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In recent years, a new welding torch to emteathe productivity of aluminium welding has
been introduced. Marketed under two different brand names, toaled highpower TIG
welding has been promised to combine the productivity of MIG with the quality of
conventional TIG. Given the novelty ofie welding torch design, pexisting research
utilising such process is practically nreristent at the time of writing. Thus, it was decided
to investigate the isswexperimentally

Base material of two different thicknesses were digethe experimentsTwo filler wires,
MA-6063 and ER5356 were employed. The kiglver 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 dgéndavith both filler wires.
Samples welded with M&063 portray notably smaller grain size, due to the grain refining
effect of that wire.

Six of the weld specimens had surfdweaking cracks, with investigation focusing mainly

on them. Common factorsene base material thickness andréove with zero airgap.
Dilution rates varied, and cracking occurradth both filler wire types. Radiography
revealed no further cracks in those particular specimens. It was noted that these localised
cracks occurred ding 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
clampingof the plates during welding.
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Viime vuosinamarkkinoille on tuotu uusi hitsauspoltin tehostamaan alumiinin hitsauksen
tuottavuuta. Kahdella eri tuotemerkilltnarkkinoiden, tdméan niin kutsutun suurtehiés-
hitsauksen on luvattu yhdistavan Mitsauksertuottavuuderperinteisen TlGhitsauksen
laatuwn. Hitsauspolttimen uutukaisuudesta johtuen jo ennalta olemassa olevaa tutkimusta
kyseisesta prosessista ei juurikaan ole Kkirjoitushetkella olemassa. Nain adlietta
paatettiin tutkia kokeellisesti

Kokeissa kaytettiin kahta eri perusaineen paksuutigdainelankoja oli kaytossa kaksi
erilaista, MA6063 ja ER5356. SuurtehidG oli tyydyttdva 4 mm paksujen levyjen
hitsaukseen, mutta epéluotettava hitsattapakauudeltaaB8 mm levyja. Mikrorakennetta
tarkasteltaessa huomattiin, ettd molemmilla lisaamgbilla hitsiaineen rakeet ovat
morfologialtaan p&aasiallisesti tasksiaalista dendriittid. M&063 lisdaineella hitsatut
naytteet osoittivat selvasti pienempaa raekokoa, johtuen kyseisen lisaainelangan raekokoa
hienontavasta vaikutuksesta.

Kuudesta koleitsista l0ydettiin pintaan asti aukeavia halkeamia, joten tutkimus keskittyi
paaasiassa niihin. Haljenneita naytteita yhdistivat pemesn paksuya railomuotona ollut
ilmaraoton {railo. Sekoittumissuhteet vaihtelivat, ja halkeilua tapahtui molemmilla
hitsauslangoilla. Radiografisessa tarkastuksessa kyseisistd koehitseista ei |6ydetty muita
halkeamia Huomattiin, ettakaikki ndmé paikallisethalkeamat tapahtuivat hitsauksen
ensimmaisen puoliskoaikana. Lopulta todettiin todennékdisen syyn olepaikdlisissa
jannityskonsentraatiosa, jotka aiheutuivat hitsattavien levyjen kiinnityksista.
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SYMBOLS AND ABBREVIATIONS

Roman characters

A B area mn?

I current A

Q heat input kJ/mm

T temperature °C

TL liquidustemperature °C

Ts solidustemperature °C

U voltage \%

% welding speed mm/s cm/min

Greek characters

d welding process thermal efficiency factor

Dimensionless quantities

D dilution

fs fraction solid

k partition coefficieni{equilibrium segregation coefficient)

W relative quantity of an elemeat compound, used with subscripts
wt.% weight percentage

Subscripts

BM base material



FW filler wire

Mg magnesium

Mg(req) magnesium required for stoichiometric formation of28lig
MQ2Si magnesium silicide

Si silicon

Si(req) silicon required fostoichiometric formation of Mgpi
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 Elecbde 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

SSSS

TIG

WM

WPS

XRF

Solidification Grain Boundary
Supersaturated Solid Solution
Tungsten Inert Gas

Weld Metal

Welding Procedure Specification

X-ray Fluorescence
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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 dilion in the weld metal, which itself depends on factors such
as the filler material composition, filléeedrate and joint geometryrhis research utiless
Tungsten Inert Gas (TIG) welding as the weldaongcessMore specifically, a novel high
power TIGwelding will be utilised.

To explore this topic, parameters related to joint geometry (such as air gaps and bevelling),
filler material composition and fér feedrate will be utili®d. Since the focus of the study
is on the influence of chemical compamit 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 microstructuoé the weld zoneBy understanding the interplay between
chemical composition, dilution and joint geometry, this research aims to prowieitea

understanding of optimisg high-power TIGwelding practices fo8082 aluminium alloy.

1.1 Objectives and ypothesis

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 hypothediatigliution can be controlled

by manipulating joint geometry and adjusting the fifieedrate, therefore preventing the
formation of a molten metal chemical composition that is susceptible to hot crathkiag.
research will indicate that improper fillenaterialfeedrate and joint geometry parameters
can exacerbate hot cracking in sampkesally, the overall weldability of aluminium with

this kind of highpower TIG welding process will be examined.
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1.2 Researchmblem

Utili sing high-power TIG welding enances 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 heps 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 hohgamécause

the segregation of alloying elements leads to the formation of phases with low melting
points. These microsegregations are not under coduoing the solidification of the weld

metal, these low melting point phases contribute to hot crackimegffectsof 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 oftentdtlistra
schematically using diagrams. The amount range of theseibigalloying 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 gextrg but also the chemical
composition of the weld metal. A change in the fifleedrate can prevent hot cracking. It
should be noted that filler material addition is often experimental and has not been
extensively explored in most references. Furtheemexcessive fillefeedrates can lead to

incompletepenetration or other weld defects.

Air gaps and bevelling can control dilution, which can also influence hot cracking. However,
the fitup process may reduce productivity. As aspects of weld geombwyweld
penetration depth and bead size should be optimized to ensure that the welded joint is
acceptable based on visual inspection standards.

1.3 Research gestions

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

addition on hot cracking and the microstructuréuwit jointwelds 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 highpower TIG welding procesBy employing an apprach primarily

experimentaby naturethe studyaims to answer the following key questions:

1. What role does joirgeometryplay in altering the dilution ihigh-power TIG welded

butt jointsof aluminium alloy 60827?

a. How does dilution in the weld metal affethe 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 fillerfeedrates be optimized to minimize hot cracking?

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

utilising the novel higkpower TIG welding process?

1.4 Researchmethods

The process variables in tregperimentaktudy are definedas follows:
1 Air gap.
1 Groovetype (kgroove orY-groove.
1 Basemetalthickness.
1 Filler materialtype (8000or 5000 series
1 Filler feedrate.

Throughout all experiments, welding parameters such as welding current, voltage and travel
speed which determinghe heat inpdit will be kept constant to ensure consistent conditions

across the samples.

Research methods in this warinsist of a literature reviets understand the theory behind

hot crackingcombined with practical experimentation conducted in tekliwg laboratory.
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Welded specimens will be examined from the cisdional area, and metallographic
examinations will be performed on the welds. Examinations of test specimens will be done
mainly with optical microscopyThe mechanical performance (estrength) of thevelded
samples will be excluded from this studased on these experimerndbservationsvill be

made on how thaigh-power TIG weldingprocessand jointgeometrycan affect dilution

and hot cracking susceptibilibf the welds

1.5 Structue and scopef the thesis

The main structure of thedhis consists of three main chaptéhns, firstof which will give

a brief presentatipomweon Tl iGe we o d afmrighateiltl Tihle i
introduce the basics of weldability of aluminiusg fusion welding processesyith focus

being onthree main aspects: oxide layer, porosity and hot crackasg main chapter will

focus in the experimental welding tests and the specimen examingltited to thatAfter

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 acquaintethewvith
conventionallIG andMetal Inert Gas (MIGyvelding processes, as well as with aluminium
as a material. Thug, wider scopeon thebasics related to those three matters will not be

covered here.

The literature review/theomghapteo f t hi s work i s more fpheno
the aim isto understand the underlying phenomena, especially in case of hot cracking, and
not delve into the mathematics/simulations behind said phenoBas&material wise, this

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

will be disregardedwith the focus of this work being on this very specific, new agtver

TIG process for aluminium weldingpitial literature search found out that research papers
concerning this type of welding process simply do not reailst.eAs 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 parbasematerial wisethe scope will be inited to 6082 aluminium
Whilst a lot of research has been done on hot cracking of aluminium whilst utilising
conventionalTlG and MIG welding processes, not much information exists for gagib

with regards to the employment of the higbwer TIG welding. For that reasotiis new
welding process was chosen to be experimented with Wérigst the main focus is on hot
cracking, which in itself is an important part of consideration for agsgshe 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 fpglver TIG welding process performs as

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

This chaptepgives a brief presentation of the-called highpower TIG weldingCondensed

comparison to convention&lG and MIGwelding 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 qu&iggman
company LindeGmbH (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. Froeriaidound in this
literature review, it is not certain when Linde started their development program, but it seems
to havebeenin 2017, when Linde first publically announced theCLINE® PP (Arcline
PP)TIG welding torch seen irFigurel, wi t h A PPO <stod redi.n gdsrfcdri n
to be their solution for improving thproductivity of aluminiumwelding in a way of
combiningthe best oMIG and TIG characteristics in opacketin aforementioned manner

From iF Design websit# is found that the launch date for this product was 2018, and the
devel opment ti me i 8 @&smbéEmikidben 2022 i Design, Z0P95
Siewert et al., 2018)

Figurel. Arcline PP torcKiF Design, 2019)
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2.1 Basicsof weldingcurrent angolarityin MIG & TIG processes

In terms of the mode of welding curreMIG procesaitilises direct current (DC), arttie

filler wire that acts as a consumable wire electisd®tin the pluspole of the welding
power sourceSaid polarity type can also be abbreviated as DCEP, meaniegt current
electrodepositived. DCEP is also known as reverse polariBonversely, direct coent
electrode negative (DCEN) is known as straight polarity. TIG process can, overall, use
DCEP, DCEN or alternating current (AC), ljpractically always AGnode is used in case

of welding aluminiumwith TIG. (Lukkari, 2001: 104, 121; Lukkari et al., 2016: 2285)

Simply put, the reason for utilizing the pipselarity of electrode (constantly in DCEP MIG,
periodically in AC TIG) is the cathodic cleaning effect it imposes ontcstineace of the
aluminium, removing theluminium oxide layerthus making the whole act of welding
effective. According tahe current understanding, the cleansing effect of thelaring the
positive sentperiod in AC mode (ofull time in DCEP)is basel on the kinetic energy of
the positivéy chargedgasions thattransferfrom the positive electrode onto theegative
workpiece, shatteringnd vaporising the oxide layer in its pafhis cathodic clening effect
is illustrated inFigure 2 and Figure 3 below. (Lepola and Ylikangas, 2021: 12128,
Lukkari, 2001: 104; Lukkari et al., 2016: 269)
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Figure2. lllustrative schematic of the cathodic cleaning effect of the-pbalselectrode
translated fronfLukkari et al., 2016: 269)

Cleaning action associated with DC electrode positive
bombarding heavy ion

knocked-off atoms
Ry

\ i ﬂ oxide film on surface
00000

Workpiece (negative)

Figure3. Further illustration dthe surface cleaning effect thfe pluspole electrod€Kou,
2021: 13)

In case of TIG welding of aluminium, DCEP can be used, but only for very thin materials,
becausepproximately70% (2/3) of the heat loads deposited into the plgwole, be itthe
electrode otheworkpiece as seen below iRigure4. Said figure is taken from a welding
blog, but the same information calsobe foundn proper welding books, such @sikkari,

2001: 104)or (Lepola and Ylikangas, 2021: 122pothlistedin the references.
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Electrons and ions

DCEN DCEP AC
DCSP or Straight Polarity | DCRP or Reverse Polarity
et
lans Electrons

flow ol
g F, AT
74
Appx. Heat B6% heat at plate 33% heat at plate 50% heat at plate
Distribution 33% heat at electrode 66% heat at electrode 50% heat at electrode
Oxide Cleani ng Mo cathodic cleaning Strong cathodic cleaning Half cycle cleaning
action action
Bead Penetration Desper Shallow Moderate
Bead Width Marrow Wide Moderate
HAZ Wide Marrow Moderate
Fusion Proper Melting Insufficient Melting Moderate Melting

Figure4. The effect of the welding current and polarity in TIG weldivigsWelder,
2026)

With DCEP it means the electrode takes the bigger heat load, which in turn forces lower
amperage to be used in ordentake sure the electrode can tolerate the increased heat load.
Thus, only thin aluminium is suitable for said TIG polarity. As a curiosits ito be
mentioned that aluminium can be welded with DCEN TIG, but that recquuresielium (or

at least very high content of #75 %) as shielding gaslongside very meticulous removal

of the oxide layer prior to welding, as DCEN in itself does prolvide any arc cleaning
characteristics in the procesShe At r i c k 0 witindieashsetheianc power,s t |
which will momentarily increase the temperature on the surface of the workpiece over the
evaporatiortemperature of the aluminium oxidef{00 °C) Using such lage amounts of

helium can leado problems with arc ignition, but it is also problematic from economic
perspective, as helium gas is very expensi#emao, 2014; ESAB, 2025a; Lepola and

Ylikangas, 2021: 127128, 130; Lukkari, 2001: 103, 109; Siewert et al., 2017b)



21

2.2 Arcline PP

In order to combine the productivity and weld quality of those aforementioned conventional
arc welding procsses into one, Arcline PP utiis DCEP polarityAs discussed earlier,
setting the electrode to ltee positivepole in TIG welding means that the heat load on the
electrode will increasdn Arcline PP torch this can be seen bg fact that the electred
utilised is very thick, beind mmin 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 directwatercooling system for the electrodehese two fadrs togetheenable the

use ofhigh amperagewhich increagsthe energy density of the aroelping toachiewe

greatempenetration deptl{Siewert et al., 2018)

It is noted thatn 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 coitiuting 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 electidaeeffect of the focus

gason penetration depttan be seen iRigureb. (Siewert et al., 2018)

Figure5. The effect of focus ggsvithout ontheleft, with ontheright) on penetration
depth(Siewert et al., 2017b)

Samples seen iRigure5 were welded with Arcline PBt 275 A, using atandoff of 5 mm

(It needs to be noted that based on the text in their 2018 paper, it seems Siewestest al.



