<+
QO
=
O
]
a
U
U
e
o0
U
o
ot
O
»
-
QO
aw
an

UNIVERSITY
OF SKOVDE

LASER WELDING OF
BATTERY CELLS FOR HYBRID
VEHICLES

Bachelor Degree Project in Mechanical Engineering
G2E, 30 credits
Spring term 2019

Adrian Ros Garcia

Luis Bujalance Silva

Supervisor: Lennart Ljungberg
Examiner: Ulf Stigh



ot
Q’E@}i HOGSKOLAN MT 533G
QWL 1SKOVDE Final Thesis

Abstract

The reportis an overview articleas aresult of our investigation at the field of laser welding
applied to electromobility cells manufactured in an aluminium housihgis projectwas
proposed by the Univaity of Skdde in collaboration with ASSARr@re. The keyresults
presentedare based on the study of the following parameters: laser type and power, shielding
gases, welding modes, patterns and layout. The conclusions of the project define the final
selection of each @rameter in order to achieve minimurdefects and optimal electrat
performance by minimizing the contact resistance.
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1. Introduction

Laser welding processes represemtconsiderablequality solution for some engineering
applications where special requirements appear. This project studies a specific application of
this welding technique, in order to fingractical and competitiveutcomesto be developed in

the automobile productionri the near future, if not immediately.

This automobile future is compoued by fuel engines vehicles withlectromobility cells
incorporatedinto their system. The requirements of the joining procegshe electromability
cellsand the materialfeaturesinvolvedmakes the laser welding the most acceptable joining
process to carry out this solutiotdence,the report focuses mainly on laser weldingf the
corresponding material, in this casguminium.

COther techniqueslike mechanical fastening provide a reduced effective conducting area
between the parts involved in thint; meanwhile laser welding processes guarantee a great
contact of theaforementioned partssecuing a proper conductivitySolclenbach, et al., 2014)

1.1.Background

This researching report was proposed in order to enlarge the current knowledge according to
laser welding techigues due to the lack of knowledge of the University of Skovde on this field.
In addition tooptimizethe process, improving the weld quality and clarifying the process to be
accomplished.

1.2.Problem statement

TheUniversity of Skdvdestrying to understand this joining process in a deeper way in order to
obtain better outcomes in actual performances, in addition to improve the quality of their
products and their welding techniqu€urrently,the University of Skévdia collaboration wih
ASSAR Centrestablished a welding methgdvhich outcomes werepresentedto us at the
ASSARCentre There,we were told about laser weldingdvantages among the rest tfie
welding techniguesThe engineer in charge inASSAR Centreoncludedthat laser welding
performance represents the best current solution to accompjishts between aluminium
electromobility cells providing an acceptablemechanical response in addition to ensure a
properelectrical current flow.

The development of the repoiis basedn an information seeking process, according to the lack
of knowledge within this field.As it is mentioned beforea welding method for the
electromobility cells jointwas developed by a collaboration between the University of Skdvde
and ASSAReftre, defining impotant paameters such as the laser type, laser power and
welding mode. Teseparametes will be checked in our study. dveover, some improvements
will be proposed within the field of electrical flow performaraed defects

Adrian RosGarcia 7
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1.3. Ams

By developing this project, the principal aim that is sought consisthiécking the proposed
methodology and improve the quality and electrical performance of the final weld. Furthermore,
we aim to complekethe missing knowledge with researching studiesd to provide real,
practical and competitive outcomet® be offered to the stakeholdersas the University of
Skévde The goals to be achieved could be summed up in the next points:

1 Clarifying the laser welding processes by researching the differésttrextechniques.

1 Offering a solution to the specific problem presented when wel@iagtromobility cells
with aluminium housing

1 Check the process previously developed by a collaboration between the University of
Skdvde and ASSAR Centre.

1 Improving thewelding process in order to reduce the defects presented, obtain a high
quality weld and to improve the passage of the electric current through the weld.

1.4. Limitations
Two clear limitations restrict the scope of the project:

1 The hck of knowledge ithis field. The same reason that makes interesting this project
results as a limitation due to the few previous available information.

