microsegregation is about. In terms of coefficient k, increasing 

value of k decreases segregation. If k = 1, then no microsegregation occurs, as coefficient k 

equalling 1 essentially indicates that no rejection happens at solid-liquid interface. Kou also 

highlights that fast back diffusion can considerably reduce segregation. Back diffusion refers 

to diffusion of solute atoms back into the bulk solid (growing grain) at solidification front. 

Such movement of solute atoms naturally reduces the solute content in the liquid ahead 

solidification front, thus reducing segregation. In case the solute content is low, then there is 

not much solute to segregate to begin with. It has also been noted that increasing welding 

speed reduces microsegregation. (Kou, 2021: 171, 247ï251) 

It has been shown by the means of autogenous (i.e. without filler) TIG welding of aluminium 

that even if the solute contents of different alloys would be similar, the solidification 

microstructure can still differ a lot. An example is seen in Figure 29, which shows the 

micrographs of AlCu4.4/EN AW-2014 (a) and AlMg4/EN AW-5086 (b). 
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Figure 29. TIG welded Al micrographs, a) AlCu, b) AlMg, adapted from (Kou, 2021: 254). 

 

The copper alloyed aluminium shows clear dendritic structure, while the magnesium alloyed 

base material does not. This difference in microstructure despite similar solute contents (4.4 

% vs 4.0 %) can be explained by the differences in maximum solid solubility of those 

alloying elements in aluminium. As presented through binary system approximation by Kou, 

the maximum solid solubility of Mg in Al-Mg binary system is 17.5 wt.%, whilst the eutectic 

composition is 36.3 wt.% Mg and thus the coefficient k = 0.48 for Mg in Al-Mg system. 

Similarly, for a binary Al-Cu system, the maximum solid solubility is 5.65 wt.% Cu, eutectic 

composition is 33.2 wt.% Cu and therefore k = 0.17 for Cu in Al-Cu system. As can be seen, 

the Al-Mg system has much higher maximum solid solubility, and thus higher value of k as 

well. Another thing to note is that the eutectic temperature is noticeably lower in Al-Mg 

system than in the Al-Cu system (450 °C vs 548 °C). Reflecting back on earlier discussion, 

the higher value of k of the Al-Mg system suggests lesser magnitude of microsegregation. 

In similar fashion, higher k also reduces the fraction of eutectic, which once again indicates 

lesser degree of microsegregation. To understand what the ñeutecticò looks like visually, see 

the black lines and dots in Figure 29, with (a) showing continuous eutectic i.e. clear black 

likes, whilst (b) shows structure that looks more like faint black dots scattered here and there 
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(no continuous eutectic). In other words, the light-coloured phases in Figure 29 are Al-rich 

dendrites, whilst the dark-coloured phases indicate interdendritic eutectic. Fundamentally 

what can be seen is extensive bonding between dendrites in the Al-Mg alloy, seen by the 

lack of those continuous black lines (eutectic). This is to show that the magnitude of back 

diffusion increases with higher values of k, as is the case here when comparing Mg and Cu 

systems. Conversely, back diffusion is of lesser degree in the Al-Cu system seen above, 

meaning the dendrites have not extensively bonded together.  (Kou, 2021: 253ï256) 

Whilst not explicitly stated in full in the listed source of preceding paragraph, discussion 

around Figure 29 essentially shows that there was less eutectic liquid in the grain boundaries 

in the Al-Mg system. For that reason the dendrites in Al-Mg system bonded better together, 

which in turn increased their ability to resist solidification cracking. 

Microsegregation plays an essential role in the formation of the grain boundary liquid film, 

which basically wets the grains and acts, as the name suggests, as a film between the grains. 

In case this liquid consists of solutes that push the liquid constitution towards eutectic 

composition, it then becomes a low melting point liquid. Such low melting point liquid films 

are one fundamental factor behind the hot cracking phenomena, if not the most important 

factor altogether. What these low melting point liquid films do at grain boundaries can be 

conceptualised by imagining a bunch of grains that are almost fully solidified. Those grains 

arenôt yet properly connected to each other due to that liquid film separating them. Whilst 

the grains are essentially solid, the liquid film still is in liquid state of matter due to its lower-

than-base-material melting point. The longer this liquid film persists, i.e. the wider the 

freezing range of that liquid film, the more there is time for tensile stresses to pull those 

grains apart, resulting in hot cracking. 

3.4.4  Typical characteristics of the main cracking types 

As mentioned at the beginning of this section, solidification- and liquation cracking are the 

main types of aluminium hot cracking this work focuses on. Ultimately both are caused by 

the fact that a liquid film (or low melting point phases overall) exists between the grains as 

tensile stresses grow too large in magnitude, with the material being in semi-solid state (grain 

boundaries not fully solidified). Whilst principally similar, the location of occurrence of 
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these two cracking types differ, as does the manner in which the liquid film forms between 

the grains. The principal characteristics of these two cracking types are shown in Figure 30. 

 

 

Figure 30. Illustration showing the characteristics of a) solidification crack, b) liquation 

crack, adapted from (Hales et al., 2020). 

 

Solidification cracking typically occurs in the weld centreline, where the solidifying grains 

meet as they grow simultaneously from both groove faces of the weld. One reason for the 

characteristic centreline location of a longitudinal solidification crack is simply the fact that 

centreline area is the last part of the weld metal to solidify. Liquation cracking, on the other 

hand, typically occurs in the partially melted zone of the base material, near the fusion line. 

Cause for such is the liquation or partial melting of the grain boundaries (GB) of the base 

material in the PMZ, exacerbated if the BM is of composition that promotes the existence of 

low melting point phases in the grain boundaries. Solidification cracking will be discussed 

first. (Lukkari et al., 2016: 272; TWI Ltd., 2015) 

Solidification cracking can typically be characterised by three features, with the first one 

pertaining to the ñmacroscopicò location of the crack; itôs inside the weld metal, as seen 

previously in Figure 22 a). Going to a more microscopic level of things, the second feature 

of a solidification crack is that it propagates along grain boundaries. Third feature is that the 

resultant fracture surface is either dendritic or cellular. These microscopic features are shown 

in Figure 31. 
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Figure 31. Microscopic features typically found in solidification cracks, a) crack following 

grain boundaries, b) dendritic fracture surface, adapted from (Kou, 2021: 325). 

 

For Figure 31 a), autogenous bead on plate welding of EN AW-7075 aluminium was 

conducted. Figure 31 b) shows the resulting fracture surface when a lap weld of EN AW-

2024 alloy was performed with ER2319 filler material. (Kou, 2021: 325) 

With the ñrecipeò for hot cracking being, in simplified terms, the existence of low melting 

point liquid and tensile stresses, where do latter come from? Simply put, a phenomenon 

known as solidification shrinkage is what induces stresses into the mushy zone of the weld. 

As the name suggests, the stresses occur due to the fact that most metals have higher density 

as solid than liquid, meaning that their volume decreases during solidification (as mass 

doesnôt disappear anywhere), ergo the metal shrinks. Whilst the mushy metal wants to shrink 

as it cools down, it cannot do so freely, as it is connected to the workpiece. This leads to a 

situation, where the solidifying (and shrinking) weld metal tries to pull the workpieces closer 

together, and as in practise the welded plates cannot move freely, stresses are induced to a 

greater degree. For this reason, very tight clamping of the workpieces exacerbates the 

induced stresses as it means that while the workpieces wonôt budge, the weld itself has to 

bear a bigger load of the stresses. (Kou, 2021: 323) 

It is so that typically columnar grains dominate the weld metal region in welding, unless 

some sort of grain refining method (such as inoculation, arc oscillation, weld pool stirring, 

etc.) is used. As Figure 32 (a) shows, such columnar grains usually grow epitaxially from 



60 

 

the fusion line, whilst turning to grow along the welding direction as they advance towards 

the weld centreline. (Kou, 2021: 323) 

 

 

Figure 32. Illustration of the effect on solidification cracking a columnar grain morphology 

has, (a) macrograph, (b) schematic, (c) photo showing the actual crack (Kou, 2021: 326). 