22

wi th the t @otheardiendtheohtitediGfAmline PP procesg®gelding speed

45 cm/min, wire feed rate 7 m/min. Base mate(BM) 6 mm thick EN AW5083
aluminium. On left side a weld without focus gas, on right aidesldcompletedwvith focus

gas of argon + 30Ppm (parts per milliofoxygen at 10 I/minOxygen 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 concetiiaaig the arc more stablehe

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

seen inFigure6. (Siewert et al., 2018)

Argon +
0 ppm 150 ppm | 300 ppm | 500 ppm 600 ppm

-|
Figure6. Effect of the focus gas oxygen content on the \beldaviour(Siewert et al.,
2018)

It was found thathe best results would be achieved when the amount of oxygen was 300
ppm. If the oxygen content was lower, it made bothcleaning 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 wel@verall, such gases with an active component can be
called doped gas mixtures. In case oflfe PP, the focus gas is recommended to be argon

or argonhelium mixture with active component of 300 ppm either oxygen or nitrogen
monoxide (Siewert et al., 2018)

Mixing the argorwith heliumcan improve the penetrationpth of the weld, anthe effect
is most seen ithicker materials of high thermal conductivity, suchafsniniumor copper.
The higher thermal conductivity of helium increases the heat infmuthe workpiecgthus
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compensating for thieigh heatconduction present in thick plates of aluminiuks per the

2018 paper, for welding thick platés8 mm)Li nde r ecommends using
helium, 300 ppm oxygen, and b abkufficientyrmeltar gor
the root.Linde ako claimghat the usage of helium in the focus gas can further increase the
welding speed of Arcline PRt was also found that in case tbfe 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 recomm@utfda,

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

In their papeSiewert et al. (2018) showcased examples of welding tests they had conducted
A comparison of Arcline PP process to conventional MIG and ACCEIGbe seen iRigure
7, base material used being EN AS083

MIG TIG-AC ARCLINE PP

Welding speed 40 cm,/min 25 cm/min 200 cm/min

Zmm Top — _—

2mm h - - -

Welding speed 29 cm/min 18 cm,/min 38 cm/min

_—— e
o _ - =
o = - -

Figure7. Comparison of weld faces and roogsulting fromdifferent welding processes
(Linde AG, 2017)

Welding parameters relatedttee welds seen ifrigure? are listed inTablel.
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Tablel. Welding parameters used during process compaf&iewert et al., 2018)

Process Current[A] Filler rate[m/min] Stickout[mm]
MIG (2 mm) 9 15

Standoffimm]

TIG-AC (2 mm) 125 1.7
ARCLINE PP (2 mm) 275 6.5
oo
TIG-AC (6 mm) 185 1.2
ARCLINE PP (6 mm) 275 7

Regarding other parameters used for the welds sdégure?, filler wire diameter was 1.2

mm. Shielding gas of pure argon at 20 I/min was used, and for Arcline PP a focus gas of
VARIGON® S (Varigon S)at 10 I/min.Varigon S is a gas produced by Linde, containing
300 ppm oxygen with the balance being argbmde GmbH, 2013; Siewert et al., 2018)

Linde has also showcased the penetrative abilities of the Arcline PP process, by conducting
longitudinal butt joing assinglepassfull penetration welds on EN AWO083 plates of
multiple thicknesses, as seerfigure8. Related welding parameters are showmable2.
(Siewert et al., 2017a; Siewert et al., 2018)

Figure8. Singlepass Arcline PP weld crosgctions of various thicknesggiewert et al.,
2017a)
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Table2. Welding parameters for singpass Arcline PP welds of various thicknesses
(Siewert et al., 2018)

; ) Welding speed : ;
Base material thicknes:! Current[A] ) Filler rate[m/min]
[cm/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
underneatffablel. In the paper it was noted that plates of 8 mm thickness (and less) can be
welded ina single pass without any groove preparation $uccessful complete joint
penetration.To achieve the same for plates thicker than 8 mm,-preYaration is
recommended, enabling saohglepassfull penetratiorup to a plate thickness of 10 mm.
(Siewert et al., 2018)

Whilst Arcline PP in itself is basically just a torch,their2017 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 100f Avelding currentin brochure Linde

states hat a fidedicated Arcl i ne déeBhotplaifywhat sour
exactly they meartty that. On the other hand, it is then followed up by the statement that
existing TIGAC power sources arpossible to be used as well. The connector box is
described as fia device that allows the Arc
wel ding machinesod. Further details of the
itseemstosplif itr ansl ateo) the singular gas f 1l o\
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 mesaige the u

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

1.5 m), so that accurate gas flow can be ensqitetle AG, 2017)

At the time of writing (202626), nopublicly availablematerial such as brochures,found
online from Lindebs websites. Thus, no <cao

applicatiors were found, but it seems the exaamehigh-power TIG torch islsoavailable
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from the apparent edeveloper of Arcline PP, Kierg Finsterwaldeknown under their

branding as Al nFocus Pluspol eo

2.3 InFocus Pluspole

Kjellberg Finsterwalde is a German group of comparhesgnafterreferred to simply as
Kjellberg. Oscar PLT falls under the same Kjellberg umbrella, being founded in?2QB2

as an internal research company. With that dsded on thavailablematerial it can be

seen that Arcline PP has been a joint developmemnegrof (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 Pluspogethe same torch system, just offered under
separate brandinRe asons for such split or(Kdleemgubl e
Finsterwalde, 2025; Kjellberg Finsterwalde, 2026)

Compared to the lack of (recem&ference material from Linde for Arcline PP, a product
brochure for InFocus Pluspole released duttregummerof 2025 was foundnK j el | ber g«
website.According tothe brochure, InFocus Pluspole as a product was launched in 2022.
Overall, this gives the chance to see how
have changed over time, when comparing the older material from Linde (2017/2018) to this

newer information from Kjellberg (2025Kjellberg 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, offg both quality angbroductivity in

a single packagétructural details of the InFocus Pluspole torch can be sdggure9.
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Insulating nozzle holder /
medium distributor

Shield Gas Nozzle

~ Focus Gas Nozzle

Directly cooled
Tungsten-copper compound

Focus Gas electrode

Shield Gas
17 June 2025 | Kjellberg Finsterwalde

Figure9. InFocus Pluspole torch nozzle detgi$ellberg Finsterwalde, 2025)

As can be seerfigure 9 illustrates the concentric nature of the focus gas nozzle and
shielding gas nozzle enveloping the directly cooled tungst@per compound electrode,
with the flow of gasesisualised withinFurther details of the InFocus Pluspole torch nozzle
can be seen irFigure 10, where said torch from Kjellberg is compared to the

conventional/standard TIG torch.

Standard-TIG InFocus Pluspole

high

energy density
due to load
capacity of the
electrode & focus
gas flow

cleaning

by cathodic
arc-attachment
on the workpiece

FigurelO. lllustrativecomparisorof standardr'lG nozzle to the InFocus Pluspole nozzle
(Kjellberg Finsterwalde, 2025)
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Due to the identical natud the torchesbothabovementionedlustrations can be applied

toLi n dAmlihes 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 appardavetopment,
Kjiell bergbés newer brochure material ostart
singlepassfull penetrati on promises. Whereas Lind
singepass wel ding of workpieces that are up
promise to 8 mm thicknedsr the workpiecesKjellberg explicitly mentionsaid thickness
rangetobé n reference to butt joints, and whil
on the joint type, from related research paper it can be deduced Linde also refers to
workpiece thicknesses used in butt joint configuratiellberg 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\Mhiiss Linde(Siewert

et al., 2018had conducted the 8 mm thiskglepassfull penetration tests with 340 A at

24 c¢cm/ min, Kjiellberg instead pr @amematesal i 4 0 (
used by Kjellber§ s r ef er ence w®G83dshsed earbenby LirdéMSievaht

et al . Kj el | Iseatigdicate what exacllyulo teey cheae with the amperage
given as 400/ 460 tAedwordibpuutl soend &t hcea ns abnee ssel ei nd
guestion of whethesr notthe InFocus Pluspole torch was ran in some kind of pulsed mode,
with 460 Apossibly marking the peak amperad&jellberg Finsterwalde, 2025; Siewert et

al., 2018)

Either way, it eems that over the years thecadled promise of successful singlassfull
penetration has been reduced fromtd@ mm thick butt joints, with suggested welding
speed also slightly reducetinother aspeciaccording tqKjellberg Finsterwalde, 2025pf
this highpower TIG is the improved weld bead shape in terms of hot cracking fimyen

meaning the weld is relatively wider than its depth, a feature visilblgure8.

Ore real life reference of InFocus Pluspole (or hpglwer TIG in generaljpplication was
found from Kj el BpiitzrSyesahrzeugwerk&mbH (8pitzerp $pitzer
is a company specialised in the design and manufacturiryyobulk tankers with an

example product shown below kigure1l.
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Figurell An example of a dry bulk taek(Kjellberg Finsterwalde, 2025)

In this reference, two 5 mm thick aluminiyptates each the size of 7.5 m x 2 m, were joined
together with a singkpass weld along the longer side of the sheet. Aluminium grade used
by Spizerwas not specified in the referenceaterial The cap(upper)and rootsideof the
finalised highpower TIG weld can be seen kigure 12. (Kjellberg Finsterwalde, 2025;

Spitzer, 2026)

Upper side Root side

Figurel2. Customer reference of higlower TIG welding from Spitzer GmhHvith the
cap and root of the weld showcased on the lower half of the i(Kggtberg Finsterwalde,
2025)
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With regards td-igure12, on the background the result of the welding process can be seen,
l.e. the two aluminium plates welded together, and then rolled into cylindrical form to be
used for the construction of the stiygpe structure of the dry buttarrier. 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 seerned from that image alone.

In the case of this reference from Spitatie company has madermse remarks on the
utilisation of the higp o wer TI G wel ding. Apparently th
fastero for them than what eveearligrprocessmos t h
being specified in the referencepitzer also notes thfteynowneedi 50 % | ess t i
seam preparationo. The reference-dowerti&t o me |
wel ding process they have fAnever tungsten
original Apromi seso o r nFagus aRluspolep hamely htee  A'r
reduction/removal afungsten ballingn the electrode. Speaking of which, Spitzer tells they
have aciB eweud si70f wel ding with 1 electrod
Ano more heliumo whiniumsttuctuwes fordthein gftype takerse a |l u
(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 weldiraf butt jointsrespectivelyTable3| i st s data fro
igeakulatoo f or Ar cl i ne P& (RApbutgaints.d-or pldte tHicknasses p o s
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 seémat for welding without a backing bar, Linde recommends e.g.
higher welding speed#.is noted that for thin materials backing bar has a minor effect.

all thicknesses except 10 mm, Varigon S is recommended, which may be substituted with
Mison Ar gas.n terms of 10 mm plate thickness, Linde recommaniRIGON® Hel5S

(Varigon Hel5% as focus gascontaining 15 % helium, 300 ppm oxygen with the balance
being argon(Linde, n.d.; Linde GmbH, 2022)
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Table3. Recommended welding parameters for Arcline PP welded butt jointy (i,

n.d.)

Thicknesg mm] 2 5 6 8 10
Backing bar No No/Yes No/Yes Yes Yes
Current[A] 275 275 275 340 350

Welding speedicm/min| 200 50/34 38/20 24 22
Focus gas flovjl/min] 911
Shielding gas flow!/min] 2i 25[sic] 20i 25
Wire feed ratgm/min] 6.5 6.5/2 7/3.5 5 6
Wire diametefmm] 1.2 1.2/1.6 1.2
Work heightfmm] 5 4

For the shielding gas flow rater 2 mm thick platesn Table3, [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
nonPA) welding positions said value was given a826 | / mi n. This #dh
reinforced by thdact 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 Aatually this hypothesis of a

typo is confirmed to be true, after credsecking and finding out that the ArclirieP

i nstruction manual l i sts the very same we
reference forTable 3. So, the correct value for shielding gas flow rate i8280l/min
(Kjellberg Holding GmbH2021: 38)

Linde also necessitatesgfoove 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,
WAZ2580, is to be used with 10 mm thick plates, whileogttier listed thicknesses can be
welded with the s@alled short nozzle, WA259These are same focus gas nozzle IDs that
Kjellberg uses, which once again points toward the commonality/common roots between
Arcline PP and InFocus PluspoRar amet er ghwor Eebms to refer
the tip of the tungsten electrode from the surface of the workgl€jeiberg Finsterwalde,

2025; Linde, n.d.)