1 The incapability of evidencing our researching in a practical and experimental way. The
fact of not having access to laseelding processes in order to contrast the obtained
outcomes with theoretical research represents the main limitation when presenting
solid results.

1.5. Overview

A brief explanation of each section is going togdeen;therefore, the reader can ealifollow

the flow of the reportbetween one section and another. The project is started with the
principles of laser welding where concepts about material properties, types of metals and
defects are explainedit Section 3, the main laser welding technigaee explained, it has its
own appendix in order to present a wider variety of techniques. Continuing with the next
section, tke main aluminium features are commenteBurthermore it has its own appendix
where these properties are explained with detail. At Section 5 specific concepts about
aluminium laser welding are given focusing on the type of laser, shielding gases, defects,
mechanical properties and oscillating patterns. Then, some discussions famnioen Section

6, presenting concepts about laser powsavelding layout, motion control and the circularly
oscillating pattern. Finallghe conclusions can be fouria Section 7, whereur selection of the
main parameters of the process is proposedeAthis section the apendias can be checked,
they provide spplementary information of the different sections of the projedtiithin the
appendices, it is nable the sustainability section, where the environmental impact and safety
of the welders ae discussed.

Adrian RosGarcia 8
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1.6. Literature review

Useful informatiomeeded to develop the current project was fouimddifferent souces among
which could benotable thenext two:

1 Cary, H., 1993ASM Handbook, Volume 6, Welding, Brazing and Soldérerghed.
Geauga Country: ASM International.

1 Kautz, D., Milewski, J. & Powers, D., 2007. Laser Beam Welding, Cutting, and Associated
Processes. En: A. O'Brien & C. Guzman, édNS Welding Handbook VolumevBami:
Ameilican Welding Society.

Both of them arelarge handbooks with wide and useful information about general welding
processesThese two sources were used at the beginning of our research, in tradeeate a
strong foundation abouthe welding field. The useful information that was fourwrespondo

the Appendix 2, because it is not related with the aluminium laser welding topic meaning that
can not be include@s a main section of the repoGeneral aspects of welding adescribel,

as the different techniques or concepts about weldability of the materials and histbric
background. Furthermore, they contain some detailed information about laserelding
techniques and principles being useful for different parts of the project.

Katayama, S., 2018andbook of laser welding technologi¢srst ed. Sawston: Woodhead
Publishingcontains a large amount @fformation about thecurrent laser welding technologies
Furthermorg is able to give sompredicts about the future of these techniques and the main
researching areas for future interests, therefore this source will be usélte development of
this report.

Adrian RosGarcia 9
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1.7. Method
In order to develop the current project, we have established a method to be suitable to the
researching process, necessary to find ouadaquatesolution to the proposed problem. Since
the entire project is mostlydid on a theoretical basis, the rese&iing process takes almost all
the working time and shapes the most important part of the report. According to this criterion,
the chosen working method could be dividedoithe next different steps:
1 Background and foundation. The first thing to be accbsmed was establishing the
basis of welding concept, by defining its history and development, the welding principles
and the most important welding techniqueshis stepmeans placing our problem in a
generalarea in order to look for its solution.
1 Focusing the researching process on the laser welding techniques. Once the problem
has been identified and placed in a general field, we have to shorten the limits that
contain it, looking for a more specific solution to be adequate to the given probleis. T
step consists in focusing our resedrahpprocess in laser welding history, principles,
techniques and types ¢bintsthat are possible to achieve, and the response of different
materials to thesejoining processes.
1 Applying the obtained knowledge tihe specific problem of weldinglectromobility
cells withaluminiumhousing This igeturningto the initial problem, with the necessary
knowledge about the laser welding techniques, weldability of aheniniumin these
processes and the theoretical requirements to carry out the joint.
1 Check the solution given by a collaboration between the University of Skovde and ASSAR
Centre and compare it with the outcomes obtained as a result of our researching
process.
71 Obtaininga solutionwith minimumdefects,maximum qualityand optimized electrical
performance
Adrian RosGarcia 10
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2. Principles of laser welding

In this first section of the reporessential concepts abotite influence of the material welded
are presented. Including material properties, types of weldable metals and possible appearance
of defects.