 

Whilst itôs typical for a solidification crack to occur longitudinally in the centreline, as 

illustrated by Figure 32 (b), solidification cracks can also be initiated near the fusion line, 

from which they can then propagate via grain boundaries towards the weld centreline in a 

more transverse manner. Overall, the component of tensile stress that is normal 

(perpendicular) to the boundary between two growing columnar grains, is what can separate 

them and thus cause solidification cracking. From the perspective of the weld metal, it is the 

transverse stress that tries to pull it apart. Thus, as shown in Figure 32 (b), such columnar 

grains that have turned to face the welding direction are most susceptible to the transverse 

tension, meaning that such a scenario (columnar grains under transverse tension at the 

centreline) can be used as the baseline when comparing the susceptibility of alloys to 

solidification cracking. (Kou, 2021: 323ï324) 

Based on the aforementioned scenario of inspecting mushy zone columnar grains growing 

along the welding direction, Kou (2021: 327) has proposed a criterion for cracking during 
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solidification. Furthermore, an index based on that criterion was proposed for predicting the 

susceptibility to cracking, and the validity of said index was verified, amongst other, against 

aluminium alloys. This criterion and index will not be covered in detail here, but essentially 

this proposed index system looks at how two columnar grains grow longitudinally and 

radially, and how the flow of liquid metal into the grain boundary channel between those 

examined grains interacts with them. For the criterion, this grain boundary channel is defined 

as a volume element, and if there is net increase of this volume element, a crack will occur. 

Kouôs criterion has three factors, of which the first one indicates the rate of volume element 

growth by grain separation, whilst the second one measures the rate of volume element 

reduction by grain growth. Third and last factor checks the rate of volume element reduction 

by liquid feeding. In case the 1st factor is larger in magnitude than the 2nd and 3rd factors 

combined, it means that the aforementioned net increase of volume element occurs, ergo 

cracking happens. In practical terms this is to say that if the grains grow, relatively speaking, 

faster longitudinally than radially, the so-called grain boundary channel will become 

elongated, meaning it will be more difficult for the liquid to fill it, as if it cannot be filled in 

full, voids will remain that can propagate into macro scale cracks. (Kou, 2021: 327ï328) 

Whilst that was about the criterion, for the index for the susceptibility of aluminium alloys 

for solidification cracking, Kou decided to inspect the maximum steepness of a curve, where 

temperature is plotted against the square root of fraction solid. Fraction solid (fs) depicts the 

solidification of an element, such as that of a singular grain. The value of fraction solid 

ranges from 0 to 1, with zero meaning that the inspected element consists of fully liquid, 

whilst value of one would indicate total solidification of the element, with no liquid left 

within. It is noted that once extensive bonding is reached between dendrites, solidification 

cracking can no longer ensue. That is to say, when there is no more residual liquid left to 

form a continuous liquid film between grains to separate them, the grains can bond in areas 

where no liquid is separating them. Progression of solidification was examined with an 

organic alloy of succinonitrile-acetone. It was noted that the liquid films between columnar 

dendrites are still continuous at fraction solid of 0.82. However, extensive bonding became 

evident when fraction solid had reached 0.98. Thus, Kou assumed that for aluminium alloys 

extensive bonding occurs at fraction solid of 0.98, or at 0.99 when using the square root of 

that factor. Therefore, as Kou explains, the maximum steepness of the aforementioned curve 

up to the value of 0.99 was taken as the index for measuring the susceptibility of aluminium 

alloys to solidification cracking. In more practical terms, this plot of temperature against the 
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square root of fraction solid (Tï(fs)
1/2) results in a curve, examples of which are shown in 

Figure 33 (a). (Kou, 2021: 328ï329) 

 

 

Figure 33. Crack susceptibility of wrought aluminium alloys, (a) Tï(fs)
1/2 curves, (b) 

cracking susceptibility based on the maximum steepness seen in (a) as index, (c) reported 

cracking susceptibility ranking (Kou, 2021: 329). 

 

As can be seen, a high maximum steepness (shown as a tangent, and taken as absolute value) 

of the Tï(fs)
1/2 curve indicates high susceptibility of cracking. That is to say a temperature 

drop of large magnitude during solidification (fs increasing) indicates small lateral growth 

of the grains, leading to the earlier described situation of the grain boundary channel 

elongating. As shown in Figure 33, it seems this index for (solidification) cracking by Kou 

is pretty reliable. It is further shown by Kou that the same index can be used for predicting 

the effect of filler materials on the cracking susceptibility of the weld, resulting in similar Tï

(fs)
1/2 curves. (Kou, 2021: 328ï330) 



63 

 

Whilst the effect of grain morphology on hot cracking was discussed prior, another 

observation as per why equiaxed dendrites are more resistant to cracking is the fact that they 

can deform and rearrange themselves under strain to accommodate tension, thus also 

reducing risk of cracking. This being one reason why grain refining increases the cracking 

resistance of the metal, as it promotes the occurrence of equiaxed dendritic grain structure. 

(Kou, 2021: 350ï351) 

Solidification mechanism of aluminium differs by alloy, depending on the chemical 

composition. In other words, this so-called solidification temperature range (also known by 

freezing temperature range) indicates how an alloy solidifies, and it affects solidification 

cracking, as well as porosity as discussed earlier. Ergo, pure aluminium solidifies rapidly, 

within narrow solidification temperature range. Such rapid transition from liquid to solid 

state of matter reduces risk of solidification cracking, but poses higher risk of porosity. The 

wider the solidification temperature range (or mushy zone, i.e. difference between liquidus 

and solidus TLïTS) is, the smaller the risk for solidification cracking. This is to say that 

highly-alloyed alloys solidify over longer time period (wide mushy zone). When there are a 

lot of alloyants, the aluminium grains solidify as if ñfloatingò in the melt, with solidification 

occurring at the same time across the weld. In such case the grain boundaries solidify quickly 

and become load-bearing simultaneously, thus reducing the risk of solidification cracking 

occurring. Most troublesome are alloys that have been alloyed with so-called ñcritical 

amountò of alloyants, as they solidify unevenly due to the differences in chemical 

composition at grain boundaries caused by microsegregation. At the end of the solidification 

is a critical moment, when small amounts of liquid still exist between the grains, thus 

preventing them from properly bonding with each other. As the stresses affecting the weld 

joint grow, mainly due to solidification shrinkage, it may happen that the partly bonded 

grains separate, leading to the initiation of a crack. All in all this is to say that the chemical 

composition of the weld metal plays a very significant role when determining the hot 

cracking susceptibility of a weld. Over past decades data has been gathered on the 

solidification cracking susceptibility of aluminium binary alloy systems, with plotted graphs 

showcasing what is referred to as the ñcritical rangeò of alloying elements in this work. Such 

data is shown in Figure 34. (Kou, 2021: 351; Lukkari et al., 2016: 273ï274) 
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Figure 34. Susceptibility of aluminium binary alloys to solidification cracking (Lippold, 

2015: 107). 

 

On Figure 34, the X-axis denotes the composition of the alloying element in the given binary 

system, showing e.g. that AlSi (or 4000 series) has highest likelihood of cracking when the 

silicon content is around 0.8 wt.%. Ultimately, the main and most effective method to avoid 

hot (solidification) cracking in aluminium alloys revolves around the idea of avoiding these 

critical range compositions in the weld metal (Kou, 2021: 360). This can be done by utilising 

suitable filler material and joint/groove design selection to push the weld metal chemical 

composition away from the critical range by taking into account how the penultimate weld 

metal composition forms via dilution. Examining these binary alloy cracking susceptibility 

curves, each curve could be split (from left to right, in the direction of increasing alloy 

content) into three regions: subcritical, critical and supercritical region. Whilst these names 

of these three regions are (to the best of understanding) coined here by the thesis author 

himself, the logic is based on what Lippold (2015: 105ï107) explains in his book. As was 

already established, a weld metal of critical composition is most likely to crack, as there is 

enough low melting point (eutectic) liquid to cause cracks, but not enough to heal those 
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cracks via backfilling (meaning that excess eutectic liquid floods in and fills the 

voids/cracks). In case the weld metal ends up into the supercritical region, it means that 

whilst cracking might occur during solidification, there is enough eutectic liquid to backfill 

and heal any possible cracking. On the other hand, subcritical region is safe in terms of 

cracking simply because there is such a little amount of eutectic liquid to begin with that it 

is unlikely to cause any cracking at all. 