In their brochure/presentation for InFocus Pluspole, Kjellf2@®5)gives an example of

the utilisation of their higipower TIG process, with three different thicknesses of base
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material EN AW5083 showcased, with their respective welding parameters shavable

4 below.

Table4. Welding parameters for InFocus Pluspole welded butt j¢ijtdiberg
Finsterwalde, 2025)

Thicknesgmm| 3 6 8
Current[A] 200 260 400/460
Welding speedcm/min| 80 25 20

For shielding gas Kjellberg has used seemingly just pure argon, and for focd¥aggen

S was used. No gas flow rates were given. For the 8 mm thick plates, the current is given as
AR400/ 4600, but t h eof what ithey mreanby ¢hatp Filernvaré i o n
(AIMg4.5Mn0.7/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 thicknessesrossd

gap kgrooves, albeit there is a mention that the edges were slightly beatthextop and

bott om. This |likely refers to the nedge [
recommending to always break the root side edges of the groove, and topside toe, when |
groove plate thickness is more than 5 mm. Lastly, Kjellberg mesntihat no tacking was

used in these three welding demonstratiggellberg Finsterwalde, 2025; Kjellberg
Holding GmbH, 2021: 36)
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3 Weldability of aluminiumwith fusionwelding processes

In this chapter, thtundamental®f aluminium weldabilityarediscussed, witlscopebeing

on fusionwelding as well as on therrought6000series(mainly 6082)aluminium Three
main aspects of interest will kexamined:the oxide layer of aluminiummhow hydrogen
solubility affects aluminium weldporosity, and thefundamentaltheory of hot cracking
phenomenaOf these three, the first two will be covered in more narrow scope, whilst hot
cracking phenomena will be gfeateinterest.

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 Bepmdai3.
These three aspts are closely interconnected.

Base material

Weldability

Welding process Design

Figurel13. 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 viewmt is the usual approach when talking about
weldability, even though any one aspect of the weldability cannot be examined $gparate
from others. From the aspect of the base material, weldability is mainly seen through the
lens of scrutinising it as a raaial property. CitingLukkari, 2001: 6061), a material is
suitable for welding if, based on its chemical, metallurgical and physical properties, it can
be welded by utilising appropriate welding processes thedwelded 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 excessdegradation of its properties inflicting
metallurgical imperfectionsnto the welded joint From the aspect of base material,
weldability is better the less attention has to be paid on material factors evhdsinga
welding procedure specification (WR$8)cluding factors such as poteaning, preheating,
minimum/maximum heat input, specifgas shielding, posteld heat treatment, specific
cleanliness etdlukkari, 2001: 6061)

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 uded,proces parameters are
applicable etcWeldability can also be examined through the lens of problems/defects that
can be inflicted on the welded joint/structure during welding. Tipesblematicfactors

such as cracking, porosity, insufficient strength/dugtitiegraded corrosion resistance and
inflicted distortionsaffect the reliability of the welded structutestly, (Lukkari, 2001: 61,

lists following factors that affect the overall weldability: alloy type, filler matewelding
process, cleanliness, the shapes and dimensions of the structure, as well as the rigidity of the
structure etcln thiswork, themainapproach on weldability will be from the point of view

of theaspect of thbase materialEuropean Aluminium Association, 2015; Lukkari, 2001
60i 61)

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 thiand densdayerfilm of duminium oxide Al>Os) forms on the
surface of the aluminium metal. Whilst this oxide layer is extremely thin, it still grants
aluminium a very good resistance to corrosibmckness of this oxide layer can, depending
on circumstances, vary betweenl@0nm (0.0010.1 um). Typical thickness range for an
oxide layer formed whilst the material is exposed to air i@Q0m (0.010.02 um) If the

oxide layer is scratched or otherwise damaged, a new protective layer will form instantly,
within seconds, as loras the aluminium is exposed to air (oxygdrjickness of this oxide
layer is about 1 nm immediately after it is formed, and within a few weeks it will be around
3i 5 nm. The naturally occurring oxide layer will be formed thicker, when the temperature

or the humidity of the air increases.i$lnaturally formed oxide layer caxceed.1l umin
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thickness reachingup to 0.2 pmthick in moist, humidatmosphericenvironments.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 seri€kukkari, 2001: 1920, 60; Lukkari et al., 2016: 26869)

Technically speaking this oxide layer of aluminium consists of two separate layers,
especially when it has formed under the exposure to humid atmospheramorphous
inner, thinner layer located directly at the metallic interface of the aluminium is usually
known as the barrier layer, and consists of pup©s. On top of this barrier layer, a thicker,
porousand hydrogenrich layer isformed, seeminglp f t en j ust denot ed
various schematicdescribing the oxide layer of aluminiuifhis secalled top layer is a
combination ofAl.Oz, H2O and crystalline AI(OH)3z (aluminium hydroxide) Speaking of
aluminium alloys(someof) the main alloyiig elementsvhen thermally activated, such as
magnesium on 5xxgeries alloyscans egr egat e f r om axidige aradl | oy
contribute to the constitution of the oxide layer of the matdnalase of 5xxxseries alloys,
magnesium oxidgMgO) and magnesium aluminateVigAl204) are phasesthat can be
formedasa mixed oxideinto thetop layer of theoxide film, but such details are not of
interest in thisvork. Principle of the constitution of theaturally occurringoxide layer of
aluminium alloys an be seen below iRigure 14 and Figure 15. (European Aluminium
Association, 2015; Lukkari, 2001: 180, 59i 60; Lukkari et al., 2016: 26269; Xiao et al.,
2015; Zahr et al., 2012)

Top layer

Barriar layer™

Aluminium

Figurel4. Schematic of the constitution of the oxide layer on aluminium a{leysopean
Aluminium Association, 2015)
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Figurel5. Schematic of the natural surface layer on aluminium materials. Letter B stands
for "barrier layer".(Zahr et al., 2012)

As mentioned, due to its porous nature, the top layer of the oxide film is hygroscopic,
meaning it easilyabsorbs moisture from the surrounding environment. Thisorbed
moisture releases hydrogen during the welding process, being one of the main gburces
hydrogen in aluminium weldingLukkari, 2001: 59; Lukkari et al., 2016: 26870)

Besides being very thin and dentdee oxide layer is also tough and hard. Additionatlis

also electrically nortonductive and thermally stabl€herefore the oxide layegenerally

act as an insulatoduring welding preventingthe molten weld podirom bondingto the

fusion faces of the joint preparation T hi s -lfiii he & i pof the pxae layeis

further reinforced by the fact that the melting point of aluminium oxideughly2050°C,

whilst the melting point of pure aluminium is about 660 °C. So, the melting point of the
surface film of aluminium is roughly thraames hat of the pure base element itself, and is
actually high enough that the welding arc of Mihd TIGprocesses cannot really melt it

in any practical sensé& his nature of aluminium and its oxides differs fundamentally from
that of steels and differenbm oxidespothwhich 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 ad its oxides is also worth noting/hereasron oxides (5.5 kg/dr) are less dense

than iron (7.8 kg/drd), for aluminium (2.7 kg/dr) the situation is upside down, wifi-Os

(3.9 kg/dni) being denser than the base material. Thus, while welding stesirtoxides

will float on top of the molten weld pool, ambnsequentlgause na@omplications but in
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welding of aluminium there is the danger of the heavier aluminium oxide bits sinking into
the molten weld pooleasily causingweld defects, such as ioe inclusions and lack of
fusion. As aluminium oxide is a ceramic, i.e. noretallic material, it can be viewed as a
structural discontinuity in the weld, thus making the joint wealigeygi et al., 2025;
European Aluminium Association, 2015; Lukkari, 2001i &9 Lukkari et al., 2016: 269)

Therefore, in order to facilitate successful fusion welding of aluminitiinust be first
cleaned properlypefore he welding operation commences. The cleaning process has two
main steps. First, thsurface of thealuminiumworkpieceis degreased anskecondlythe

oxide layer is removedThis cleaning process is done to the fusion faces of the joint
preparation, as wedls tothe surfacearea 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 liguds as acetone, toluenmethyl ethyl ketone (butanonahd most mineral spirits.
Solvent is then applied onto the workpiece by using cleanfréetrags. Industrial paper
towels can also be used. Another option is to use soap in hot water, but the lpax=lded

must then be rinsed and dried once they are clean. It is also possible to clean the aluminium
with a specific degreasesuch ageroTri®. Once the workpiece surface has been degreased,
the oxide layeiis removed by means dfypically) mechaical methodssuch a using a
stainless steel wire brushhese brushes cde either simple handrushes, or power tool
utilised versions of them, examples seen beloWwigure 16. Only light pressure shall be
applied when brushingnd 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 surfaceWwith regards to the wire brushes, their bristles ought to be sharp, as dull
bri stles arendt that .dhefbrestes shall eeitreertbe todseffaasi n g
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: 217218; Lukkari et al., 2016: 28288)
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Figure16. Examples of stainless steel brushes that carsée to remove the oxide layer
of aluminium before weldingTanis Brush, 2026)

It should beersural to brush in a single direction to ensure proper removal of the oxides,
instead of accidentally mixing and brushing them itite aluminium.It is important to
remember this order of c¢cleaning, because |
any mechanical brushing will just push said oils and greases deeper into the surface of the
aluminium. Other methods for removinipe oxide layer also exist, such as grit blasting,
chemical cleaninfpickling (involving acids that dissolve the oxide layer nowadays even

| aser cleaning, but t hes@rmane2028,0E5AB, 2025h;06 t b
ESAB, 2025c; Fraser, 2024; Lukkari, 2001: P2¥8; Lukkari et al., 2016: 288)

This aforementioned cleaning process shall be done just before the wedding as the

oxide layer startto reform instantly. If the timespan between cleaning and weidilogng,

such as over two hours, the cleaning process ought to be repeated before commencing
welding (Lukkari, 2001: 218) On the other hand, ifLukkari et al., 2016: 288jt is
mentioned that standard SIEBI 10903 sets a time limit of four hours, after which the
cleaning ought to be repeatédhce the cleaning process is done, the welding process will,

so to spak of, take care of the rest. As described earlier in chagdténe most common
welding processes for aluminium welding utilise the cathodic cleansing effect to break away

any reformed oxides, and apply inert shielding gasdtept the surface from oxidation.
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3.3 Hydrogeninducedporosity

One of the most persistemperfectionsin aluminium welds is the porosity they so often
contain, and the cause for thisusually attributed to the high solubility dfydrogenin
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 stat&olubility of hydrogen is illustrated iRigure17 andFigure

18 below. Whilst hydrogen causes porosity in aluminium, other gases, such as oxygen or
nitrogen, do not. Instead, they form compounds, such as nitrides) @iN oxides (AO3),

which can cause othanperfections in the weld regardleglsukkari et al., 2016: 27®71)
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Figurel?7. Solubility of hydrogen in aluminium and irora(itg. Temperature plotted on
horizontal, solubility on vertical axigLukkari et al., 2016: 270)
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According to older, still very mainstream sources, suctLakkari et al., 2016: 27Qthe

ratio of hydrogen solubility in molten vs soltiatealuminiumat melting point of 660 °G

about 20:1. The same ratio is almost 100:1 when comparing the maximum and minimum
solubility in molten state, and over 1668d when comparing the soluliiji at temperature

of approximately 2000 °C to the solubility in solid state aluminium at 66A%Gseen in
Figure18, made byTrometer et al., 2024Wwho adjusted the plot values by findings from
(Anyalebechi, 2022)he solubility value of hydrogen in soltiatealuminium at 660 °C has

been revised from 0.036 éh00 g to 0.043 cA1100 g. Thus, the ratio of hydrogen solubility
between molten and soléatesat meltirg 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.