2.1. Material properties that affect the welding process

The development of this sectiafi the report is basedn the studies, experiments and abihed
conclusions collected in the paper callaaser welding; the influence of laser choice and material
properties on weldlimensionsTheinformation about the phenomena exposed in this section
is explained in detail within theamesakeappendix As an introduction to the section, it is
necessary to describe the two principal cregstional shapes presented when laser welding
metals a detailed description of them will be given at Sectigi@sman, et al., 2001)

1 / 2y RdzOGA2Yy 4SSt Rad ¢ KSNDd4A Sévtbaal GhaRedddit isl G a Sy
shown in Figurd

1 Keyhole welds. Welds presenting a larger depth/width réttien conduction weldand
adopt a crosssectional shape as shownHhigure 2

Pt oA Pt

Figurel. Conduction limited welds cressction when using a) a €l@ser and b) an Nd:YAG laser at a power of
2000 W and a speed of 2m/s in a 2 mm thick Inconel alloy workpiece (Forsman, et al., 2001).

a)
Figure2. Crosssection of keyhole welds when using a) an Nd:YAG laser and bjes€@t a power of 2000 W and
a speed of 3m/s in a 2 mm thick Inconel alloy workpiece (Forsman, et al., 2001).

The following concept to introduce in this section is the absorpfrocess. An elementary
definition of the absorption process could k@bsaption is3a process which removes energy
from a beam of light traversing the medidr{Liou, 2002)As it is represented with the images
above, the Nd:YAG laser creates a larger weld with a bigger penetration in the workpiece. This
phenomenon is explained by the greater absorptivity of Nd:YAG laser lightGi@ataser light

and will be explained in ane detail by dividing the absorption procesgforsman, et al., 2001)

71 Direct absorption. When the initial laser beam impacts on the melt surface within the
keyhole, it is both partially absorbed and reflected meanwhilecessive reflections
take place.

1 Absorption by the vapour in the keyhole for a latesresiation in all directions, even
out of the keyhole.

Adrian RosGarcia 11
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After accomplishing the same laser welding processes to different types of materials, the
referenced paper estblishes that he dimensions of the laser welds are affected different
propertiesof the welded material. Those featur@se mentioned below(Forsman, et al., 2001)

1 Specific heat.

1 Density.

1 Melting point.

1 Electricakconductivity.

Accordingly to these outcomes, the author props#eree affirmations as final conclusions of
the current study(Forsman, et al., 2001)

1 Inlaser welding processes with similar parameters and under similartmns]iNd:YAG
laser beam will create a greater amount of melt, and therefore a wider and deeper weld,
due to its better absorption.

1 The size of the final weld is related to the amount of molten material presented during
the welding process, being thesnount greater as the electrical conduction decreases.

1 The size of the final weld is related to the amount of molten material presented during
the welding process, being this amount inversely proportional to density, specific heat
(both parameters relatetb the peak temperature reached during the process) and the
melting point temperature of the material to be weld.

2.2. Metals welded

The laser welding process is usually used to weld carbon steels, but can be used to weld different
kinds of materials if they are metallurgical compatible, such as stainless steel, nickel base alloys,
copper and brass, aluminium, refractory metals andidigar metals. This section describes the
main materials that can be weld by laser weldiAdditionalinformation can be cheakdin the
homonymous ppendix(Kautz, et al., 2007)

9 Low carbon steels This kind of material is easily weldable with low carbon
concentration, specifically lower than 0.25% of carbon content. If this percentage is
exceeded, some problems like cracking and brittle welds could appear. In order to avoid
this, some pulsating wding can be done by taking some breaks when any welding
geometry is done. To improve the characteristics of the weld, some materials as nickel
may be added, which increases the toughness of the mat@altz, et al., 2007)

9 Aluminium and its alloys.This kind of materialare usuallywelded with pulsed
conduction mode welding. This procedure is used to create some products or packages
that need a hermetic seal; in order to achieve this condition, the material should have
some residual stress to keep it in constant tension and guaeamdea correct hermetic
seal(Kautz, et al., 2007)