In case of inspecting ternary aluminium alloy systems, such as Al-Mg-Si or Al-Cu-Si, crack 

susceptibility maps can be used. Figure 35 shows the cracking susceptibility maps for Al-

Mg-Si ternary alloy, that is to say 6000 series aluminium. As the main alloying component 

in 6000 series is the combination of Mg and Si ï Mg2Si ï the susceptibility curve for binary 

Al -Mg2Si can also be used to inspect the cracking tendency of 6000 series, but the ternary 

Al -Mg-Si susceptibility map allows for more accurate determination of the cracking 

likelihood, as it enables to take into account the differences in Mg and Si contents as they 

vary between different alloy grades within the 6000 series alloy group. Data for Figure 35 

b) susceptibility map has been calculated by utilising the aforementioned index, i.e. the 

maximum steepness of the Tï(fs)
1/2 curve (Kou, 2021: 361). As can be seen, the highest 

likelihood of cracking for Al-Mg-Si alloys is when both Mg and Si contents are around 0.75 

wt.%. 

 

 

Figure 35. Solidification cracking susceptibility maps of ternary Al-Mg-Si alloys, a) 

observed, b) calculated, adapted from (Kou, 2021: 361). 
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Liquation cracking, as prefaced at the beginning of this subsection, is in principle very 

similar to solidification cracking. Low melting point liquid exists between grains during the 

terminal stages of solidification, risking cracking in case the stresses induced by 

solidification shrinkage are too high. Though, in case of liquation cracking, the grains in 

question are the ones of base material, located within the partially melted zone. Aluminium 

alloys, due to very low temperature gradients caused by their very high thermal conductivity 

and very low liquidus temperature, often show a wide PMZ with lots of liquation occurring. 

Besides that, the wide solidification temperature range (relative to the TL) and high eutectic 

contents also promote liquation. During welding the weld pool is surrounded by a semisolid 

region because an alloy melts and solidifies over a range of temperature. To be specific, the 

semisolid that surrounds the front and the sides of the weld pool is called PMZ, as it indicates 

the workpiece area that has been heated up into the temperature range of the semisolid. On 

the other hand, the semisolid region behind the weld pool is known as the mushy zone, 

representing weld metal that is in semisolid format. The semisolid regions adjacent to the 

sides of the weld pool are what will become the PMZ of the weld as it solidifies. These 

regions are illustrated in Figure 36 a), with S and L standing for solid and liquid respectively. 

(Kou, 2021: 401ï402) 

 

 

Figure 36. Characteristics of PMZ, a) melting and solidification of an alloy over a 

temperature range, b) formation of PMZ, adapted from (Kou, 2021: 402). 
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Figure 36 b) illustrates the formation of the PMZ, visualising how the grains first melt 

partially, forming liquid along the grain boundaries. Such liquid forms also within grains, 

albeit this is not visualised in the figure above. This grain boundary liquid then solidifies 

into what is known as PMZ, forming two peculiar ñsubregionsò or bands, with the first 

solidifying one being a solute-depleted Ŭ-band along the grain boundary. After that, the 

remaining liquid solidifies as grain boundary eutectic, which is typically dark in appearance. 

On the other hand, the solute-depleted Ŭ-band seems to be sort of white in colour, or at least 

ñsmoothò in appearance compared to the main, unmelted grain. That description of the 

appearance of the Ŭ-band applies at least to the two aluminium examples (6061 & 2219) in 

Kouôs book on page 403. It has been noted that the liquated material solidifies directionally, 

i.e. the grain boundary liquid tends to solidify towards the heat source (essentially up- and 

inwards, against the weld pool) regardless of its location relative to the weld. Lastly, the 

solute-depleted Ŭ-bands along the grain boundaries form by microsegregation that happens 

during the aforementioned directional solidification of the grain boundary liquid. These Ŭ-

bands can be planar or cellular in terms of morphology. What this grain boundary 

segregation and the two different bands mean in practice in terms of composition is that the 

Ŭ-band will have a solute content (such as Cu in AlCu alloys) that is lesser than that of the 

base material, whilst the eutectic can have one that is really high, close to the eutectic 

composition of the respective alloy. (Kou, 2021: 401ï402, 411ï413) 

A criterion for predicting the effect of filler material on liquation cracking susceptibility was 

proposed by Kou and co-workers. It has been observed that the strength of a semisolid 

increases as the fraction solid fs increases, making it a reasonable assumption to say that the 

resistance to cracking is dominantly dependent on the fraction solid. That is to say, the 

microstructural differences between WM (dendritic) and PMZ (granular) do not play a 

significant role. The criterion proposes that the inspected fillerïbase material combination is 

susceptible to liquation cracking, if the fraction solid of the weld metal is higher than that of 

the PMZ (WM fs > PMZ fs). It is noted that this criterion applies once fs > 0.3, as it has been 

observed that significant strength establishes during solidification as fraction solid grows 

higher than 0.3. In order to increase the PMZ fs to avoid cracking in accordance with the 

proposed criterion, forced, localised cooling measures could be employed to accelerate the 

PMZ solidification to increase its fraction solid. Whilst technically possible, a more practical 



68 

 

solution is to select a proper filler material to decrease the WM fs. The validity of this 

proposed criterion for predicting the effect of filler material on liquation cracking 

susceptibility has been verified experimentally. Curves plotting temperature against fraction 

solid, akin to ones discussed prior under solidification cracking, can also be done to predict 

the liquation cracking susceptibility, two examples seen in Figure 37. Although, here fs is 

used for liquation cracking, instead of its square root (fs)
1/2 that was utilised for predicting 

the solidification cracking susceptibility. (Kou, 2021: 424ï426) 

 

 

Figure 37. Susceptibility of 6061 aluminium, welded with (a) ER5356 at 64.1 % dilution, 

(b) ER4043 filler at 67.6 % dilution, to liquation cracking, presented with Tïfs curves, 

adapted from (Kou, 2021: 426). 

 

As can be seen, WM fs > PMZ fs near the end of solidification when 6061 aluminium was 

welded with ER5356 (AlMg5) filler at 64.1 % dilution rate, resulting in cracking within 

PMZ. On the other hand, 6061 welded with ER4043 (AlSi5) filler at 67.6 % dilution rate 

experienced no liquation cracking, a result that coincides with the Tïfs curves showing that 

PMZ fs > WM fs during the entirety of solidification. Tïfs curves were also calculated for 

6061 + ER5356 and 6061 + ER4043 combinations at various dilution rates. For 6061 welded 

with ER5356, WM fs > PMZ fs in the dilution range of 60ï90 %, whilst for dilution rates of 

0ï40 % WM fs < PMZ fs. For 6061 welded with ER4043, the condition of WM fs < PMZ fs 

occurs in the wide dilution range of 30ï90 %. These kind of Tïfs curves can be utilised to 

select proper filler material and dilution rate in order to reduce the likelihood of liquation 

cracking. (Kou, 2021: 426ï428) 



69 

 

3.4.5  Theoretical amount of magnesium silicide 

With the aforementioned concept of critical range of critical alloying elements, such as 

magnesium silicide (Mg2Si) in case of 6000 series aluminium, in mind, the theoretical 

amount of Mg2Si formed by Mg & Si can be calculated by utilising stoichiometry, which 

roots itself in the principle of mass conservation. Thus, formation of Mg2Si can be written 

as 

2 Mg + Si Ҧ Mg2Si 

which essentially just tells that in order to get one molecule of magnesium silicide, one atom 

of silicon and two atoms of magnesium are required. To calculate the amount of Mg2Si, 

either atomic weights or molar masses can be used, as they are identical in value and units 

are of no concern, because ultimately the actual chemical composition data will use 

dimensionless quantities (wt.%) i.e. weight ratios. Atomic weights are 24.31 for magnesium, 

and 28.09 for silicon. Thus, the atomic weight of Mg2Si would be 76.71 (2*24.31 + 28.09). 

To form one unit of Mg2Si, the ideal weight ratio would be 

2 Mg/Si Ҧ (2*24.31)/28.09 

which equals roughly to 1.73. As itôs calculated as the ratio of magnesium over silicon (due 

to Mg2Si containing more Mg than Si), it basically tells that in order to form one unit of 

Mg2Si, one unit of Si and 1.73 units of Mg are required. In other words, the following 

equation describes the ideal weight ratio of Mg over Si: 

ρȢχσ    (3.1) 

where Mg and Si simply denote their respective elements. Let WMg and WSi be in wt.% the 

measured quantities of magnesium and silicon respectively. Subsequently, let WMg(req) and 

WSi(req) be in wt.% the required quantities of magnesium and silicon to form Mg2Si in an 

idealistic scenario. 