I n I aymanés t e rthatasthewlhnairtium kodidifigseithas less Space to give

for the hydrogen, rejecting any amoumexcess of the solubility limiBeing a lightetthan

air gas, hydrogen naturally tends to rise upwards, meaning the rejected hydrogen eventually
exits tre molten metal. The problem arises if the molten weld pool solidifies quickly, then

all the excess hydroganay not haveenough time to reach the surface and exit the weld
pool , and instead, t hey g etlnFigurel® a scanningn s i d

electron microscope (SEM) image offracture surface with @ore on it can be seen,
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illustrating the naturally round shape of such gas induced voids within the(lugt@ari et
al., 2016: 270)

i%«\

0.0k 6O
(S o

Figure19. SEM image of a pore in aluminiuIGAL.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. Ptals usualljhave a singular
solidification temperature, meaning they change state of matter inadyckefined
temperature. On the other hand, metal alloys usually always havealesbmushy zone, a
two-phase region where both liquid and solid states of mexist simultaneouslyThis

mushy zone is defined by liquidu§_ | and solidusTs) tempergures and that temperature

gap (Tui Ts) indicates the size of the solidification rang& liquidus, the solidification
begins, and once the alloy reaches solidus, the solidification is complete. An alloy can
behave like a pure element, meaning the changgte 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 $eyré. the solidification
range i s n aexistaval suohras il case sfpusetaluminiiirthe molten weld

pool solidifies rapidly, increasing the risk of porosity. The extent of the solidification range
increasesvith increasinglloying. 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 66646 °C, and for AIMg4.5Mn0.7 (EN AY8083) it is

638 574 °C.(Kyrolainen and Kauppi, 2016: P23; Lukkari et al., 2016: 271; Pettinen et

al., 2004: 5961)
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Anotherway to prevent gas induced porosity is to assist the exit of hydrogen from the molten
weld pool. This can be achieved, for examphg; reducing the cooling rates by using
preheating and/or higher heat ingeig. by reducing welding speed)though their possible
impact on the strength of the material has to be kept in mind. A suitable welding position
also assists the exit of hydrageaslighter-thanair 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 showifrigure20. (Lukkari, 2001: 229; Lukkari et al.,
2016: 271)

\ PE PG

Figure20. Welding positions in accordance with EN ISO 6947, adapted (capilla,
2026)

Likewise, sideways (PC) odownward openinggrooves (PD, PE or PG) arether
unfavourable or downright poor from the perspective of the exit of the dasieg. helium

in the shielding gas can reduce porosity formation by increasing heat input, which slows
down the cooling rate of the welBor example, a MIGveld on 10 mm thick aluminium
(grade not specified in the source), with a length of 370 mm, utilisjngdve with one bead

on each side, had a total area of pores measured at 152vhen using pure argon as
shielding gas. With eixture d 75 % Ar + 25 % He the area of the pores was 28,mwiith

a 50/50 mixture 18 mfrand with a mixture of 25 % Ar + 75 % Hie area of pores was
measured to be 6 nfmPorosity negatively affects the strength of the welded joint by
reducing the loadbearingarea of the weldlhe mpact o the fatigue strength is even greater.
(Lukkari et al., 2016: 27®@72)



43

The main source of the hydrogen is the oxide layer of aluminium, containing especially
aluminium hydroxide AI(OH)s) and moisture (kD). 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 intadhe weld, as do any impurities in the shielding gslrocarbons, which are
organic compounds of hydrogen and carbon, areaalsmportant source of hydrogen and

thus poresT h u s jmpadrtantiosclean the surfaces prito welding, as discussed eali
Equipment and wospace 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 tharc zone Gas shield being inadequate canchesed by
factors such amsufficient gas flow rate, wronigrch position (pull technique) or draftiness

of the workplace. Paying attention to the shielding gas hoses and their materials is of great
importanceAs the difference in partial pressure offdient gases #and outside the hoses

is great, moisture can diffuse through the walls of the hoses ihdkemat er i all i
sufficiently impermeabldf the hoses are not being used, moisture will be absorbed on the
inside walls and thus flushing thegysystem with the shielding gas before welding is of
good practiseCondensation of moisture from atmosphere is something to keep in mind,
when bringing the workpieces and filler materials into the worksece can happen very
easily on metallic surfaes Lastly, in MIG-welding the filler wire is also krgesource of
hydrogen, because the surface area of the MIG filler wsesl per weld lengtis 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 el

faces less porosity in aluminium welding. Also, due todifierence in physical format of

the TIG filler rods and MIG filler wires, the rods are easier to clean before welduridkari,

2001: 227228; Lukkari et al., 2016: 27@71)

It is naeworthy that the alloying elements in aluminium also affect the solubility of
hydrogen iniquid aluminium This is illustratedn Figure21, where the effects of alloying
elements on hydrogen solubility in liquid aluminium at 70@n@ 101.3 kPa partial pressure
of hydrogen are showiAnyalebechi, 1995)
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Figure2l. Reported effects of alloying elements on hydrogen solubility in liquid
aluminium(Anyalekechi, 1995)

Within the scope of this work, i.e. focus being on 68@@ies 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 silicalecreases it. Yetrom handson
workshop level point of view thaype ofinformation is of noreal practical useas filler
material selection in aluminium welding focuses mainly on prévgiitot crackingand
fulfilling the desired strength requiremeiftsikkari, 2001: 182)

3.4 Hot crackingin aluminium

Cracking is one of the worst defects in any weld, meaning it is an unacceptable imperfection,
as defined by(SFS 3052:2020, 2020)n the fieldof aluminium welding, thevitnessed
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 solidifastioa

metal cools down. Practically spéady, three different types of hot cracking exigts
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 differenin naturefrom the former two. Thus, crater cracking will not be

discussed in this work, and the focus is set to understand the basics ditatbdi and
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liquation cracking.lllustrations of the nature of solidification cracking (a) and liquation
crackirg (b) can be seen Figure22. (Lukkari et al., 2016: 274273, 280)

1 6061 Al

fusion zone

~&— welding direction

.a)

fusion zone

b)

Figure22. Images to illustrate the nature of a) solidification cracking and b) liquation
cracking. Adapted fronKou, 2021: 324 & 420)

As can be seen, solidification cracking occurs within the weld metal regioe wild. This

region is also known as fusi@aone(FZ) or compositeegion depending on source material.
Although, the usage of FZ here seems a bit weirdSBS 3052:2020, 202@efines FZ to

be, inside the weld metal (WM),apg of the parent/base metal that has been melted.
ATraditionallyo | ongitudinal, solidificati
the WM is the main criteria for definition herkiquation cracking, on the other hand, can

be found in the @rtially melted zone (PMZ) of the well t areagion located between the
fusionline (FL)andit r ue 0 heat affected zon-EHAZaspkri ch
(Lippold, 2015: 12)a sourcavhich mentions how research into the regions of fusion welds
oncesplit heat affected zondH@AZ) into PMZ and THAZ. Nomenclature wise, HAZ will

be used further in this workigure23illustrates theypical regions found in a fusioweld.
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Figure23. Schematic of the regions of a fusion wélgopold, 2015: 11)
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unmixed zone and PM&Both FL and weld line seem to be interchangeable terms to refer to
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t the

the same regional boundary in a fusion w@grolainen and Kauppi, 2016: 666). In this

work, theterm FL will be used.

3.4.1 Precipitation hardeningf heattreatablealuminiumalloys

The 6000 series aluminiurased in this workhave both Mg and Si as their main alloying

elements, formingcoherentmagnesium silicide (Mgpi) precipitates during théeat

treatmentprocess.This is one of théheattreatable series of aluminium alloys, with the

processbehind increased strengtieing known as precipitation hardeningFigure 24).

(Lukkari et al., 2016: 260)
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Figure24. Principle of precipitation hardenirfgearnMetallurgy.com, 2021)
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Precipitation hardening consists of three main steps: solutiontreating or solution
annealingdd e n o t soltiomizin@ifi Figure24), cooling orquenching and ageinn the
first step of solution hedteating, the alloy is heated to a suitable tempergameealing
temperature)and held long enough until all alloying elements have dissolved into the Al
matrix to create aingle phase solid solutioAnnealing Emperature in this first step depends
on the given alloy, but is always below the melting point. For 6082,atireealing
temperature is around 530 (Qukkari, 2001: 19)What esserdlly happens during this first
step is that the prexisting incoherenprecipitates of alloying elements, such as Mg and Si,
get dissolved into the Ahatrix due to their solubility increasing with temperature. The
annealingemperature shall be reachsaickly, within a few minutes up to two hours. Once
the whole raw material has reached #mmealingtemperature, the time it is held in that

temperature is measured in a few tens of min(teskkari et al., 2016264 265)

In the second step, the alloy is rapidly cooled (quenched) from the pre@etiegling
temperature to room temperature. This cooling process has to be quick enough, so that the
alloying elements remain in the solid solution, creatinghetasable phaseknown as
supersaturated solid solution (SSS3)enching can be done, depending on alloy, by using

cold water or pressurised ajtukkari et al., 2016: 265)

Actualstrengthening of the alldyappens during ththird and last step of this process known

as ageing, during which the atoms of the alloying elements contained within SSSS are
precipitatedout in a controlled mannefThe solid solution, supersaturated by the alloying
elements, dispersesa diffusion, forming tiny precipitates inside the grains. These tiny
precipitatesarranged in a coherent manméthin the grains are the reason why the alloy
becomesstrengthened, as those precipitates make it harder for the metal to deform by
blocking/hampering thenovement of dislocationés said, 6000 series, i.e. AIMgSi alloys,

form M@.Si precipitates during the ageing process. Besides the focus of this work, there are
two other main groups of hetieatable aluminium alloys, them being AlCu (2000 series)
andAlZnMg (7000 series). They form ACu and ZaMg precipitates respectivelAgeing

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 sermesartificially, in which the
guenched alloy is helat anelevated 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 mlark, (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: 264265)

The main &keaway from this subsection for the succeeding ones is the existence of
magnesium silicide. Whilst in pure form it
roughly 1100 °CLTS Research Laboratories, Inc., 201lih)the context of welding 6000

series aluminium, it will form a low melting point phase with aluminisoch as binarl -

Mg2Si), which plays an important role for these alloys in terms of hot cracking phenomena.
Low melting point in this context means that sydtases have their solidus temperature
below the melting point of pure aluminium, which is roughly 660 °C. For example, the
solidus temperature for the aforementioned binarMgbSi phase is around 595 °C, see
Figure40(a).

3.4.2 Weld solidification, gain growth anctonstitutional supercooling

Solidification of a metal consists of two stepacleation and the growth of grains (crystals)
from themelt Nucleation is the first step as atal 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 ofidg¢hend that of the
solidified metal. In orderdr a pure metal to solidify, nucleation requires that the temperature
of themeltdrops below the melting temperature, i.e. &t has to supercodhlso known

as undercooling)A pure metal does not contain factors, such as inclusions or constitutional
differences caused by foreigelements, whichwould promotenucleation. Thus, the
conditions for nucleation are similar all across thelt This is known as homogeneous

nucleation(Kyrélainen and Kauppi, 2016: 68)

In prectise 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 presentIn such case the process is known as heterogeneous nucleation.
Solidification during welding nucleates immediately on the $tiidid interface with
dominantlyepitaxial mechanism in such manner that the crystal growing fromettés of

same grain/crystal with the base material as long as the conditions pemsmtpla terms,

this epitaxial growth of grains means that the initial grain grdretin the fusion lingorefers
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to use the preexisting grainsof the base materiand the direction of their crystal lattices
for growth path given that thecompositionsstructure 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-gxisting grains(Kyroélainen and
Kauppi, 2016: 68; Lippold, 2015: 18; Pettinen et al., 200496p

Progression of the solidification requires the supercooling of the liooéd)(below the
melting/freezingpoint. Once nucleation occurs, ttrystals begin to grow towards direction,

where the supercooling due to heat dissipation is at its pisdt. transfer at solidiquid

interface occurs in both directions, towards both the solidified metal and et
Solidification, i.e. the growth afrains, can progress in different modes, depending on the
amount of liquid ahead the solidification front (soliquid interface) that has supercooled.
Simplified, the fAideptho of the supercool e
mode of the gpins, starting from slow growth of planar grains and progressing into faster
growing dendrites as more of the molten metal undergoes supercqglymglainen 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 &qdidolid metal.

This is not the case for metals or alloys that contain impurities and/or alloying elements.
Instead, in the practical context of weldin§ alloys we deal with a concept known as
constitutional supercoolingCS), which in simplified esse® of matters dictates the

morphology of grain growth as the weld solidifi@syrélainen and Kauppi, 2016: 69)

To illustrate the concept of CS with the 6000 series aluminium used in this work, the
solubility of Mg and Sis 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 ata given, decreasing temperature. These excess satgethen
rejected into the liquid, still molten metal, ahead of the solidificatront. The facthat

these excess solutes concentrate (segregate) in relatively high amounts into this relatively
constrained area means that the temperature gradient in that localised area drofisebelow

liquidus temperature of thatolten metal. In dter words, supercooling occurs, and because



50

itds driven by these rejected s oKywotieen, It
and Kauppi, 2016: 69)

Aforementioned rejection of the soluissin broader senskhown as solute redistribution,

and can be expressed withparameter known gsartition coefficient kA Equi | i br i
segregation <coefficiento i s dKog 202E r160)n a me
Coefficient kis, 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, iamaethe solute will move to the

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

1, then the opposite happeasdthe quantity of the solute decreases in the ligaglk
approaches 1, solute redistribution will be reduced during solidificdtiocontext 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 gries betwen 0.14 and 0.3,
depending on temperaturahd around 0.1 for Siby Vu gano v i | . Senply pat|, . , 2
this means that the solidifying aluminium grains reject silicon more than magnesium.
(Lippold, 2015: 16)

As highlighted byLippold (2015: 19 21), the solidification mode, i.e. the grain morphology,
is dictated by the magnituder degregof constitutional supercooling. Whilst CS is driven
by the interaction otwo solidification parameters, namelgmperature gradier® and
solidification rateR, the chemical composition also plays a fialé&. Temperature gradient
G can be increased by increasing the temperature of liquid and coolinglidof s
Solidification/growth rateR indicates, on conceptual level, the travel speed of theisolid
liquid interface.Interplay d the G/Rratio can be seen ifigure25, where S and L denote
solid and liquid respectively, witfl being temperaturef the liquid and T, liquidus
temperaturg(Kou, 2021: 159, 168; Lippold, 2015:1121)
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Figure25. Effect of constitutional supercooling on ghfication mode/grain morphology
(Kou, 2021: 168)

Thus, as theG/R ratio decreases by lowering the temperature of the liquid ahead of
solidification front, and/or by increasing the growth rate of the grains, visualgéen 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 composibn, increases the equilibrium freezing range, which in turn increases the
degree of CS. As for the grain morpholofipu, 2021 )ists four(planar, cellular, columnar
dendritic and equiaxed dendritic) solidification mgdehilst some older sources such as
(Lippold, 2015)also list a fifth, cellular dendritic mode, being sort of hybrid between cellular
and columnar dendritimodes As illustrated inFigure25 (d) and desdbed 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 avide mushy zoneas solid dendrites and liquid between all the dendrite arms
(interdendritic liquid)coexist there. Equiaxed dendritic nucleation is also promoted by any
impurity particlesexisting in the liquidThe same principle can also teliberatelyused for

the mechanism of grain refinemdayt adding nucleating agents or inoculants into the liquid
metal (Kou, 2021: 228) Such a process is known as grain refinemewhich will be

investigated bit more when discuisg the MA-6063 filler wirelater.