Adrian RosGarcia 12
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9 Stainless steelsThis group has huge importance due to one of its properties: low
thermal conductivity. This feature allowsakingan improved weld, by reducing its
width and allowing a higher penetration than in carbon steels. This is why the stainless
steels are consideredppropriate candidates for the laser welding method. Most of
stainless steel AISI 3XX series can be easitiedelith in general. The AISI 4XX series
may develop brittle behaviour and need some kind of pdstatment. Finally, it is
remarkable to say that nickddase and irorbase alloys can also be welded using the
laser methodKautz, e@l., 2007)

2.3. Defects and how to avoid them

The defecs that are going to be discussed at the following point carotganizedat three big
groups internal defects, external defect@s geometric or appearance issues, grdperty
defects The main defects of the laser beam welding are intern porosity, usually it is formed at
deepweldingdue to the high temperature and power, and hot cracking that can be in d soli
state or in a liquid one, this phenomenappears at the heat affected zon€ontinuing with
external defects the most remarkable ones are the undercut, underfilling and-tbuongh.
Hereunder an explaation of thesedefects is going to bgiven;however, there is a wide variety

of welding defectsHence if more information is desired check Appen8i¥ (Katayama, 2013)

Theanalysis is going to begin with the exterdafects and the discussion is being started with
the burn-through. It is a phenomenon produced byhé movement of the molten pool.
Essentiallya concave surface is created at the top of the weld, and a convexsaredted at

the bottom surface. Wen this defect happenghe molten poolis dropped down. This kind of
defect happens on thick plates dmwhen deep welding is needethis defecdepends on the
surface tension factor of the material that defines the material flows at the welding area
(Katayama, 2013)

Some factors can be taken into account if thé$ect is wanted to be avoided. For instanasing

the proper amount of oxygerikewiseworking n conditions oflow temperatures near the
bottom surface and with low oxygen content bos#te formation of this defectOther actions

can be done to avoidt, asoptimizing the welding conditions and the use ofretooling like a
backing platdKatayama, 2013)

Finishing withthe external defectsthe undercutting and the underfilling are going to be
explained. Wien a trenchor trenches are created at the top surface of the welding is called
undercutting This phenomenon occurs at wide and higtessure welds, this defect is produced

by gravity and the way it affects the material distribution over the cooling flow. The way the
undercuttingpresencds dependent on théype of laser beam welding and the type of joiain

be reduced by improving the welding conditions. When a concave surface is created at the top
the welding is called underfillingpeaning that an incomplete joipenetration has happened.

This defect also takes place when a wide weld is being done, and with the butt joint type. It
should bementionedthat if this defect appears atlghpenetration weld it corresporsito the

defect previously explained, butthrough (Katayama, 2013)

Adrian RosGarcia 13
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Undercut
F

Figure3. Undercut defect (Katayama, 2013)

Once the external defects have been explained, the discussion can be continugtenitiost
important andcommon internal defects. The first defect to naméds crackinganddepending
on the zone it appears, it can be classified ifi€atayama, 2013)

{1 Solidification cracking: Hot cracking appearing invledd fusion zone.
{1 Liquation cracking: Hot cracking appearing in HAZ (heat affected zone).

In aluminium alloys this type of defectisually takes place within grain boundaries, @rehsily
occurswhen a spot welding or higfspeed weldings being developedThis defechas more
importanceat welding dissimilar materials, in which case it is necessary to control the melting
area of the different materialKatayama, 2013)

Another kind of cracking defect is tieeld crackingwhich takes place below 380. Depending
on the kind of material in which it is produced and the cause of its appearance, it can be classified

into (Katayama, 2013)

ColdCracking (below 30TC)

Name of the defect

Kind of material

Cause of the defect

Delayed cracking or
hydrogenassisted
cracking

-Lowalloyed high
tensile strength
steels.

-General structural
steels.

Provoked by the harmful effects of
hydrogen accumulatioimn highly stress
concentrated zones

Quenching cracking

-Medium carbon
steels.
-High carbon steels.