For aluminium alloy 6082, on nominal average (see Table 8), WMg = 0.9 wt.% and WSi = 1.0 

wt.%. Given that 6082 has nominally more silicon than magnesium, and as magnesium 

silicide requires more magnesium than silicon, an educated guess can be made to state that 

in case of Mg2Si formation in 6082 alloy, magnesium will very likely be the restrictive 

factor. Thus, equation 3.1 can be transformed into 
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7
Ȣ

    (3.2) 

which essentially checks if silicon indeed is the excess, abundant element in terms of 

magnesium silicide formation. Silicon is excess if WSi > WSi(req). Thus, utilising equation 3.2 

to check the required Si content to form Mg2Si ideally in 6082 alloy, WSi(req) would be 

0.9/1.73 = 0.52, which is less than the nominal silicon content (WSi) of 1.0, meaning that the 

presumption of excess silicon is true, which consequently tells that in case of pure (not yet 

welded) 6082 alloy, magnesium will be the restricting/constraining factor when determining 

the theoretical amount of Mg2Si. 

Therefore, let WMg2Si be the quantity of Mg2Si in wt.%, and with excess Si, Mg will be the 

constraint, meaning that the quantity of Mg2Si can be expressed as follows: 

7 7 7    (3.3) 

Equation 3.3 can be combined and expanded with equation 3.2: 

7 7 ᶻρ
Ȣ

  (3.4) 

7 7 ρzȢυψ   (3.5) 

Therefore, as equation 3.5 indicates, in case of excess silicon, the theoretical amount of 

magnesium silicide can be calculated by multiplying the measured magnesium content by 

factor of 1.58. This is, of course, a very idealistic method, but suffices for the scope of this 

work, and can be used further ahead in the results chapter to determine the theoretical 

amounts of magnesium silicide in the cracked (if any) weld samples. In case magnesium 

would be the excess element, i.e. silicon would become the constraint, the principles 

mentioned above can be used again. 

3.4.6  Theoretical composition of the weld metal 

With the preceding talk about the critical ranges of alloying elements, and the method to 

theorise the amount of magnesium silicide, simple mathematics can also be used to estimate 

the chemical composition of the weld metal by utilising dilution rate. Thus, the theoretical 

count of magnesium silicide forming whilst welding 6082 aluminium with different filler 

wires can be estimated, albeit this method doesnôt take into account any possible grain 
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refiners and their effect, nor the fact that e.g. excess silicon could heal the cracking by the 

means of backfilling, even if the nominal Mg2Si content would stay within the critical range. 

For this idealistic estimation of the chemical composition of the weld metal in 6082 

aluminium welding, four different filler wires are considered. The nominal (i.e. average) Mg 

and Si compositions of them and the base material are listed in Table 5. For ER5356, Si 

content was set at zero, and wise versa for ER4043 & ER4047 Mg content was set at zero, 

as those wires only contain traces of said alloying elements, thus they can be neglected in 

this approximation. 

 

Table 5. Nominal Mg & Si compositions of the listed materials (Lukkari, 2001: 195; 

MIGAL.CO, 2025). 

Nominal composition of: Mg [wt.%] Si [wt.%] 

6082 0.9 1.0 

ER5356 5.0 0 

ER4043 0 5.0 

ER4047 0 12.0 

MA-6063 0.7 0.4 

 

Given the nature of the high-power TIG welding process, only high dilution rates (65ï85 %) 

will be considered here. Dilution rate indicates how much base material contributes to the 

(chemical composition) of the weld metal, thus the formula for estimating weld metal 

composition will be as follows: 

D*WBM + (1-D)*W FW 

Where D is dilution rate (%), whilst WBM and WFW are the relative (i.e. wt.%) quantity of 

alloying element in base material and filler wire respectively. Thus, at 0.8 (80 %) dilution 

rate, combination of 6082 and ER5356 would have a nominal magnesium content WMg of 

0.8*0.9 + (1-0.8)*5.0 

which equals 1.72 wt.%. The above-presented calculation method has been used to calculate 

the nominal Mg and Si content of the weld metal for different filler wire and dilution rate 

combinations, shown in Table 6 below. 
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Table 6. Calculated nominal Mg & Si compositions of the weld metal with different filler 

wires and dilution rates (D). 

D 0.65 0.70 0.75 0.80 0.85 

6082 + WMg WSi WMg WSi WMg WSi WMg WSi WMg WSi 

ER5356 2.34 0.65 2.13 0.7 1.93 0.75 1.72 0.8 1.52 0.85 

ER4043 0.59 2.4 0.63 2.2 0.68 2.0 0.72 1.8 0.77 1.6 

ER4047 0.59 4.85 0.63 4.3 0.68 3.75 0.72 3.2 0.77 2.65 

MA-6063 0.83 0.79 0.84 0.82 0.85 0.85 0.86 0.88 0.87 0.91 

 

Equation 3.2 can then be used to check if any particular filler wire/dilution rate combination 

has excess silicon. If yes, then equation 3.5 can be used to estimate the theoretical amount 

of Mg2Si that could form. Excess silicon is the case for all filler wires besides ER5356, in 

which case magnesium will be in excess. To estimate Mg2Si quantity for the 6082 + ER5356 

combination, equation 3.1 can be transformed into 

7 7 ρzȢχσ   (3.6) 

Thus, the quantity of magnesium silicide in wt.%, WMg2Si, can be expressed as follows: 

7 7 7    (3.7) 

Equation 3.7 can be combined with equation 3.6, and simplified: 

7 7 7 ρzȢχσ 7 ςzȢχσ (3.8) 

Therefore, as equation 3.8 indicates, in case of excess magnesium, the theoretical amount of 

magnesium silicide can be calculated by multiplying the limiting factor, i.e. measured silicon 

content by factor of 2.73. Therefore, theoretical quantities of ideally forming magnesium 

silicide were calculated for the earlier filler wire + dilution rate combinations, as seen in 

Table 7. 
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Table 7. Calculated theoretical quantity of Mg2Si in the weld metal with different filler 

wires and dilution rates (D). 

D 0.65 0.70 0.75 0.80 0.85 

6082 + WMg2Si 

ER5356 1.78 1.91 2.05 2.18 2.32 

ER4043 0.92 1.0 1.07 1.14 1.21 

ER4047 0.92 1.0 1.07 1.14 1.21 

MA-6063 1.31 1.33 1.34 1.36 1.37 

 

As can be seen, the quantity of magnesium and magnesium silicide in the weld metal for 

filler wires ER4043 and ER4047 are identical, as neither one contain any magnesium (in 

practise). Both wires also tilt the overall balance to be in excess of silicon, meaning the 

magnesium content then becomes the constraint in terms of Mg2Si formation. As said, these 

are theoretical values, and do not take into account the effect the high fluidity caused by 

excess silicon of ER4xxx wires, nor the grain refining effect MA-6063 brings. These 

idealistic quantities can then be compared to the measured values during experimentation. 

3.4.7  Geometrical and mechanical factors affecting hot cracking 

Whilst the effect of metallurgical factors, that is to say the chemical composition of the weld, 

were discussed prior, this subsection takes a look on how the geometry of the weld joint and 

weld bead, as well as workpiece clamping (degree of restraint), affect hot cracking. 

In terms of geometrical factors, joint/groove geometry affects both the likelihood of 

solidification and liquation cracking, simply by altering the chemical composition of the 

weld via dilution. A joint design with large openings will have a lower dilution rate than a 

design that might have no bevelling at all. With such a joint design, more filler material is 

required, leading to lesser contribution of the base material to the total weld metal. 

Approximations of dilution rates in aluminium welds of different joint designs are shown in 

Figure 38. (Lukkari, 2001: 184) 
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Figure 38. Approximate dilution rates in Al welding, adapted from (Kou, 2021: 362). 