Kou (2021: 197)notes that theé5/R ratio decreases when moving fraime fusion line
towards the centreline of the weld, suggesting that the solidification mode may change across
the fusion zone, as illustratedfingure26.
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Figure26. Schematic of the variations in solidifica mode acrostheweld (Kou, 2021:
198)

Continuing with(Kou, 2021: 176) he notes that whilgB/R ratio signifies constitutional
supercooling, the result G*R is the cooling ratef the weld Figure27illustrates the effects
that the interplay os andR has on the microstructure of the weld.

Summary of effect of Gand R

G/R determines morphology
of solidification structure

GxR (cooling rate) determines
size of solidification structure

Temperature gradient, G

Growth rate, R

Figure27. Summary of the effect temperature gradi@rand growth rat& have on the
morphology and size of graifikou, 2021: 176)



53

As can be seef@/Rratio affects the fundamental morphology of the grain, whilst the cooling
rate G*R) then affects the size of thenorphology, i.e. howif i neo t he isgr ai n
Kou (2021: 200notes that the cooling raf&R increases when moving from the fusion line
towards the weld centreline. Essentially this means that the grain structure featuras, such
dendrite arm spacing, become finer cl oser

mean that the spacing/distance between dendrite arms decreases as the cooling rate increases

To translate the preceding theory into more practical weldingnpeters, temperature
gradientG ties upwith heat inputQ, whilst it can be approximatg&ou, 2021: 196197)

that at the weld centreline the growth r&eoughly equals welding speed It has been
shown(Kou, 2021: 201202) 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
increasingQ decrease&, which maysound 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 temnm
moving away frontheweld centreline, but instead, descends in a shallower masrtee
temperature of the material has risen more and further across from .t&énafarly, heat

input and welding speed also affect tB¢R ratio, i.e. the cooling rate. It has been
expermentally shown that whilst welding at constant current, the grain morphology became
finer with increasing welding speethus, the cells/dendrites are finer in structure at higher
welding speeds as the cooling rate is higfteou, 2021: 196197, 201203)

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 aluminilmgure 28 illustrates how the weld pool shape
affects the grain structure in theeld metal (Kou, 2021: 214215)
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Figure28. Effect of welding speed on the shape of the weld,ploich influences the
orientationof columnar graingkou, 2021: 217)

As canbe seen, lower travel speed results in more elliptical shape of the weld pool, whilst
faster speds transform it into a teardrghmapeThus, the shape of the liquidus isotherm also
changes from curved into one that is more planar in shape, and the dneetton of the
columnar grains adjusaccordingly. 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 alnwstal to the welding direction,
which was the tensile test axis. As shown in p@jsnd(d) of Figure28, it is also possible

that axial columnar grains grow along the weld centreline. Such axial grains can initiate from
the fusimn boundary as weldingegins 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 austenigsstain
steels(Kou, 2021: 216218)

What all this grain morphology fundamentally means in terms of hot cracking in aluminium
alloys, is that it affects the network sdlidificationgrain boundaries (SGB). As tlegcess

solutes are rejected intbe liguidchannelghat formSGBs at the end of solidificatiorit is
natural that the density of this Anetwor ko
of the low melting point eutectic liquid that has form#thinks tothe redistribution
(segregatiopof those excess solutes into the molduminiumahead othe solidification

front. Comparing the extreme cases, a morphology consisting of equiaxed dendrites will
have a higher amount plolbgywhenBsolidified Givannthe&actp | a n
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
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complexly shaped dendrite arm@Eutedic liquid or low melting point phases located
between such dendrites can be referred to as being interdendhtis,there are a lot more
Anooks and crannieso in dendritic travelr phol
(diffuse) to. Grain refinirg can promote the formation of equiaxed dendritic grains, and it

has been observe(Gchempp, 2013jhat grain refinement led to a coarsening of the
interdendritic phasedreaking up the network of such interdendritiéh this is to say is

that the shap@morphology)of the grains will affect howhe rejected, excess solutes (which
ultimately form thelow melting point liquid film$ distribute themselveacross the weld

metal

3.4.3 Microsegregation anébrmation of grain boundaryquid film

In case of cellular or dendritic solidification, redistribution of the solutes results in
microsegregation, a phenomena where solatgegjation happens on microscopiale

across the cells or dendrite arm&s discussed earlier, the equilibmusegregation
coefficient kshows how muckhe solidifying grain rejects excess solutes. The lower the Kk,
the more solute is rejected into the liquid ahead of solidification front. As a result, that very
segment of the liquid near the seliguid interfa@ 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 essentiallyndicates that no rejection happens at skidjdid 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 solidificatcort. fr

Such movement of solute atoms naturally reduces the solute content in the liquid ahead
solidification front, thus reducing segregatiomcase the solute content is low, then there is
not much solute to segregate to begin wlitlhas also been noted that increasing welding
speed reduces microsegregati@fou, 2021: 171, 247251)

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 exampke seen inFigure 29, which shows the
micrographs of AICu4.4/EN AW2014 (a) and AIMg4/EN AW6086 (b)
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Figure29. TIG welded Al micrographs, a) AlCu, b) AIMg, adapted fr(lou, 2021: 254)

The copper alloyed aluminium shows clear dendritic structure, while the magnesium alloyed
base materialoes 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 aluminiunAs presented through binary system approximation by Kou,
the maximum solid solubility of Mg in AMg binary system is 17.5 wt.%, whilst the eutectic
composition is 36.3 wt.% Mg and thus the coefficient 8.48 for Mg in AFMg system.
Similarly, for a binary AICu system, the maximum solid solubility is 5.65%Cu, eutectic
composition is 33.2 wt.% Cu and therefore k = 0.17 for Cu i€AbkystemAs can be seen,

the AFMg system has much higher maximum solid solubility, and thus higher value of k as
well. Another thing to note is that the eutectic temperasireticeably lower in AMg
system than in the ACu system (450 °C vs 548 °QReflecting back on earlier discussion,

the higher value of k of the Mg system suggests lesser magnitude of microsegregation.
In similar fashion, higher k also reduces trecfion of eutectic, which once again indicates

| esser degree of microsegregation. To unde
the black lines and dots Figure29, 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 eutecticn other words, the lightolouredphasesn Figure29 are Alrich
dendrites, whilst the daréolouredphasesndicate interdendritic eutectiEundamentally

what can be seen is extensive bonding between dendrites in-iig aAlloy, seen by the

lack of those continuous black lines (eutectic). This is to show that the magnitude of back
diffusion increases with higer values of k, as is the case here when comparing Mg and Cu
systems. Conversely, back diffusion is of lesser degree in #H@uAlystem seen above,
meaning the dendrites have not extensively bonded togdtheun, 2021: 253256)

Whilst not explicitly stated in full in the listed source of preceding paragraph, discussion
aroundFigure29 essentially shows that there was less eutectic liquid in the grain boundaries
in the AFMg system. Fothat reason the dendrites in-Kg system bonded better together,

which in turn increased their ability to resist solidification cracking.

Microsegregation plays an essential role in the formation ajthie@ boundaryiquid film,

which basically wets thgrains 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
compositionjt 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 altogetherWhat these low melting point liquid films do at grain boundaries can be
conceptualised by imagining a bunch of grains that are almost fully soliditiede grains
arend6t yet properly connected to each oth
the grains are essentially solid, the liquid film still is in liquid state of matter due to its lower
thanbasematerial melting point. The longer thiiquid 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 craig.

3.4.4 Typical characteristicef the maincrackingtypes

As mentioned at the beginning of this section, solidificatemd liquation cracking are the
main types oBluminiumhot cracking this work focuses on. Ultimately both are caused by
the fact that a liquid filnfor low melting point phases overadlxists bé&ween the grains as
tensile stresses grow too large in magnitudth thematerialbeing in semsolid 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 themea in which the liquid film forms between

the grainsThe principal characteristics of these two cracking types are shdvigure30.
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Figure30. lllustration showing the characteristics of a) solidification crack, b) liquation
crack, adapted frortHales et al., 2020)

Solidification cracking typically occurs in the weld centreline, where the solidifying grains
meet aghey 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. Liquatiakiag 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 ixofmposition that promotes the existence of
low melting point phases in tlgrain boundariesSolidification cracking will be discussed

first. (Lukkari et al., 2016: 272; TWI Ltd., 2015)

Solidification cracking an typically be characterised by three features, with the first one
pertainingtot he fAmacroscopico | ocation of the
previously inFigure22 a). Going toa more microscopic levedf things the second feature

of a solidification crack is that it propagates along grain boundaries. Third feature is that the
resultant fracture surface is eitltendritic or cellular. These microscopic features are shown

in Figure31

c
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Figure 31. Microscopic features typically found in solidification cracks, a) crack following
grain boundaries, b) dendritic fracture surface, adapted (iKom, 2021: 325)

For Figure 31 a), autogenous bead on plate welding of EN -AWZ5 aluminium was
conductedFigure 31 b) shows the resulting fracture surface whadap weld of EN AW
2024 alloywasperformedwith ER2319 filler material(Kou, 2021: 325)

With the Arecipeo for hot cracking being,
point liquid and tensile stresses, where do latter come from? Simply put, a phenomen
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 durirdifisalion (as mass
doesndét di sappear anywhere), ergo the met a
as it cools down, it cannot do so freehg it is connected to the workpiedéis leadgo a

situation, where the solidifying (and shrinkinggld metal tries to pull the workpieces closer
together, and as in practise theldedplates cannot move freely, stresses are indtcad

greater degreeFor this reason, very tight clamping of the workpieces exacerbates the
induced stresses as it medhat while the workpiecewo n 6t budge, tthhe we
bear a bigger load of the stresq&u, 2021: 323)

It is sothat typically columnar grains dominate the weld metal region in welding, unless
some sort of giia refining method (such as inoculation, arc oscillation, weld pool stirring,
etc.)is used. Agrigure 32 (a) shows, such columnar grains usually grow epitaxially from
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the fusion line, whilst turning to grow along the welding directs they advance towards
the weld centrelingKou, 2021: 323)

(@) 55 7 7 N, % = (b) 47T,
= Ll =

Welding direction

columnar grains grow in welding zone ( :
direction near centerline -«—transverse tension—s 2

” G R . fusiog}

Figure32. lllustration of the effect on solidification cracking a columnar grain morphology
has, (a) macrograph, (b) schematic, (c) photo showing the actualkKmgk2021: 326)

Whil st itds typi calo otcordongaudiralty linithe icentreling, tas o n
illustrated byFigure 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 grawwbat can separate
them and thus cause solidification cracking. From the perspective of the weld metiag it is
transverse stress that tries to pull it apart. Thus, as shofigure 32 (b), such columnar
grains that have turned to face the welding direction are most susceptible to the transverse
tension, meaning that such a scenarioyewiar grains under transverse tension at the
centreline) can be used as the baseline when comparing the susceptibility of alloys to
solidification cracking(Kou, 2021: 32B324)

Based on the aforementioned saemaf inspecting mushy zone columnar grains growing

along the welding direction, Ko{2021: 327)has proposed a criterion for cracking during
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solidification. Furthermore, an index based on that criterion wa®geofor 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 proposedndex system looks at howmo columnar grains grow longitudinally and
radially, and how the flow of liquid metatto thegrain boundary channel between those
examined grainsteracts with thenfor the criterion, this grain boundary channel is defined

as a volume element, andlifere is net increase of this volume element, a crack will occur.
Koubés criterion has three factors, of whic
growth by grain separation, whilst the second one measures the rate of volume element
reductionby grain growth. Third and last factor checks the rate of volume element reduction
by liquid feeding. In case the'factor is larger in magnitude than th& and 3¢ factors
combined, it means that the aforementioned net increase of volume elemest eogor
cracking happensn practical terms this is to say that if the grains grow, relatively speaking,
faster longitudinally than radially, the salled grain boundary channel will become
elongated, meaning it will be more difficult for the liquid to fill it, as if it cannotfilked in

full, voids will remain that can propagate into macro scale crékkst, 2021: 327328)

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 agairise square root dfaction solid.Fraction solidfs) depicts the
solidification of an element, such as that of a singular grain. The value obifradiid

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 ketdendrites, solidification
cracking can no longer ensughat 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 thefrogresion of solidification was examined with an
organicalloy of succinonitrileacetonelt 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 solidad reached 0.98hus, 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 factorTherefore, as Kou explains, the maximum steepness of the aforementioned curve
up to thevalue of 0.99 was taken as the index for measuring the susceptibility of aluminium
alloys to solidification crackingn more practical terms, thgot of temperature against the
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square root of fraction solidi{(fs)") results in a curve, exampleswhich are shown in
Figure33(a). (Kou, 2021: 328329)
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Figure33. Crack susceptibility of wrought aluminium alloys, {@a)fs)*? curves, (b)
cracking susceptibility based on the maximum steepness seen in (a) as index, (c) reported
cracking susceptibility rankin@Kou, 2021: 329)