Provoked by the formation of brittle
phases of martensite and/or cementite
when welding.

Table 1. Cold cracking specificatioftsatayama, 2013).

In order to prevent this type of cracking, a heating treatment is requitecan be done before

or after the welding operationbeing easily repaired in high carbon steels and castsiron
However, high tensile strength steel laser welding may be performed at room temperature,
without the necessity ofa heating treatment. It can be justified becausetbé low hydrogen
content within the metacomposition.(Katayama2013)

Adrian RosGarcia
Luis Bujalance Sva

14



o
RN, HOGSKOLAN MT 533G
e 1SREVDE Final Thesis

Finally, the lasimportant defect igporosity; this type of defect depends on theelding mode
and on the cleanness of the surface. It can happehe liquid area of the welitig nevertheless

it can also affecthe solid areaThis defecsignifiesthe appearance cdir bubblesn the welding
area. tis more common ateyhole modedue to the deep penetration of the laser and the high
temperatures that are achieved=nerally, it starts at the bottom of the joint generating this
kind of bubbles and when the rtexial goes to a solid state tilse air bubbles generate the
porosity of the piece at the weld fusion zo(i€atayama, 2013)

If this defect wantdo be avoided, hereunder an enumeration @ftions can be doneyiving

some inclination to the laser beam in order avoid direct contact, vary the pulse of the beam, use
a twin laser, use the correct shielding gas for tigee of joint and material, andhaking the
welding operations in the proper aditions. Focusingn aluminum alloys some problems can
happen relatedo oxide surfaces and hydrogemelproblematic types of welding in the case of
alumirium are the butfjoint and the lapjoint. With these conditionsthe bubbles appean the
middlepart of the joint and are retined there due to the geometry.tHis needs to be prevented

the frequency of the pulse waves at the end of the procesddbe changedKatayama, 2013)

2.4. Quality or property defects

Thefatigue strengths presented within the joint after a laser welding are commonly greater than
the ones appeared when processing other types of welding. This fatigue stress in addition to
possible defects appearance such as cracking or underfilling cankegraveerious reduction of

the tensile strength of the material. In the homonymous appenidils shown a table where

the hardness presented in the worked weld is described, as well as the prevention or solution
process to improve the joint properties @ach cas¢Katayama, 2013)

3. Laser Welding Techniques

Some concepts that were given previouahg going to be developedere below, essentially
there exist twomain laser welding techniques or modékis part of the reporis focused on
explaining these techniques in order to figure out which among them is the most adequate to
solve our initial problem

3.1.Keyhole Wlding

This is a deep penetration welding process, where a keyhole is formed by usingdehsifly
energylaser beam (108v/cm? at least). A homogeneous and goeglality weld can be achieved
due to thecharacteristics of th@rogress and the consequent filling of the gap with theter
metal (Kautz, et al., 2007)

The greatmagnitude ofthe energy applied to the workpiece by the higknsity energy beam
cannotbe evacuated byhe usual energy transfer mechanisms (conduction, convection and
radiation) Therefore, a phenomenon of vaporization of the material in the spot ofiappbn
happens. This vaporization process creates a pregpaient, whickshapes the keyhole in the
workpiece(Katayama, 2013<autz, et al., 2007)
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Essentially the pressure differenceis what defines the balance of keyhole weldinglhe
pressuresinvolvedare surface tension pressure and vapour pressure. The balance between
these two pressures is about the closure of the keyhole because the surface pressure tends to
close it and the keyhole pressure tends to operAitthis point, the keyhole is marrow gap
formed bydavapourcolumn surrounded by thin cylinder of molten metdl(Kautz, et al., 2007)

as it is explained in the original reference. As the workpiece is moved to accomplish the weld,
the molten metal flowsn the opposite direction and solidifies creatingtiveld as the process
advance (Katayama, 2013autz, et al., 2007)