 

For some numerical examples on how dilution rate affects the WM composition, see 

previous subsection. Weld joint/groove geometry also affects the primary direction of 

solidification, as it can be thought to be normal to the groove face. As such, I-groove can 

have a higher susceptibility to centreline (solidification) cracking, whilst in a bevelled 

groove the upward direction of growth from both sides can reduce the risk of centreline 

segregation. Situation in I-groove can be illustrated by imagining the solidification fronts 

confronting each other head-on, meaning there is a higher chance of the rejected solutes 

getting trapped in the centreline, causing a concentration of low melting point liquid to 

persist until last moments of solidification. Such centreline segregation is essentially shown 

in Figure 39 (f), which shows another, related factor to such centreline segregation; high 

depth/width ratio of the weld bead. Overall, Figure 39 illustrates the different effects weld 

bead shape can have on tension across the surface (a) & (b), as well as on solidification 

(centreline) cracking (c)ï(g). (Kou, 2021: 366; Lukkari et al., 2016: 32ï33) 
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Figure 39. Effect of weld bead shape on tension (a & b) and solidification cracking (cïg), 

adapted from (Kou, 2021: 366). 

 

It has been proposed that the convexity of the weld surface can affect the local stresses, as 

can be seen in Figure 39 (a)ï(e), with concave weld experiencing tension, whilst convex 

shaped weld would be in compression. As such, convex weld surface shape might be able to 

reduce solidification cracking. (Kou, 2021: 366) 

As mentioned earlier, the weld metal shrinks during solidification. As a result, the shrinking 

weld kind of tries to pull the workpieces, and as they usually cannot move freely, stresses 

are induced into the weld. The magnitude of these stresses can be alleviated by adjusting 

how stiff the clamping of the workpieces is, that is to say, adjusting the degree of restraint 

the fixtures impose on the workpieces. As is logical, very stiff clamping increases the risk 

of hot cracking. Conversely, jigs that allow movement of the workpieces during shrinking 

reduce hot cracking. (Kou, 2021: 360, 431; Lukkari, 2001: 231; Lukkari et al., 2016: 274) 
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3.4.8  Mitigation of hot cracking 

This subsection focuses mostly on filler material selection, as that is, in practical terms, the 

main method to try to prevent hot cracking in the so-called factory floor setting. Joint/groove 

geometry affects as mentioned before, but that is dependent on the welding process used. In 

the case of this particular high-power TIG process for aluminium welding, a joint type that 

results in high dilution rate is nigh impossible to avoid, as otherwise all the productivity 

enhancing advantages of that process would be lost. Conversely, conventional TIG (or MIG) 

cannot even utilise the same, high-dilution groove designs for thick plates, as they lack the 

penetrative abilities to do so. 

In similar fashion, there is not much else to say about the clamping of the workpieces here, 

albeit it is mentioned by (Lukkari et al., 2016: 282) that clamping that generates transverse 

compression could be used to try to reduce hot cracking. I.e. such clamping that pushes the 

groove faces against each other. Speaking of such compression, (Kou, 2021: 366) mentions 

it has been shown that an externally applied electromagnetic force inducing compression of 

the weld metal can also reduce solidification cracking. 

Adjusting the working temperature, usually by the means of preheating, can reduce the risk 

of solidification cracking, but it has been noted by (Kah et al., 2010) that preheating had no 

notable effect on preventing liquation cracking. To mitigate solidification cracking, the 

increased working temperature can also be achieved by utilising extra torches during the 

welding process, that is to say preheating in traditional sense as a separate, preceding step 

isnôt strictly necessary. It is mentioned that solidification cracking can also be reduced by 

cooling a spot behind the weld pool, that is to say it seems likely that either adjustment of 

temperature, be it heating or cooling, can alleviate solidification cracking if properly 

employed. (Kou, 2021: 365; Lukkari, 2001: 64) 

Speaking of temperature, it is to be remembered that heat input affects the likelihood of 

liquation cracking. The higher the heat input, the wider the HAZ becomes and thus, liquation 

of the grain boundaries will occur in a larger area as the PMZ grows with HAZ. For example, 

(Kah et al., 2010) report narrower HAZ and lesser degree of liquation cracking with MIG 

than TIG, due to formerôs lesser heat input in their tests. Either way, keeping heat input in 

check can alleviate liquation cracking related issues. (Kah et al., 2010; Kou, 2021: 414, 430; 

Lukkari, 2001: 231) 
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Filler material selection is the most effective and practical method to reduce both hot 

cracking types covered here. Simply put, the goal is to select the filler material with dilution 

in mind, so that the resulting chemical composition of the weld is moved away from the so-

called critical range. Whilst there are tens of different filler materials for aluminium, usually 

only handful of them are required in everyday welding work. For example, as a rule of thumb 

it can be said that fillers of type AlMg5 can be used for welding most common alloys, 

excluding pure aluminium (1000 series), whilst fillers of type AlSi5 are suitable for AlSi & 

AlMgSi alloys (4000 & 6000 series). Another simplified rule for filler material selection is 

following: 

- non-heat treatable alloys: matching the base material 

- heat-treatable alloys: AlMg5 (for AlMgSi & AlZnMg alloys) and AlSi5 (for AlMgSi 

alloys) 

Whilst the focus here is the effect of filler material on hot cracking, filler selection also has 

to take into account other, such as strength, corrosion resistance and surface treatment related 

factors. Anodizing is an example of surface treatment, where 4000 series wires (AlSi) donôt 

perform well, as their colour turns dark grey. AlMg (5000 series) wires give better corrosion 

resistance and colour matching (for anodizing), but in such case the Mg content has to be 

similar to base material. If high strength is desired, then the filler wire Mg content shall be 

4.5ï5 %. Overall, there are guide tables for selecting the suitable filler wire for the given 

base material alloy combination, such as (SFS-EN 1011-4:2001, ), which actually gives three 

options per base material combination. Those three filler options are aimed to achieve either 

optimal mechanical properties, corrosion resistance or weldability for the weld joint, but 

most of the time said options are identical. That is to say, for most base materials, one filler 

wire type fulfils best all three properties from mechanical, corrosion and weldability point 

of view. (Lukkari et al., 2016: 281ï283) 

Whilst that covers filler material selection pretty well in the overall scope, the danger of 

liquation cracking has to be kept in mind when welding 6000 series alloys. While both AlSi 

and AlMg type fillers are suitable by default for 6000 series alloys (AlMgSi), it is noted 

(Kou, 2021: 430; Lukkari et al., 2016: 274) that AlSi type fillers are better at reducing the 

chance of liquation cracking. The reason given is that the excess silicon changes the weld 

metal composition in such manner that the WM will be the last region to solidify, meaning 
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the PMZ has managed to solidify earlier. This can be explained by looking at the equilibrium 

phase diagrams seen in Figure 40.  

 

 

Figure 40. Equilibrium phase diagrams of (a) Al-Mg2Si binary system, (b) Al-Mg-Si 

ternary system, adapted from (Guo et al., 2025). 

 

As shown by the phase diagrams, the solidus temperature for Al-Mg2Si binary system is 

about 595 °C, whilst for Al-Mg2Si-Si ternary system (lower left corner of Figure 40 (b)) it 

is roughly 550 °C. Thus, the PMZ of the base material, which is similar to the 

aforementioned binary system in 6000 series alloys, solidifies at higher temperature (earlier) 

than the weld metal, which has been pushed towards the aforementioned ternary system due 

to the excess silicon present. This interplay of AlSi and AlMg type filler wires on liquation 

cracking in 6000 series aluminium was ñprefacedò by the Tïfs curves seen in Figure 37. 

For welding 6000 series aluminium, matching filler wires by default are not suitable, given 

how crack-sensitive the alloy series is in itself. Thus, 6000 series fillers havenôt really even 

existed until recently, with one commercial example being the MA-6063 filler material. It 

utilises Ti5B1 (titanium-boron) nanoparticles as inoculants for grain refinement to produce 

successful welds with what otherwise would be a crack-sensitive combination. An example 

of MA-6063 filler usage on welding 5 mm thick 6082 aluminium butt joint can be seen in 

Figure 41. (MIGAL.CO, 2025) 

 



79 

 

 

Figure 41. Butt weld on 5 mm thick 6082 aluminium with MA-6063 filler, a) macrograph, 

b) polarized light micrograph showing the fine-grain structure, adapted from (MIGAL.CO, 

2025). 