As can be seen, a high maximum steep(sasvn as a tangerand aiken as absolute value

of the Ti (f9)*2 curve indicates high susceptibility of cracking. That is to say a temperature
drop of large magnitude during solidification ificreasing) indicates small lateral growth

of the grains, leading to the earlier delsed situation of the grain boundary channel
elongating As shown inFigure33, 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
theeffect of filler materials on the cracking susceptibility of the weld, resulting in siffiilar
(f9*? curves.(Kou, 2021: 328330)
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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 tensiaisdhus
reducing risk of cracking. Thigeingone reason why grain refining increases the cracking
resistance of the metal, as it promotes the occurrence of equiaxed dendritic grain structure.
(Kou, 2021: 350351)

Solidification mechanism of aluminium differs by alloy, depending on the chemical
composition. In other words, this-salled solidification temperature range (also known by
freezing temperature range) indicates how an alloy solidifies, and it affea#ication
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,dqmsges higher risk of porosity. The

wider the solidification temperature range fnushy zone, i.e. difference between liquidus

and solidusT.i Ty) is, the smaller the risk for solidification crackinthis is to say that
highly-alloyed alloys solidify ovelonger time period (wide mushy zone). When there are a

|l ot of alloyants, the aluminium grains sol
occurring at the same time across the weld. In such case the grain boundaries solidify quickly
and becme loadbearing simultaneously, thus reducing the risk of solidification cracking
occurring. Most troublesome are alloys that have been alloyed witb ad | ed fAcr i
amounto of all oyant s, as they solidify
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 gffibetivveld

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 significare rehen determining the hot
cracking susceptibility of a weldOver past decades data has been gathered on the
solidification cracking susceptibility of aluminium binary alloy systems, with plotted graphs
showcasing what i s rgederoafedaltlooyaisn g hesh e n
data is shown ifrigure34. (Kou, 2021: 351; Lukkari et al., 2016: 2722¥74)
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Figure34. Susceptibility of aluminium binary alloys to solidification crackigppold,
2015: 107)

OnFigure34, the X-axis denotes the composition of the alloying element in the given binary
system, showig e.g. that AlSi (or 4000 series) has highest likelihofoctackng when the
silicon content is around 0.8 wt.%. Ultimately, the meial most effectivenethodto avoid

hot (solidification) cracking in aluminium alloys revolves around the idea of agpidese
critical range compositions in the weld mdtabu, 2021: 36Q)This can be done by utilising
suitable filler material and joint/groove design selection to push the weld metal chemical
composition away from theitical range by taking into account how the penultinvagdd
metalcomposition forms vid@ilution. Examining these binary allayrackingsusceptibility
curves, each curve could be siffitom left to right, in the direction of increasing alloy
content)into three regionssubcritical, critical and supercritical region. Whilst these names
of these three regions af® the best of understandingdined here by the thesis author
himself, the logic is based avhat Lippold(2015: 105107) explains in his bookAs 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 bsal th
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cracks via backfilling (meaning that excess eutectiquid floods in and fills the
voidskracks) In case the weld metal ends up into the supercritegibn it means that
whilst cracking might occur during solidification, there is enough euteqtialto 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 tmbielgin withthat it

is unlikely to cause any cracking at all.

In caseof inspectingernary aluminium alloy systemsuch as AMg-Si or Al-Cu-Si, crack
susceptibility maps can be usédgure 35 shows the cracking susceptibility maps for Al
Mg-Si ternary alloy, that is to say 6000 series aluminium. Agrthie alloying component

in 6000 series is the combination of Mg and $ig>Si1 the susceptibility curve for binary
Al-Mg@2Si can also be used to inspect the cracking tendency of 6000 series, but the ternary
Al-Mg-Si susceptibility map allows for more acate determination of the cracking
likelihood, as itenabledo take into account the differences in Mg and Si contents as they
vary between different alloy grades within the 6000 series alloy group. Datagtoe 35

b) susceptibity map has been calculated bilising the aforementioned index, i.e. the
maximum steepness of thé (f5)2 curve (Kou, 2021: 361)As can be seen, the highest

likelihood of cracking for AIMg-Si alloys is when both Mg and Si contents are around 0.75
wt.%.
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Figure35. Solidification cracking susceptibilitjmapsof ternary A-Mg-Si alloys, a)
observed, b) callated, adapted froKou, 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 dthing
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 rmeftedAluminium

alloys, due tavery low temperature gradients causedH®yr very high thermal conductivity

and very low liquidus temperature, often show a wide PMZ with lots of liquatioarring

Besides that, the wide solidification temperature ranglative to thel,) and high eutectic
contents also promote liquatidduring welding the wld 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 fittand 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 wld metal that is in semisolid format. The semisolid regions adjacent to the
sides of theweld pool are what will become the PMZ of the weld as it solidifiegs&h
regions are illustrated Rigure36a), with S and L standing faolid and liquid respectively

(Kou, 2021: 401402)

Alloy: (S+L) around weld pool
melting -&— | —= solidifying
PMZ (S+L) J PMZ (S+L)

iy D;;;r&'%\ Id metal (S+L)
; AR {ad, oweld metal (S+L),
yeldng, £57 T N Te, mushy zons
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Eﬁmw mmaﬂ,’f’é" fusion boundary
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solute-depleted a
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grains in base grains partially grains salidified
metal (S) melted (S +L) as PMZ (S)

Figure36. Characteristics of PMZ, a) melting and solidification of an atlegr a
temperature rangé) formation of PMZadapted fronfKou, 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 boundariéSuch liquid forms alswithin grains,

albeit thisis not visualisedn the figure aboveThis grain boundary liquidhen solidifes

into what is known as PMZprming two peculiarfisubregiong or bands with the first
solidifying one being a solutg e p | ehbare dalony the grain boundary. After that, the
remaining liquid solidifies as grain boundary eutectic, which is typically dark in appearance.

On the other hand, the solkdee p | ebtinel deents to be sort of whittecolour, or at least
Asmootho in appearance compared to the me
appear an and appliestatHeast tt)the two aluminium examples (6061 & 2219) in

K o u 6 s onlpage 403t has been noted that the liquéitaeaterial solidifies directionally,

i.e. the grain boundary liquid tends to solidify towards the heat source (essentiatydup
inwards, against the weld pool) regardless of its location relative to the lvesidly, the
solutedepleted)bands along # grain boundaries form by microsegregation that happens
during the aforementioned directional sol |
bands can be planar or cellular in terms of morpholddfat this grain boundary
segregation and the two fi#ifent bands mean in practice in terms of composition is that the
Uband will have a solute contefsiuch as Cu in AlCu alloyshat is lesser than that of the

base material, whilst the eutectic chave one that iseally high, close to the eutectic
compgsition of the respective allogkou, 2021: 401402, 411413)

A criterion for predicting the effect of fillenaterialon liquation cracking susceptibility was
proposed by Kou and ewmorkers. Ithas been observed that the strength of a semisolid
increases as the fraction solidricreases, 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 dferences between WM (dendritic) and PMZ (granular) do not play a
significant roleThe criterion proposes that the inspected filb@se material combination is
susceptible to liquation cracking, if the fraction solid of the weld metal is higher thaf that
the PMZ (WM §> PMZ fy). It is noted that this criterion applies onee 0.3, as it has been
observed that significant strength establishes during solidification as fraction solid grows
higher than 0.3In order to increase the PMZtb avoid craclkg 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
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solution is to select a proper filler neaal to decrease the WM. fThe validity of this
proposed criterion for predicting the effect of filler material on liquation cracking
susceptibility has been verified experimentalturves plotting temperature against fraction
solid, akin to ones discsed prior under solidification cracking, can also be done to predict
the liquation cracking susceptibility, two examples seeRigure 37. Although, here {is

used for liquation cracking, instead of its square rapt{that was utilised for predicting
the solidification cracking susceptibilitfiKou, 2021: 424426)
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Figure37. Susceptibility of 6061 aluminiupwelded with (a) ER5356t 64.1 % dilutn,
(b) ER4043 fillerat 67.6 % dilutionto liquation cracking, presented witlfs curves
adapted fronfKou, 2021: 426)

As can be seen, WM $# PMZ fs near the end of solidification when 6061 aluminium was
welded with ER5356 (AIMg5) filler at 64.1 % dilution rate, resulting in cracking within
PMZ. On the other hand, 6061 welded with ER4043 (AISi5) filler at 67.6 % dilution rate
experienced no liquatiocracking, a result that coincides with fhiefs curves showing that
PMZ fs > WM fs during the entirety of solidificationli fs curves were also calculated for
6061 + ER5356 and 6061 + ER4043 combinations at various dilution rates. For 6061 welded
with ER53%6, WM fs> PMZ fsin the dilution range of G®0 %, whilst for dilution rates of

0i 40 % WM £ < PMZ fs. For 6061 welded with ER4043, the condition of WgW PMZ fs
occursin the wide dilution range of 3@0 %. These kind ofTi fs curves can be utilised to
select proper filler material and dilution rate in order to reduce the likelihood of liquation
cracking.(Kou, 2021: 426428)
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3.4.5 Theoretical amount of magnesium silicide

With the aforementioned concept of criticange of critical alloying elementsuch as
magnesium silicide (Mgpi) in case of 6000 series aluminium, mind, the theoretical
amount of MgSi formed by Mg & Sican be calculated by utilising stoichiometry, which
roots itself in the principle of mas®nservation. Thus, formation of M§ can be written

as
2 Mg + SilhMgzSi

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 calculatentoeintof Mg.Si,

either atont weightsor molar masses can be used, as they are idemmtigalueand units

are of no concern, becaus#timately theactual chemical composition data will use
dimensionless quantities (wt.%g. weight ratiosAtomic weights are 24.31 fonagnesium,

and 28.09 for silicon. Thus, the atomic weight of28ligwould be 76.71 (2*24.31 + 28.09).

To form one unit of MgSi, the idealveightratio would be

2 Mg/SiTh(2*24.31)/28.09

which equals roughlio1 . 7 3 . calcglated asdhe ratio of maggium over silicon (due
to M@Si 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 requiredother wordsthe following

equationdescrilesthe ideal weight ratiof Mg over $:

— pg O (3.1)

where Mg and Si simply denote theespective elements. Let\wand Ws; bein wt.% the
measured quantities of magnesium and siliespectively. Subsequently, letweq and
Wsireq) be in wt.% the required quantities of magnesium and silicon to fdgaSi in an

idealistic scenario.

For aluminium alloy 6082, on nominal averggeeTable8), Wug= 0.9 wt.% and W= 1.0

wt.%. Given that 6082 has nominally more silicon thaamgnesium, and as magnesium
silicide requires more magnesium than silicon, an educated guess can be made to state that
in case ofMg.Si formation in6082 alloy, magnesium wilNery likely be the restrictive

factor. Thus, equation 3.1 can toensformed into
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7 — (3.2)

which essentially checks if silicon indeed is the excess, abundant element in terms of
magnesium silicide formatiorsilicon is excess if \3/> Wsireqy Thus, utilising equation 3.2

to check the required Si content to foMu2Si ideally in 6082 alloyWsjgeq) Would be
0.9/1.73 =0.52, which is less than the nominal silicon conterg(8f 1.0, meaning that the
presumptiorof excess silicors trug whichconsequentlyells that in case of pure (not yet
welded) 6082 alloy, magesium will be the restricting/constraining factor when determining
the theoretical amount of M§i.

Therefore, let Wg2si be the quantity of Mgpi in wt.%, and with excess Si, Mg will be the
constraint, meaning that the quantity of #8gcan be expressedfollows:

7 7 7 (3.3)

Equation 3.3 can be combined and expanded with equation 3.2:

7 7 zp — (3.4)

7 7 zZpd Y (3.5)

Therefore, as equation 3.5 indicates, in case of excess silicon, the theoretical amount of
magnesium silide 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 tlveacked (if anyweld samplesin 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 mathematicdsmbeused to estimate

the chemical composition of the weld metal by utilising dilution rate. Thus, doedtical

count of magnesium silicide forming whilst welding 6082 aluminium with different filler

Wi res can be esti mat ed, al bei t t his met hoc
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refiners and their effect, nor the fact that e.g. excess silicon bealdhe cracking by the

means of backfilling, even if the nominal b 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 ao®nsidered. The nominal (i.e. average) Mg

and Si compositions of them arftetbase material are listed Table 5. For ER5356, Si
content was set at zero, and wise versa for ER4043 & ER4047 Mg content was set at zero,
as those wiresrdy contain traces of said alloying elements, thus they can be neglected in

this approximation.

Table5. Nominal Mg & Si compositions of the listed materiéllsikkari, 2001: 195;
MIGAL.CO, 20%5).

Nominal composition of: Mg [wt.%] Si [wt.%]
6082 0.9 1.0
ER5356 5.0 0
ER4043 0 5.0
ER4047 12.0
MA-6063 0.7 0.4

Given the nature of the highower TIG welding process, only high dilution ratesi @® %)
will be considered here. Dilutiorate 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*Wgwm + (1-D)*W rw

Where D is dilution rate (%), whilst ¥ and Wew are the relatig (i.e.wt.%) quantity of
alloying element irbase materiahnd filler wire respectivelyThus, at 0.8 (80 %) dilution

rate, combination of 6082 and ER5356 would have a nhominal magnesium cogigoft W
0.8*0.9 + (20.8)*5.0

which equals 1.72 wt.%'.he aboe-presented calculation method has been used to calculate
the nominal Mg and Si content of the weld metal for different filler wire and alilutte

combinations, shown imable6 below.
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Table6. Calculated ominal Mg & Si compositions of the weld metal with different filler
wires and dilution rate@D).