When welding metals bysingthis processit is really common that the phenomen known as
plasma suppressioappeas. Thisphenomenon consists in the ionization of the gas created
when the metal to be welded is heated by the higgnsity energy beam antbnsequentlyits
vaporization occurs. When thigpouris ionized it becometo plasma, which provokes the
attenuation of the laser beam impaahdthe reduction of the weldingepth. The plasma plume
can occasionally make keyholeto collapse. A acceptablesolution for this specific problem

is to blow gas in the transversdtekction of the laser beam, clearing the plasma of the weld. The
used shielding gas willepend on the power supplied by the beam, being helium the most
flexible gas for high and lodensity energy beamdsrinally, the speed and volume of gas to be
blown will be adjusedto not affect the weld pool ad weld quality(Kautz, et al., 2007)

WELD MELT ZONE

POOL WIDTH
/% TRAVEL
DIRECTION

PENETRATION DEPTH

Figure4. Schematic View of a Keyhole Weld (Kautz, et al., 2007)

3.2. Conduction WIding

Conduction weldingnode hasmany similarities withthe keyholewelding; however, the main
difference between thee two types of laser weldintechniquesis the depth of the joint. The
keyhole welding produces the weldedre along all the joint area, howevéhe conduction
welding occurs when the power of the laser is not enough to accsimfihe full depth of the
union. This implies thainly onesegmentbetween the two pieces is weldedneaning that full
penetration is not achieveds it can b observedn Figure 5Kautz, et al., 2007)

Essentiallythe melting point of the material is reached, but the vaporization temperature is not.
Hence, he joiningprocess is completed by heat conduction transféenerally Nd:YAG ishe
mostsuitablelaserto accomplish this laser welding technigdee toits shorter wavelengthin
further sectionsthe types of laser will be explainedCao, et al., 2003)
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Hereunder some ideas are going to be exposemtder to clarifyhow the conduction mode and

the keyhole mode are produced. Essentially this difference is done witletises. Whenthe

laser beam is completely focused a high depth is achieved, getting the smallest welding spot
possible and the highésemperature of the weld bead.hEsefeatures belong to the keyhole
mode. With a defocused laser beathe welding spot is increased and the peak temperature
decreased, thepenetration is reduced too. liese features obtained and the weld pool are
characterstic of the conduction welding mod@hao & Debroy, 2001; Pastor, et al., 1999)

The defocusing explained above is measured with a positive/negatstem, whichrepresents

the location of the focal point. If it ipositive,it means that the focusing point is above the
welding surface and if it is negative means that the focusing point is below the suifféoe.
power is near the limit between keyhole and conduction, the weld geometry does not
correspond wih any of the two welding modesThis is callettansition mode consequently at

this mode the keyhole could be unstable and even collagZfao & Debroy, 2001; Pastor, et
al., 1999)

Focusing specifically aduminiumalloys, the depth of the weld has a maximum at the stable
keyhole, meaning a puhlgfocused laser beam or with small defocusagy®9.5has to be used
Working with an unstable keyhelives also a very deep weld neverthelesdy with negative
defocusimy, whether positive defocusing is udethe depth is being reducedlherefore,the
keyhole is more stable wittihe focalpoint above the surfacéPastor, et al., 1999)

Laser beam
L4
W4

Melt pool

- U

Conduction weld Keyhole mode weld

Base material

Figure5. Comparison betweekeyhole and conduction (Katayama, 2013)

3.3.AdditionalWelding Techniques.

The main welding modes or tecignes have already been explained. More techniques are
available that can be useat some specific condins that have very particular advantages.
Thesewelding modes arexplained briefly hereunder, whethenore knowledge about thse
techniques is desired theomonymousappendixshould be checked.

1 ShallowPenetration WeldingThis welding technique is a conduction mode developed
in very specificonditions. The power is limited to 1kW arlde speed isear to the
depth-of-fusion limit(Kautz, et al., 2007)

9 Pulsed Laser Beam Welding. This method is very similar to the one explainedAtove.
this variationthe proces is developed with a pulsed wave laser, instead of a continuous
wave. This methotlassome advantages, for instance the reduction of the heat affected
zone;hence,a higher preision is achieved. In additiothe heat input is also reduced
(Kautz, et al., 2007)
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1 Hybrid WeldingThe traditional gas metal arc welding is combined with the laser welding
technique in this method. The main heat source is the laser and the gas metal arc is the
seconaryone. This blend increases the welding speed and stafilayayama, 2013)

4. Aluminium welding

Once the original problem has been analysed and placed within general limitstibmstudied
in more detail. Thereforehe next step consists in going in depth in the aluminium properties,
which may facilitate the process union by improving aluminium weldability.