 

What essentially happens in grain refinement, is that these nanoparticles, such as titanium-

boron, act as heterogeneous solidification nuclei. In practical language it means the 

solidification will start to occur from a larger number of locations simultaneously, which 

means the growing grains meet each other faster, thus leading to reduced grain size. This 

first of all increases strength, as smaller grain size equals denser network of grain boundaries, 

which act as barriers that inhibit the movement of dislocations, thus increasing the resistance 

of the material to plastic deformation (Kyröläinen and Kauppi, 2016: 17). Secondly, the 

increased density of the grain boundary network, as discussed prior, spreads the low melting 

point liquids thinner, thus being beneficial also from the hot cracking point of view. Another 

advantage of using this kind of matching filler material for welding 6000 series aluminium 

is the fact that the strength of the weld can then be increased with post-weld heat treatment. 

(Kou, 2021: 350; MIGAL.CO, 2025) 
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4  Experimental testing 

To aid the research and seek answers to the research questions, welding tests were arranged 

in the welding laboratory of the LUT University in summer-autumn 2025. This chapter 

discusses the arrangements of the welding tests, including the related information on the 

metallurgical and metallographic testing conducted between autumn 2025 and early winter 

2026. 

4.1  Background of the experimentation 

With the whole premise of the thesis centred on the topic of how joint geometry and dilution 

affect the hot cracking phenomena, welding tests were conducted in order to provide some 

experimental data on the subject. As a result of these welding tests, weld samples were 

obtained, which in turn were examined with various means in the laboratory of metallurgy. 

4.2  Welding test equipment 

Welding process used was the so called high-power TIG, with the Arcline PP torch being 

the essential part of it. The torch was connected into a MasterTig 535 ACDC GM welding 

machine from Kemppi, seen in. Welding wire was fed via EASY 400 PLUS wire feeder 

from Italian Trafimet, a Kemppi Oy Group company. Some pictures of this welding setup 

can be seen in Figure 42 (On c) & d), see the wire feed support device on the right side, used 

to adjust the filler wire feed location, as well as the brownish coloured copper backing bar.). 

Water cooler used in the welding laboratory for this welding process seems to be a 

proprietary licensed model made for Linde AG by Kjellberg Finsterwalde in Germany, 

model name being ñR¿ckk¿hler C5 ïSò. Said cooler in itself seems to be based on the model 

ñeChilly 5ïSò by Hyfra GmbH from Germany. This chain of deduction was based on the 

manufacturerôs labels found on the backside of the cooler unit. The welding torch was 

controlled, as in terms of movement, by PEMA 3x3 column and boom type welding 

manipulator from a Finnish company Pemamek Oy. 
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Figure 42. Pictures of the welding setup, a) Kemppi MasterTig 535 ACDC GM welding 

machine, b) Trafimet EASY 400 PLUS wire feeder, c) & d) Arcline PP welding torch. 

 

In terms of control, the setup in use was not something that could be called ñautomatedò. 

Only one of the two gases started automatically with the ignition of the arc, the other had to 

be manually operated. Two operators were needed for performing the welding action, with 

one person controlling the torch movement by operating the PEMA 3x3 welding column and 

boom manipulator, with the other person starting and stopping the arc as per the instructions 

audibly transmitted by the person controlling the torch movement. 
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4.3  Base material and welding consumables 

Base material used in the experiments was aluminium alloy EN AW-6082 (AlSi1MgMn), 

with temper status T651. The ñT651ò is the temper designation of the aluminium alloy in 

question, describing what kind of treatment (such as cold working or heat treatment) the 

material has been subjected to. On their website, Alumeco describes T651 as following: 

ñSolution heat-treated, stress-relieved by controlled stretching (permanent set 

0.5% to 3% for sheet, 1.5% to 3% for plate, 1% to 3% for rolled or cold-

finished rod and bar, 1% to 5% for hand or ring forging and rolled ring) and 

then artificially aged. The products receive no further straightening after 

stretching.ò (Alumeco, 2025) 

Chemical composition of alloy 6082 is presented below, in Table 8, expressed as weight 

percentage (wt.%). 

 

Table 8. Chemical composition of aluminium alloy 6082 as wt.% (Aalco Metals Ltd, 

2019). 

Si Fe Cu Mn Mg Cr Zn Ti Other Al  

0.7-1.3 
Max 

0.5 

Max 

0.1 
0.4-1.0 0.6-1.2 

Max 

0.25 

Max 

0.2 

Max 

0.1 

Max 

0.15 
Balance 

 

In terms of aluminium oxide removal, the instruction manual for Arcline PP actually 

recommends not to clean the top side surface of the plate, as the manufacturer/designer of 

the torch claims doing so will help stabilise the process: 

ñNo grinding on the aluminium top side surface, grinding of weld face and 

backside is enough. The aluminium oxide layer on the top side helps stabilizing 

the process and will be dissolved by the constant cathodic cleaning.ò (Kjellberg 

Holding GmbH, 2021: 36) 

In this work, such practise of not cleaning the oxides from the top side surface was adhered 

to for the following welds: A4ïA6 & A14ïA19. This was a bit accidental, as per the 

experience of the welding laboratory staff, grinding both sides results in less porosity overall, 

but it was decided to leave the plates as they were, and put the grinded side as bottom side, 

to be in accordance with the instruction manualôs remarks. As for all the remaining samples 

(A1ïA3 + A7ïA9 & set-B), surfaces on both sides were grinded. 
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With regards to weld groove preparation, manufacturer of the torch tells to always break the 

root side edges. For thick I-groove butt joints (> 5 mm), top side edges shall also be broken. 

In case bevelling is to be used for groove preparation, a wide groove angle of 70° to 90° is 

recommended. Height of the root face shall be 5 mm at most, less for thicker base material. 

Bevelling of the groove shall be done from plate thickness of 8 mm upward. (Kjellberg 

Holding GmbH, 2021: 36) 

Welding consumables include materials such as filler wires and different gases used during 

the welding process. In this experiment, two different types of filler wires were used, MA-

6063 by MIGAL.CO and ER5356 from DAIKO. Their chemical compositions are presented 

in Table 9 and Table 10 respectively. Both filler wires were 1.2 mm in diameter. 

 

Table 9. Chemical composition of MA-6063 filler wire as wt.% (MIGAL.CO, 2025). 

Si Fe Cu Mn Mg Cr Zn Be Ti B Other 

0.20-

0.60 
< 0.35 < 0.10 < 0.10 

0.45-

0.90 
< 0.10 < 0.10 

< 

0.0003 

0.20-

0.30 

0.04-

0.06 
< 0.15 

 

Table 10. Chemical composition of ER5356 filler wire as wt.% (DAIKO, 2025). 

Si Fe Cu Mn Mg Cr Zn Ti 

0.05 0.11 0.01 0.16 5.1 0.12 0.01 0.065 

 

Arcline PP uses two gases, a shielding- and focus gas, which both were of type MISON® 

Ar (Mison Ar) in the experiments conducted for this research. The composition of Mison Ar 

is such that it contains 0.03 % nitrogen monoxide (NO), with the balance being argon (Oy 

Linde Gas Ab, 2025). 

Manufacturer of the torch also has recommendations in terms of filler wire feeding. Use of 

eccentric filler wire feeding is advised, meaning that the wire is not fed directly under the 

arc, but aimed aside of it (such as onto either bevelled groove face on Y-groove). Such 

requirement is, as per practical logic, more difficult to comply with when using I-grooves 

with air gaps. With such eccentric aim the filler feeds into the weld pool from the side. The 

problem with central wire feeding is that in such case the welding might occur on the liquid 

filler itself, risking lack of fusion. It is also necessitated that the filler wire must slide along 
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the workpiece into the arc, touching the surface of it about 20 mm in front of the arc. This 

allows for arc length correction without instantly lifting the wire off the surface, which risks 

the melting of the free wire end, causing droplets that fall into the weld pool. (Kjellberg 

Holding GmbH, 2021: 37) 

4.4  Welding parameter matrices 

In order to find out how joint geometry and dilution affect the hot cracking phenomena, the 

welding test should cover different scenarios. This was done by conducting multiple test 

welds, each with more or less diverse parameters. Joint geometry was varied by utilizing two 

different base material thicknesses, namely 4 and 8 mm, alongside with applying different 

groove types (I- and Y-groove, see Figure 43) within the set thickness. Joint type in itself 

affects the dilution, but dilution was also varied by the means of utilizing two different filler 

wires and altering their feed rates. 

 

 

Figure 43. Schematics of the used butt joint groove types, a) I-groove, b) Y-groove. 