D 0.65 0.70 0.75 0.80 0.85
6082 + Wig Wi Wig Ws;i Whig Ws;i Wig Wi Wwg Ws;
ER5356 2.34 0.65 2.13 0.7 1.93 0.75 1.72 0.8 1.52 0.85
ER4043 0.59 24 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 excessilicon. If yes, then equation 3.5 can be used to estimate the theoretical amount
of Mg.Si that could form. Excess silicon is the case for all filler wires besides ER53586, in

which case magnesium will be in excess. To estimagSMgiantity for the 6082 ER5356
combinationgquation 3.1 can be transformed into

7 7 zpg o (3.6)
Thus, the quantity of magnesium silicide in wt.%ygééi, can be expressed as follows:

7 77 (3.7)
Equation 3.7 can be combined with equation 3.6,samglified:

7 7 7 zp o 7 z¢& o (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 oR.73. Therefore, theoretical quantities of ideally forming magnesium

silicide were calculated for the earlier filler wire + dilution rate combinations, as seen in
Table?.
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Table7. Calculated theoretical qotity of Mg.Si in the weld metal with different filler

wires and dilution ratefD).

D 0.65 0.70 0.75 0.80 0.85
6082 + Whwgzsi
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 gquantity 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 airsilmeaning the
magnesium content then becomes the constraint in terms &fi kdgmation. 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 refininfe@f MA-6063 brings.These

idealistic quantities can then be compared to the measured values during experimentation.

3.4.7 Geometricabnd mechanical factoegfectinghot cracking

Whilst the effect of metallurgical factors, that is to say the chemical composition of the weld,
were discussed prior, this subsection takes adodiow the geometrgf the weld joint and
weld bead, as well agorkpiececlamping(degree of restraiptaffect 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 willMesa lower dilution rate than a
design that might have no bevelling at all. With such a joint desigrefiller materialis
required leading to lesser contribution of the base material to the total weld metal.
Approximations of dilution rates in alumur welds of diffeent joint designs are shown in
Figure38. (Lukkari, 2001: 184)
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80% filler metal B60% filler metal 20% filler metal
20% base metal 40% base metal B80% base metal

Figure38. Approximate dilution rates in Al welding, adapted fr@ou, 2021: 362)

For some numerical examples on how dilution rate affects the WM composition, see
previous subsectionWeld joint/groove geometry also affects the primary direction of
solidification, as it can be thought to be normal to the groove face. As sggve can

have a higher susceptibility to centreline (solidification) cracking, whilst in a bevelled
groovethe upward direction of growth from both sides can reduce the risk of centreline
segregationSituation inl-groove can bdlustrated by imagininghe solidification fronts
confronting each other heash, meaning there is a higher chance of the rejeaikdes
getting trapped in the centreline, causing a concentration of low melting point liquid to
persist until last moments of solidificaticBuch centreline segregation is essentially shown

in Figure 39 (f), which shows another, @ked factor to such centreline segregation; high
depth/width ratio of the weld bead. Overdigure 39 illustrates the different effects weld
bead shape can have on tension across the surface (a) & (b), as well as on solidification
(centreline) cracking (€]g). (Kou, 2021: 366; Lukkari et al., 2016:1333)
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Figure39. Effect of weld bead shape on tension (&)8and solidification cracking (g),
adapted fronfKou, 2021: 366)

It has been proposed that the convexity of the weld surface can affect the local stresses, as
can be seen ifigure 39 (a)i (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 crackingkou, 2021: 366)

As mentioned earlrethe 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 bygadjustin
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 wiedgs during shrinking
reduce hot crackingKou, 2021: 360, 431; Lukkari, 2001: 231; Lukkari et al., 2016: 274)
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3.4.8 Mitigation of hot cracking

This subsection focusesostlyon filler material selection, as that is, in practical terms, the
mainmethodto try to prevent hot cracking in the-salled factory floor setting. Joint/groove
geometry affects as mentioned before, but that is dependent on the welding process used. In
thecase ofliis particular higfpower TIG process for aluminium welding, a joint type that
results in high dilution rate is nigh impossible to avoid, as otherwise afirtdtrictivity
enhancingdvantages of that process would be lost. Conversely, conventional TMB3pr

cannot even utiliséhe same, higkdilution groove designs for thick plates, as they lack the

penetrative abilities to do so.

In similar fashion, there is not muelseto sayabout the clamping of the workpieces here,
albeit it is mentioned bylLukkari et al., 2016: 282hat clamping that generates transverse
compression could be used to try to reduce hot cracking. l.e. such clamping that pushes the
groove faces against each ottgpeaking of such compressigKpu, 2021: 366)nentions

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 theams of preheatingan reduce the risk

of solidification cracking, but it has been noted(Kgh et al., 2010dhat preheating had no
notable effecton 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
isnét strictly necessary. I't i s mentioned
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 solidificati@atking 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 ingbé wider the HAZbecomesnd thus, liquation

of the grain boundaries will occur in a larger area as the PMZ grows with FoA2Z2xample,

(Kah et al., 2010j)eport narrower HAZ and lesser degree of liquation cracking with MIG
than TI1 G, due to f or mer 0 scEitheevgay, keepind leeat inpuiim p u t
check can alleviate liquation cracking related iss(i€sh 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 compositiothefweld is moved away from the-so
called critical rangeé/Vhilst there are tens of different filler materifds aluminium usually

only handful of them are required in everyday welding wbdt.example, sa rule of thumb

it can be said that fillers diype AIMg5 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

- heattreatable alloys: AIMg5 (for AIMgSi & AlZnMg alloys) and AISi5 (for AIMgSi

alloys)

Whilst the focus here is the effect of filler material on hot cracking, filler selection also has
to take into accourother, such as strength, corrosion resistance and surface treatment related
factors. Anodizing is an example of surf ac
perform well, as their colour turns dark grey. AIMg (5000 series) wires give bettesion
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
4.5'5 %. Overall, there are guide tables for selecting thldei filler wire for the given

base material alloy combination, suc{®BESEN 10114:2001, ) which actually gives three
options per base material combination. Those three filler options are aimed to achieve either
optimd 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, corrosionnahdbability point

of view. (Lukkari et al., 2016: 281283)

Whilst that covers filler material selection pyetvell in the overall scopethe danger of
liquation cracking has to be kept in miwthen welding 6000 series alloyhile both AlSi

and AlMg type fillers are suitable by default for 6000 series alloys (AIMgSi), it is noted
(Kou, 2021: 430; Lukkari et al., 2016: 27hat AlSi type filles 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 salydearlier. Thiscan be explained by looking at the equilibrium

phase diagrams seenkigure40.
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= 400 S S00[f-z\—t
3 = %’ Al + Mg,Si
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(a) Mg,Si, wt % (b) Mg, wt %

Figure40. Equilibrium phase diagrams of (a)-Mg2Si binary system, (b) AMg-Si
ternary system, adapted frq)@uo et al., 2025)

As shown by the phase diagrams, the soligusperaturdor Al-Mg2Si binary system is
about 595 °Cwhilst for AI-Mg2Si-Si ternary system (lower left corner Bigure40 (b)) it

is roughly 550 °C. Thus, the PMZ of the base material, whiclsinsilar to the
aforementioned binary system in 6000 series alloys, solidifies at higher temperature (earlier)
than the weld metal, which has been pushed towards the aforementioed $gstem due

to the excess silicon presemhis interplay of AlSi and AlMg type fillewireson liquation

cracking in 6000 series aluminium wiéap r e f a c eldsecurviesyseen ifrigure37.

For welding 6000 series aluminiumatching filler wires by default are not suitable, given
howcracks ensi ti ve the alloy series is in itse
existed until recently, with one commercial example being the@@83 filler material. It
utilisesTi5B1 (titanium-boron nanoparticles as inoculants for grain refinement to produce
successful welds with what otherwise would be a csmsisitive combinatiomAn example

of MA-6063 filler usage on welding 5 mm thick 6082 aluminium butt joint can be seen in
Figure41 (MIGAL.CO, 2025)
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Figure4l. Butt weld on 5 mm thick 6082 aluminium with M@063 filler, a) macrograph,
b) polarized light micrograph showing the figeain structureadapted fronfMIGAL.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 wil start to occufrom 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 graimibsunda
which act as barriers that inhibit the movement of dislocatibms increasing the resistance

of the material to plastic deformati¢iyrdlainen and Kauppi, 2016: 17pecondly, the
increased density dfiegrain loundary network, as discussed prior, spreads the low melting
point liquids thinner, thus being beneficial also from the hot cracking point of Xiesther
advantage of using this kind of matching filler material for welding 6000 series aluminium
is the fat that the strength of the weld can then be increased witiwgbdtheatreatment

(Kou, 2021: 350; MIGAL.CO, 2025)
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4 Experimental testing

To aid the research and seek answers to the research questidingg tests were arrged

in the welding laboratory of the LUUniversity in summeautumn 2025. This chapter
discusses the arrangements of the welding tests, including the related information on the
metallurgical and metallographic testing condudietiveen autumn 2025 and early winter
2026

4.1 Background of thexperimentation

With the whole premise of the thesis centoedhe topic of how joint geometry and dilution
affect the hot cracking phenomena, weldiegts were conducted 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 est equipment

Welding process used wése so calledhigh-power TIG,with the Arcline PP torcleing

the essential part of it. The torch wamnected into a MasterTig 535 ACDC Gaélding
machine from Kemppi, seen.ielding wire was fed via EASY 400 PLUS wire feeder
from Italian Trafimet, a Kemppi Oy Group comparfyome fctures of this welding setup

can be seen iRigure42 (On c) & d), see the wire feed support device on the right side, used
to adjust the filler wire feed locatipas well as the brownish coloured copper backing.bar
Water coolerused in the welding laboratory for this welding process seems to be a

proprietary licensed model made for Linde AG by Kjellberg Finsterwalde in Germany,

mo d e | name beingonRIek*k o @lrerC5in i tself s
i e Chil$ dyHyfm GmbH from Germany. This chain of deduction was based on the
manufacturerds | abels found on the backsi

controlled, as in terms of movement, by PEMA 3x3 column and boom type welding

manipulator froma Finnish company Pemamek Oy.
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Figure42. Pictures of the welding setup, l§¢mppi MasterTig 535 ACDC GMelding
machine, b)lrafimet EASY 400 PLUSvire feeder, c) & d) Arcline PP welding torch.

In terms of control, the setipusewas not somet hing that <cou
Only one of the two gases started automatically with the ignition of the arc, the other had to
be manually operated. Two operators were needegefdormingthe welding action, with

one person controllgnthe torch movement by operating the PEMA 3x3 welding column and
boom manipulator, witthe other persostartingandstopping 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 camsables

Basematerial used in the experiments was aluminium abyAW-6082 (AISi1MgMn),

with temper statu3651 ThefiT6510 is the temper designation of the aluminium alloy in

question, describing what kind of treatment (such as cold working or he@ahdrgnthe

material ha®een subjected t®n their websiteAlumecodescribes T651 as following:
fiSolution heatreated, streseelieved by controlled stretching (permanent set
0.5% to 3% for sheet, 1.5% to 3% for plate, 1% to 3% for rolledot-
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
stretchingd (Alumeco, 2025)

Chemical composition of alloy 6082 presented below, ifable 8, expressedsweight

percenage(wt.%).

Table8. Chemical composition of aluminium alloy 6082wt.% (Aalco Metals Ltd,

2019)
Si Fe Cu Mn Mg Cr Zn Ti Other Al
Max Max Max Max Max Max
0.7-1.3 0.41.0 | 0.61.2 Balance
0.5 0.1 0.25 0.2 0.1 0.15

In terms of aluminium oxide removal, the instruction manual for Arcline PP actually
recommends ndb clean the top side surface of the plate themanufacturer/designer of
the torch claims doing so will help stabilise the process
fiNo grinding on thealuminium top side surface, grinding of weld face and
backside is enougfthealuminiumoxide layer on the top side helps stabilizing

the process and Wbe dissolved by the constant cathodic cleani@gjellberg
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: AdBA6 & Al4i A19. 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,
tobeinaccordancewit t he i nstruction manual 6s remar

(Ali A3 + A7i A9 & setB), 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 thickgroove 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-eight 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 up\sjellberg
Holding GmbH, 2021: 36)

Welding consumablesclude materials such as filler wires and different gases used during
the welding process. In thexperiment, two different types of filler wires were used,-MA
6063 by MIGAL.CO and ER5356 from DAIKO. Their chemical compositions are presented

in Table9 andTable10 respectivelyBoth filler wires were 1.2 mrin diameter.

Table9. Chemical composition of M&063 filler wire aswvt.% (MIGAL.CO, 2025)

Si Fe Cu Mn Mg Cr Zn Be Ti B Other
0.20 0.45 < 0.20 0.04
<0.35| <0.10 | <0.10 <0.10| <0.10 <0.15
0.60 0.90 0.0003| 0.30 0.06

Table10. Chemical composition dER5356filler wire aswt.% (DAIKO, 2025).