When aralysing weldability of metals series oproperties that affect the aluminium welding
process ar@bserved. Among these properties are found thermal conductivity, reflectivity and
viscosity. To understand and modify these physical properties is the key to improve aluminium
weldability, therefore they will be exposed next.

It was found that aluminiunis one of the easiest materials to operate with at any penetration
or cut process due to its high ductility. However, it is one of the most difficult ones to weld,
specifically with the laser method, due to it has a large electron densityetiailsa high light
reflectivity. Furthermore, aluminium and its alloys present a high thermal conductivity, which
permits to easily release the input enerfiyuntington & Eagar, 1983)

The main mechanical properties that affect theldability of the aluminium and its alloyse
thermal conductivity, reflectivity and viscosity. These three properties are deeper explained in
the homonymous appendix.

5. Laser Welding for Pure Alumum and Aloys

At this stage of the project, the technologies that daused foraluminiumlaser welding are
going to be explained, in terms of the type of laser that is used and the selected welding mode
Later on the shielding gases and their main features will be discug3exliously at this repart

the welding modes have been explainegdhowever now the discussion is going to bectsed in
aluminium laser weldingNeverthelesssome concepts are going to appesyain There are two

main welding modas, keyhole and conduction modehélmain differences between them are

the laser beam energy density and the features of the weld pool generated on the welding
process.Mentioning the energy densityit is higher at the keyhole mode allowing a faster
process anaspeciallymakingnarrower and deepeveld beadgKatayama, 2013)

Introducing somdactors about the keyhole mode is important to mention that this mode is
more employed than the conduction mode because it is able to generate the weld with smaller
heat affectedzones. This pess presermtsome disadvantages dke instability due to te
pressure difference and the porosityhe last defectan be produced due to the intermittent
closureproduced bythe vapourbubbles and gas entrapmenin order to obtain a stable keyhole
during the welding process, it is important to select a narr@ar diameter since a turbulent
weld pool may provoke a sidiant formation of cavitieg§Solchenbach, et al., 2014; Katayama,
2013)
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Keyhole mode is a more suitable methadaiccomplish thelectromobility cellgoiningprocess
due to two main factors presented ®uminium(Solchenbach, et al., 2014)

1 Low infrared light absorption.
1 High thermal conductivity.

Volatile alloying materials provide the alloyih a lower vaporization temperature and a higher
vapourpressure Therefore, as the percentage of these materials increaaethe composition

of the alloy, it will be easier to melbecause aower vaporization temperaturés achieved. In
addition, it will present a more stable keyhotiue tothe greatervapourpressure Because of
these featuresthe threshold energy density will be reduced when volatile alloying materials,
suchas magnesium or zirappear(Cao, et al., 2003)

Continuing with the conduction modé¢he temperature achieved during the process is lower
than the achieved with the keyhole mode, hence the conduction mode is a more stable process.
The cause of thisehaviaur is that the energy density of the laser beasmot as high as i at

the keyhole modeThisfeatureallows to heat the material of the welding zone further than the
melting point but not enough to arrive to the evaporation point. This technique is the one
utilizedwith materials that present diftulties with the rest of ménods, for instancealuminum
(Katayama, 2013)

The most remarkable difference between both modes consist itdieviar of the weld pool.
When performing a conduction welding proceasise weld pool remains unbroken, buatpens

up to allow the laser beam to enter thmelt pool in keyhole weldirg(Cao, et al., 2003)This
behaviarr makes the weld pool remain more stable during conduction mode than in keyhole
mode, besidegorosity defect is reducedt has to be mentioned that a third welding mode
exists, although it is defined as a transition between one to another, if more intamabout

this mode is desired, Appendishould be checked(Cao, et al., 2003)