 

Welding test matrix implemented with 4 mm thick plates is notated as ñset-Aò, while ñset-

Bò refers to the experiments done on 8 mm thick plates. Thus, sample A1 is one welded on 

4 mm thick plates, while B1 would be a weld sample done on 8 mm thick base material. One 

weld test consists of two base material plates, each being 300*110 mm in surface 

dimensions. The welding test parameters are presented in Table 11 for set-A, and Table 12 

for set-B. 
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Table 11. Welding test parameters for set-A (4 mm). 

Sample 
Joint type 

Welding parameters 

Filler type 
Filler rate 

Current Voltage Welding speed 

AG = Air gap [A]  [V]  [mm/s] [m/min] 

A1 

I-groove. 0 mm AG 

275 23.2 

6.3 MA-6063 

4 

A2 275 23.3 4.5 

A3 275 23.3 6 

A4 

I-groove. 1 mm AG 

275 23.9 

6.3 MA-6063 

4 

A5 275 23.8 4.5 

A6 275 22.9 6 

A7 

I-groove. 2 mm AG 

275 23.8 

6.3 MA-6063 

5 

A8 275 23.4 6.5 

A9 275 23.3 8 

 

A11 

I-groove. 0 mm AG 

275 22.5 

6.3 ER5356 

4 

A12 275 22.8 4.5 

A13 275 22.6 6 

A14 

I-groove. 1 mm AG 

275 23.5 

6.3 ER5356 

4 

A15 275 22.8 4.5 

A16 275 23.1 6 

A17 

I-groove. 2 mm AG 

275 24.1 

6.3 ER5356 

5 

A18 275 22.7 6.5 

A19 275 23.1 8 

 

For set-A the Contact Tip to Work Distance (CTWD, meaning in this case the distance from 

the tip of the torch electrode to the base material) was 5 mm. For sample A15, both focus- 

and shielding gas flow rate set at 13 l/min. For the remaining samples in set-A, focus gas 

flow rate at 10 l/min, and shielding gas at 12 l/min. Welding speed was set at 38 cm/min, 

which was converted into 6.3 mm/s for the table. For 2 mm air gap samples, the filler rates 

were adjusted upwards to achieve successful welds. For the joint preparation, fusion face 

was not milled, only mechanically cut. 
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Table 12. Welding test parameters for set-B (8 mm). 

Sample 
Joint type 

Welding parameters 

Filler type 
Filler rate 

 

Full Penetration Current Voltage 
Welding 

speed 

AG = Air gap [A]  [V]  [mm/s] [m/min] Yes/No 

B1 

I-groove. 0 mm AG 

360 27.1 

4 MA-6063 

4 N 

B2 360 26.0 5 Y 

B3 360 26.3 6 Y 

B4 

Y-groove. 0 mm 

AG 

360 27.7 

4 MA-6063 

4 Y 

B5 360 26.9 5 N 

B6 360 27.1 6 N 

B7 

I-groove. 2 mm AG 

360 27.3 

4 MA-6063 

6 Y 

B8 360 25.7 7 Y 

B9 360 25.5 8 Y 

  

B11 

I-groove. 0 mm AG 

360 26.2 

4 ER5356 

4 N 

B12 360 26.6 5 N 

B13 360 26.6 6 N 

B14 

Y-groove. 0 mm 

AG 

360 27.0 

4 ER5356 

4 Y 

B15 360 26.8 5 Y 

B16 360 27.1 6 N 

B17 

I-groove. 2 mm AG 

360 26.8 

4 ER5356 

6 N 

B18 360 26.8 7 Y 

B19 360 27.0 8 Y 

 

For set-B the CTWD was 4 mm. The value was reduced for the thicker plates in order to 

possibly make the arc ignition easier. For all samples in set-B, both focus- and shielding gas 

flow rate was set at 12 l/min. Welding speed was set at 24 cm/min, which was converted 

into 4 mm/s for the table. For 2 mm air gap samples, the filler rates were adjusted upwards 

to achieve successful welds. For Y-groove, groove angle 60° (i.e. bevel angle 30°), height 

of root face 3 mm. For I-groove, fusion face was not milled, only laser cut. 

The grading ñYes/Noò under the cell ñFull Penetrationò is based on whether the entire length 

of the weld was successfully fully penetrated or not. Thus, ñNoò means that there were more 

or less of sections along the sample, where full  penetration was not achieved. 
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4.5  Metallurgical and metallographic evaluation 

This chapter lists all the methods used to evaluate the welded samples. A brief description 

of each step is given, including explanations on how certain procedures/methods function. 

4.5.1  Sample preparation 

Once the welding tests were conducted, samples were prepared from each test weld for 

further inspection. The location along the weld, from which the sample was to be taken, was 

determined by visual inspection. The goal was to take the sample from a location, where the 

weld was of good quality, meaning that there werenôt any great porosity nor other visible 

imperfections present. For the thicker 8 mm plates, which had often issues with achieving 

full  penetration welds, samples were taken from locations where such thorough penetration 

had been achieved. In cases where visually detectable cracking occurred, samples were taken 

from said cracked areas. 

Otherwise the principle of one sample per test weld was followed, but from weld B17 two 

samples were chosen, with B17 being the normal sample, representing a good quality weld 

section. The second sample, B17X, was cut purely due to writerôs personal interest to inspect 

the poorly fused root face more in detail. 

After the locations of the samples were determined, they were cut off from the full weld test 

plates, and then grinded, polished and etched in order for them to be suitable for further 

examination. The basic etchant used was one called Kellerôs reagent, typically consisting of 

2 ml hydrofluoric acid (HF), 3 ml hydrochloric acid (HCL), 5 ml nitric acid (HNO3) and 190 

ml distilled water. 

From the smaller 4 mm thick samples, the initial batch of nine (9) were cast into resin 

mounts, being a process known as mounting. The latter batch of the remaining nine samples 

were not mounted, in order to keep the cracks present in them visible. All of the 8 mm thick 

samples are bigger by default, so none of them were mounted. Unmounted samples can be 

seen in Figure 44. 
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Figure 44. Unmounted weld samples. 

 

Reasons for not mounting the 8 mm samples include both the lack of mounts large enough, 

and lack of necessity, as mounting is usually done to improve the convenience of handling 

small samples. 

4.5.2  Optical microscopy 

The abovementioned process of grinding, polishing and etching is done in order to reveal 

the grain structure of the weld sample. This is very much required before doing any 

microscopy, with optical microscopy (OM) being utilised in this work to examine the 

microstructure of the samples. In terms of the optical systems present in the laboratory of 

metallurgy, the lab technician took first macro images of each sample with the macroscope, 

to give an overview of each sample. After that a microscope seen in Figure 45 with four 

different magnifications (x50, x100, x200 & x500) was used to observe the samples by 

taking photos from fusion line and weld metal of each sample. 
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Figure 45. Optical microscope used for sample examination, live feed of the cracked 

sample can be seen on the PC screen. 

 

Optical microscopy was also used to inspect the weld cross-section of each sample, to check 

if any defects or other interesting irregularities could be found. 

4.5.3  Measurement of weld dimensions and dilution rate 

A microscopic image analysis software called ToupView was used to measure the welds by 

utilising the macrographs as basis. For this study, linear features such as weld width and -

thickness, as well as reinforcement were measured. Specific surface areas on the weld were 

also measured, namely the cross-sectional area of the weld, and the area of the molten base 

material, in order to calculate the dilution rate for each sample. Simply put, dilution 

expresses the influence of the base material on the constitution of the weld metal (SFS 

3052:2020, 2020). Dilution rate, expressed as %, is calculated as follows 

$ ρzππ Ϸ   (4.1) 
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where D is dilution rate (%), A is the cross-sectional area of the molten base material (mm2) 

and B is the total cross-sectional area of the entire weld (mm2). These parameters A and B 

are schematically illustrated in Figure 46, using a zero air gap I-groove as an example case. 

 

 

Figure 46. Illustration of the area measurements for dilution rate calculation, using 0 air 

gap I-groove as an example. ñAò and ñBò denote the area of the molten base material and 

the total weld cross-section area respectively. 

 

Usually, on dilution formulas, B is not expressed as here, but instead as a sum of the cross-

sectional areas of the molten base material and that of the filler material, but said sum is the 

same thing as the total cross-sectional area of the weld. 