Si Fe
0.05 0.11

Cu
0.01

Mn
0.16

Mg
5.1

Cr
0.12

Zn Ti
0.01 0.065

Arcline PP uses two gases, a shieldiagd focus gas, which both were of tydéSON®
Ar (Mison Ar) in theexperimeng conducted for this researdihe composition of Mison Ar
is such that it contains 0.03 % nitrogen monoxide (NO), with the balance bgogy(@y
Linde Gas Ab, 2025)

Manufacturer of the torch also has recommendatinrierms of filler wire feedindJseof
eccentric filler wire feedings advised meaning that the wire is not fed directly under the
arc, but aimed aside of it (such as onto either bevelled groove facegomoYe).Such
requirement is, as per practical logic, more difficult to comply with when usgngdves

with air gaps. With suteccentric 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 mudg sliong
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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 thktirito 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 scenaridhis 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 typegl- and Y-groove, sed-igure43) 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.

a

b)
Figure43. Schematics of the used bultt joint groove types;gpbve, b) ¥groove.

Welding test matrix implementeslith 4 mm thick plates isotateda s -Ae et wh- | e A
BoO refers to the experiThepsangple Alsaoneweldedor8 mm
4 mm thick plates, while B1 would be a weld sample done on 8 mm thick base mategial.

weld test consists of two base material plates, each being 300*110 mm in surface
dimensionsThe welding test parameters are presentéichble 11 for setA, andTable12

for setB.



Tablell Welding test parameters for &{4 mm).

Al 275 23.2 4
A2 | I-groove. 0 mm AC 275 23.3 6.3 MA-6063 4.5
A3 275 23.3 6
A4 275 23.9 4
A5 | I-groove. 1 mm AC 275 23.8 6.3 MA-6063 4.5
A6 275 22.9 6
A7 275 23.8 5
A8 | I-groove. 2 mm AC 275 23.4 6.3 MA-6063 6.5
A9 275 23.3 8
...
All 275 22.5 4
Al12 |I-groove. 0 mm AC 275 22.8 6.3 ER5356 4.5
Al13 275 22.6 6
Al4 275 23.5 4
A15 |I-groove. 1 mm AC 275 22.8 6.3 ER5356 4.5
Al16 275 23.1 6
Al17 275 24.1 5
Al8 I-groove. 2 mm AC 275 22.7 6.3 ER5356 6.5
A19 275 23.1 8

For setA the Contact Tip to Work Distance (CTWD, meaninghis casehe distance from
the tip of the torch electrode to the base material) was SFanmsample A15, both focus
and shielding gas flow rate set at 13 I/min. For the remaining samplesAn feeus gas
flow rate at 10 I/min, and shielding gas at 12 |/miWelding speed was set at 38 cm/min,
which was converted into 6.3 mm/s for the talfler 2 mm air gap samples, the filler rates
were adjusted upwards to achieve successful wElisthe joint preparation, fusion face

was not milled, only mechanically cut.



Table12. Welding test parameters for €218 mm).

I-groove. 0 mm AG 360 26.0 MA-6063
B3 360 26.3
B4 360 27.7
Bs | YOO OMMI 360 | 269 MA-6063
B6 360 27.1
B7 360 27.3

I-groove. 2 mm AG 360 25.7 MA-6063

I-groove. 0 mm AG 360 26.6 ER5356
B13 360 26.6
B14 360 27.0
Bls | 'UOS-OMM 360 [ 268 ER5356
B16 360 27.1
B17 360 26.8
B18 |I-groove.2 mm AG 360 26.8 ER5356
B19 360 27.0

For setB the CTWD was 4 mm. The value was reduced for the thicker platasién to
possibly make the arc ignition easi€or all samples in s, both focusand shielding gas

flow rate was set at 12 I/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 fidtesrwere adjusted upwards

to achieve successful weldsor Y-groove, groove angle 60° (i.e. bevel angle 30°), height

of root face 3 mm. Fordroove, fusion face was not milled, only laser cut.

The grading AYedFliIReoetmadei one i centirddengihd o n

of the weld was successfulylypenet r at ed or not Thus, #ANo

or less of sections along the sample, wlieltepenetration was not achieved.
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4.5 Metallurgical and ratallographicevaluation

This chapter lists all the methods used to evaluate the welded samples. debcigbtion

of each step is givermncluding explanations on how certain procedimeshodsunction

4.5.1 Sample preparation

Once the welding tests were conducted, samplere 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 inspectiofhe gal was to take the sample from a location, where the
weld was of good quality, meanig t hat t her e we merotbhetvisiblay gr
imperfectiongpresent. For the thicker 8 mm plates, which had often issues with achieving
full penetrationwelds samples were taken from locations where such thorough penetration
had beemchieved. In cases where visually dedble 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 samplesegpirey a good quality weld
section. The second sample, B17X, was cut

the poorly fused root fagaorein detail.

After the locations of the samples were determined, they were cut off from the full steld te
plates, and then grinded, polished and etched in order for them to be suitable for further
examination. The basic etchant used was or
2 ml hydrofluoric acid (HF), 3 ml hydrochloric acid (HCL), 5 ml rétacid HNOs) 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 mountiige latter batch of the remaining nine samples
were notmounted in order to keephie cracks present in them visible. All of the 8 mm thick
samples are bigger by default, so none of them were moudtedounted samples can be

seen inFigure44.
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Figure44. Unmounted weld samples.

Reasongor 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, polishimgj @chingis done in order to reveal

the grain structure of the weld samplehis is very much required before doing any
microscopy, with optical microscopfOM) being utilised in this worko examine the
microstructure of the samplds 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 thahicroscopeseen inFigure 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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aiadl

Figure45. Optical microscope used for sample examination, live feed afr#oked
sample can be seen on the PC screen.

Optical mcroscopy was also useditespectthe weld crossection of each sample, ¢beck
if any defects or other interesting irregularities could be found.

4 5.3 Measurememnf weld dimensions and dilutiaiate

A microscopic image analysseftware called ToupView was used to measure the welds by
utilising the macrographs as basis. For this stilidgar features such as weld width and
thickness, as well aginforcement were measured. Specific surface aredweomeld were

also measured, namely the crsgstional area of the weld, and the area of the molten base
material, in order to calculate the dilution rate for each sangilaply put, dilution
expresses the influence of the base material on the constititithe weld meta(SFS
3052:2020, 2020)Dilution rate, expressed as %, is calculated as follows

$ -zpmh (4.1)
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whereD is dilution rate (%)A is the crossectional area of the molten base material Ymm
andB is the total crossectional area of thentireweld (mnf). These parametes andB

are schematically illustrated Figure46, using a zero air gapgroove as an example case.

\ A/ ] AR/

Figure4®6. lllustration ofthe area measurements for dilution rate calculation, using 0 air
gaplgr oove as an exampl areaoffirérdltembase matdialand e n o t
thetotal weld crossectionarearespectively.

Usually, on dilution formulasB 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 cressctional area of the weld.

4.5.4 Radiography

Due to small hot cracking by visible on some of the 4 mm thick welds, all sarsfriem

that thickness groufsetA) were inspected withadiography, which is a nedestructive
testing (NDT) method used in weld inspecti®mply put, Xrays are shot at the weld, and
depending onhte thickness of the material at any given location, the amountrafy
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 ceat}pis

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 welkstB) only four were radiographed, randomly
selecting two samples from both filler materials. Of those four welds specimen showed
some defectsut no further 8 mm thick welds were tested with radiograjigcause the
experimental scope was narrowed down to the samples with sbrisaldng craks from
SetA.
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4.5.5 X-ray fluorescence

X-ray fluorescence (XRRnalysisis aNDT method to examine the chemical composition
of many materialdn simple terms, the XRF analyser bombards the sawifiidhigh-energy
radiation, being eitheX-raysor gamma rayswhich in turnexcitethe atoms they strike.
Once the atom has beemcited it canrelease an electron from its inner orlstadither
moving to a higher orbitglexcitation) or being ejected complete(ionisation). In either
case, a vacancy opens in thaer electron shellkesulting in an unstable configuration for
the atom. In order to restore the equilibriam,electron fronmigher energyouter shelfalls

into the vacanposition As the electron moves from higher to lower energy position, the
excess energy Bmitted in the manner of éharacteristicsecondary Xay, also known as
fluorescent radiation. These are called characteristiayX, because every atom has their
own pfoat o, mepsnheyreitin shob ockasion are unique, and can thus be
identified by measuring their energy and intensitye principle of this interaction between
the primary Xray and atom is illustrated fhigure47. The primary Xray, illustrated with
purple lightning arrow, causes the electron to be removed from the innernsislIK
leaving a vacancy, which will then be filled by an electron from some higher shell. This
downward movement of the electron then reledbescharacteristic secondary-rXy,
indicated with the yellow lightning arrows. Two arrows are shown, demonstrating how the
vacancyfilling electron can come from either-lor M-shell in the given example case.
(Hitachi High-Tech Corporation, 2026; Horiba, 2026)

Primary X-ray K 4 X-ray

Photoelectron

K., X-ray ’F K-shell Electron
Nucleus Ltshell

M=shell

Figure47. Formation of the characteristic secondarya)Xs (yellow) due to the excitement
of the atom by the primary-Xay (purple)(Hitachi High-Tech Corpoation, 2026)
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Put even more bluntly, the XRF machine shoot®)s into the sample, the atoms inside get
excited and release their characteristic, secondargyX 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 usingMEeT8000 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 mowitated
benchtop standyhich turns the handheld analyser into a benchtopwitie that particular
configurationseen inFigure48a). 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 largeorange part ifFigure48 a)), which shields the user from afiye x c e s s 0
radiation. A look inside the protective chambEig(re 48 b)) reveals the detector of the

analyser.

Figure48. Two images of the XRF analyser usedHénchi X-MET8000 Expert CG XRF
analysemounted onto the benchtop stand acces$)i 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. Asesult, a list of elements detected is given by the analyser,

results of which will be shown itihe next chapter.
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4.5.6 Vickershardness test

In this research, Vickers hardness test was used, as is typical when testing welds in laboratory
setting Whilst stanérd 1ISO 15614l concerns the welding procedure test for metallic
materials ofnamelysteels nickels& ni c k e | stllwbrih panting out tbhas said
standardlictates Vickers hardness test as the method of choice for hardness measurement
In short, a pyramid shape diamond indenter is prasgsedhe surface of the material with a

given load, and after that the two diagonals of the indentation are measured to calculate the
hardness valud his principle is illustrated below iRigure49, whilst Figure50 shows the

indenter pressing onto the weld sanghleing laboratory tests

Bottom view

The average of d+ and d:
is used

Figure49. lllustration of the working principle of Vickers hardness test, and how the
diagonas$ of the indentation are measu(@WB Group, 2026)

Figure50. Vickers indenter pressing into the weld sample.
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The size of the indentation left by Vickers indenter is small, making it eapinpoint
specific areas of interest in the weld, such as base material, HAZ and weldRoetais
reason anddue tothe fact that this method uses a single applied, lWatkers hardness

measurement i@ widely used method for testing welds.
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5 Resultsand analysis

Direct results from the experimentations mentioned in previous chapter will be presented
here, accompanied by remarks when necesshry.chapter is divided in two magections
with the first onegiving anoverviewon all the samples, wtst the secondectionfocuses

deepeion the cracked samples.

5.1 Overview across all samples

The first section of this chapter will list all the results acquirednieymieans described in
section4.5, concerning all the sample&s a reminder for the readeets\ samples are of 4

mm base material thickness, whilst-Besamples are & mmthicknessAlso, 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 ifable 11 and Table 12. For processhermalefficiency
factor, the standard TIG valud 0.6 was usedHeat inputexpressed as kJ/mims,calculated

as follows

z _ (5.1)

whereQ is heat inputkdJ/mm),l is current (A),U is voltage (V),vis welding speed (mm/s)
and d is the ther mal ef f i. Divisomlzy Y000 i;donedor o f

change the unit d from J/mm to kJ/mm.
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Figure51. Heat input data for se& and setB.

As can be seen, heat input remained pretty consistent. The thisigcBnens had slightly
more variatioraround 1.4 kJ/mm, whilst all sétspecimens experienced roughly 0.6 kJ/mm

of heat input.

5.1.2 Macrographs

Macrographs of the weld sample®re compiledby the set and filler wire type, and are
presented below ifour figures Figure52to Figure55). 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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Figure52. Conpilation of the macrographs of satsamples welded witMA -6063filler
wire.
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Figure53. Compilation of the macrograptof setA samples welded witBR5356filler
wire.
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Figure54. Compilation of thenacrographs of sé& samples welded witNMA -6063filler
wire.
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Figure55. Compilation of the macrographs of d&samples welded witBR5356filler
wire.
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Weld specimerB17 is the only one, from which two samples were taken, with sample B17
presentingthesoal | ed fAigood weldo in further resu
from a section of the weld, where notable lack of fusion had occurred on the rogthface.
difference in the crossections of these two samples cut from the same weld is shown in

Figure56.

Figure56. Macrograph comparison of the cresesctions obamples B17 and B17X, taken
from the same weld.

Based on visual inspection of the weld B17, it was overaditlzersuccessful weld, with
singlepassfull penetratiorof the jointachievedalmostalong the entiréength of theweld,

but around the middle section of the weld there was this a few cnségmgent, 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 thieft-sidefusion line andhe centralveld metal area frormamples

A5, A16, B5 and B®6 will be shownbelowin four imagesKigure57 to Figure60).

Figure57. OM images of sample A5, a) fusion line, b) weld metal. 100x magnification.
Scale bar is 100 micrometres.


































































































































