4.5.4  Radiography 

Due to small hot cracking being visible on some of the 4 mm thick welds, all samples from 

that thickness group (set-A) were inspected with radiography, which is a non-destructive 

testing (NDT) method used in weld inspection. Simply put, X-rays are shot at the weld, and 

depending on the thickness of the material at any given location, the amount of X-rays 

absorbed differs, resulting in a black and white radiograph. Thus, if a crack exists inside the 

weld, it will show up as a lighter, whiter line on the image. Reason being the crack is a type 

of void, meaning there is less material, which leads into more radiation passing by that area, 

and the more radiation passes through, the whiter the image. 

On the other hand, from the 8 mm thick welds (set-B) only four were radiographed, randomly 

selecting two samples from both filler materials. Of those four welds, one specimen showed 

some defects, but no further 8 mm thick welds were tested with radiography, because the 

experimental scope was narrowed down to the samples with surface-breaking cracks from 

set-A. 
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4.5.5  X-ray fluorescence 

X-ray fluorescence (XRF) analysis is a NDT method to examine the chemical composition 

of many materials. In simple terms, the XRF analyser bombards the sample with high-energy 

radiation, being either X-rays or gamma rays, which in turn excite the atoms they strike. 

Once the atom has been excited, it can release an electron from its inner orbitals, either 

moving to a higher orbital (excitation), or being ejected completely (ionisation). In either 

case, a vacancy opens in the inner electron shell, resulting in an unstable configuration for 

the atom. In order to restore the equilibrium, an electron from higher energy, outer shell falls 

into the vacant position. As the electron moves from higher to lower energy position, the 

excess energy is emitted in the manner of a characteristic, secondary X-ray, also known as 

fluorescent radiation. These are called characteristic X-rays, because every atom has their 

own ñfootprintò, meaning the X-rays they emit in such occasion are unique, and can thus be 

identified by measuring their energy and intensity. The principle of this interaction between 

the primary X-ray and atom is illustrated in Figure 47. The primary X-ray, illustrated with 

purple lightning arrow, causes the electron to be removed from the innermost K-shell, 

leaving a vacancy, which will then be filled by an electron from some higher shell. This 

downward movement of the electron then releases the characteristic secondary X-ray, 

indicated with the yellow lightning arrows. Two arrows are shown, demonstrating how the 

vacancy-filling electron can come from either L- or M-shell in the given example case. 

(Hitachi High-Tech Corporation, 2026; Horiba, 2026) 

 

 

Figure 47. Formation of the characteristic secondary X-rays (yellow) due to the excitement 

of the atom by the primary X-ray (purple) (Hitachi High-Tech Corporation, 2026). 
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Put even more bluntly, the XRF machine shoots X-rays into the sample, the atoms inside get 

excited and release their characteristic, secondary X-rays which the XRF machine then 

smells to tell what elements can be found within the sample. 

The XRF analysis of the weld samples was conducted by using the X-MET8000 Expert CG, 

which is a handheld XRF analyser from Hitachi found in one of the laboratories of the 

university. Though, in this case the associated laboratory had the analyser mounted onto a 

benchtop stand, which turns the handheld analyser into a benchtop one, with that particular 

configuration seen in Figure 48 a). This benchtop stand allows the analyser to be used more 

safely on small, thin or irregular samples, as said sample will be placed inside the protective 

chamber (the large, orange part in Figure 48 a)), which shields the user from any ñexcessò 

radiation. A look inside the protective chamber (Figure 48 b)) reveals the detector of the 

analyser. 

 

 

Figure 48. Two images of the XRF analyser used, a) Hitachi X-MET8000 Expert CG XRF 

analyser mounted onto the benchtop stand accessory, b) A look inside the protective 

chamber of the benchtop stand for the XRF analyser. 

 

The XRF analysis ran for 60 s for any given sample, with the detector of the analyser aimed 

at the centre of the weld metal. As a result, a list of elements detected is given by the analyser, 

results of which will be shown in the next chapter. 
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4.5.6  Vickers hardness test 

In this research, Vickers hardness test was used, as is typical when testing welds in laboratory 

setting. Whilst standard ISO 15614-1 concerns the welding procedure test for metallic 

materials of namely steels, nickels & nickel alloys, itôs still worth pointing out that said 

standard dictates Vickers hardness test as the method of choice for hardness measurement. 

In short, a pyramid shape diamond indenter is pressed into the surface of the material with a 

given load, and after that the two diagonals of the indentation are measured to calculate the 

hardness value. This principle is illustrated below in Figure 49, whilst Figure 50 shows the 

indenter pressing onto the weld sample during laboratory tests. 

 

 

Figure 49. Illustration of the working principle of Vickers hardness test, and how the 

diagonals of the indentation are measured (CWB Group, 2026). 

 

 

Figure 50. Vickers indenter pressing into the weld sample. 
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The size of the indentation left by Vickers indenter is small, making it easy to pinpoint 

specific areas of interest in the weld, such as base material, HAZ and weld metal. For this 

reason, and due to the fact that this method uses a single applied load, Vickers hardness 

measurement is a widely used method for testing welds. 
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5  Results and analysis 

Direct results from the experimentations mentioned in previous chapter will be presented 

here, accompanied by remarks when necessary. This chapter is divided in two main sections, 

with the first one giving an overview on all the samples, whilst the second section focuses 

deeper on the cracked samples. 

5.1  Overview across all samples 

The first section of this chapter will list all the results acquired by the means described in 

section 4.5, concerning all the samples. As a reminder for the reader, set-A samples are of 4 

mm base material thickness, whilst set-B samples are of 8 mm thickness. Also, when looking 

at the results, it is to be kept in mind that weld B12 failed to achieve full penetration along 

the entire welding length, thus sample B12 and any dimensional data related to it shall be 

seen as flawed. 

5.1.1  Heat input 

Heat input (Figure 51) was calculated for each specimen using the parameters (current, 

voltage, welding speed) given in Table 11 and Table 12. For process thermal efficiency 

factor, the standard TIG value of 0.6 was used. Heat input, expressed as kJ/mm, is calculated 

as follows 

ὗ
ᶻ

–z    (5.1) 

where Q is heat input (kJ/mm), I is current (A), U is voltage (V), v is welding speed (mm/s) 

and ɖ is the thermal efficiency factor of the welding process. Division by 1000 is done to 

change the unit of Q from J/mm to kJ/mm. 
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Figure 51. Heat input data for set-A and set-B. 

 

As can be seen, heat input remained pretty consistent. The thicker B-specimens had slightly 

more variation around 1.4 kJ/mm, whilst all set-A specimens experienced roughly 0.6 kJ/mm 

of heat input. 

5.1.2  Macrographs 

Macrographs of the weld samples were compiled by the set and filler wire type, and are 

presented below in four figures (Figure 52 to Figure 55). The small, red scale bar seen in the 

upper left corner of each macrograph is by default 2 mm, with samples A4, A5, A6 and A17 

being exceptions in having the scale bar set at 1 mm. 
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Figure 52. Compilation of the macrographs of set-A samples welded with MA-6063 filler 

wire. 
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Figure 53. Compilation of the macrographs of set-A samples welded with ER5356 filler 

wire. 
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Figure 54. Compilation of the macrographs of set-B samples welded with MA-6063 filler 

wire. 
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Figure 55. Compilation of the macrographs of set-B samples welded with ER5356 filler 

wire. 
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Weld specimen B17 is the only one, from which two samples were taken, with sample B17 

presenting the so-called ñgood weldò in further results below, while sample B17X was cut 

from a section of the weld, where notable lack of fusion had occurred on the root face. The 

difference in the cross-sections of these two samples cut from the same weld is shown in 

Figure 56. 

 

 

Figure 56. Macrograph comparison of the cross-sections of samples B17 and B17X, taken 

from the same weld. 

 

Based on visual inspection of the weld B17, it was overall a rather successful weld, with 

single-pass full  penetration of the joint achieved almost along the entire length of the weld, 

but around the middle section of the weld there was this a few cm long segment, where there 

had been issues with fusing the root face. Thus, sample B17X was cut from there, whilst 

sample B17 was cut closer to the end of the weld. 
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5.1.3  Micrographs 

Micrographs depicting the left-side fusion line and the central weld metal area from samples 

A5, A16, B5 and B16 will be shown below in four images (Figure 57 to Figure 60). 

 

 

Figure 57. OM images of sample A5, a) fusion line, b) weld metal. 100x magnification. 

Scale bar is 100 micrometres. 

 












































































