Continuing witithe welding mods and the type of laser used, it will be suggested which welding
mode should be used with each laser typéere exist two main laser typeSQ and Nd:YAG,
they were introduced at Section 2.Beginningwith the CQ laser beamworking with high
speeds and a low shielding gas flow rate work out well for the conduction mode versus the
keyhole mode.Continuingwith Nd:YAGwith low processing rates (0.5 m/min) the process
works under the keyhole modéowever with higher rates (3 m/min) itworks under the
conduction modgKatayama, 2013)

An extremely relevarparameter that shouldbe controlled is the wavelength of the laser beam
This parameteaffectsthe absorptivity of the alumimm. Generallythe absorptivity increases
as the wavelength is decreased. NdYAG laser has a lower wavelengtth¢h@® laser, the
typical values ard.06um for the NdYAG and 10.6um for the,Cthat § whyNdYAG laser is
more appropriate to welcdluminum or aluminum alloys(Pastor, et al., 1999)
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The process stability becomes greater as the wavelength decreasegfanain reasons, both
related to its great absorptivityCao, et al., 2003)

1 The threshold limit for keyholmode islower.
1 Reduction of harmful plasma effects.

Furthermore it is said that the most employed lasers are Nd:YAG andf@@ aim is to make
a deepweld under the keyhole regime. third type of laser calle¢HPDL is usechainly on the
conduction modébecauset has the shortest wavelength among the three of thékatayama,
2013)

Hereunderit isshown a comparative table between the most used laser types

CQ laser Nd:YAG laser
Higher power output Shorter wavelength (greater absorptivity)
Greater efficiency Reduced plasma effectsd stable keyhole
Reliability Fibreoptic delivery (welding, cutting and

surface treatment processes)

Safety Easier to control and less maintenance
requirements

Tabk 2. Comparison between gfaser and Nd:YAG laser (Wang, et al., 2016).

Broadly when a Nd:YAG laser is appliggeater stability of the keyholis achievedentailinga
better final weld surface withat porosity and uniform ripples.ufthermore, it is possible to
perform the welding process at lower speeds due to the better absorptivity and consequent
reduction of severe plasma effeqté/ang, et al., 2016)

Anotherimportant factis that the shielding gas composition has a huge impact especially at the
time whenaluminiumis being welded with the laséieam method. Albeit laser welding may be
carried out without the utilization of shielding gases, their implemésdds to the next
advantagegCao, et al., 2003; Katayama, 2013)

1 Prevention fromoxidation.

1 Protection of the lenses.

1 Control of several parameters of the process, such as depth of welding and convection
within the weld pool.

1 Control thevapourproduced during the process

1 Prevention of defects such as undercut, porosity and spattering.
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The difference between theshieldinggasesare mainly because of their densitiesnd how
parameters as protection and absorpti@re affected High-density gases (Ar) have higher
protection because they can stay fonger timesn the welding zone. Howeveas higher is the
density, the absorptivity coefficierstiso increasedence a higheamount of laser radiation is
absorbed than with lowdensity gases (Hellelium can be used as a shielding gas because it has
high thermalconductivity;the heat is deviated from the plasma pluradiowingto keep the
plasmaamount with a small siz¢Katayama, 2013; Pastor, et al., 1999)

Cther gases like nitrogenanreducethe porosity defects omluminium. The research for the
optimum shielding gas mixture is one bketmost active fields nowadays. FocusimgCQ laser
beams its performance can benproved with the use of helium ohelium-argon shielding
mixture. It providesa better penetation to the welding processespecially working with
alumirium. Going even deeper, it could be established {#a} should be used foaluminium
alloys that have high reflectivity and conductivity propertiesing a high welding speedth a

low power.Heliumshould be used when the process is being developed in the opposite way
than with (Ar), this is done by using lower weldiageeds andhigher powersOn the other hand,
Nd:YAG laser beams are shieldedusing argon, which is cheaper than helium but absorbs a
greater percentage of the laser enerdao, et al., 2003; Katayama, 2013)

Using (N2) as protector gas during GQaser welding helps to reduce porosity due to the
formation o AIN cover during thg@rocess. Mverthelessthe same gas used in Nd:YAgSer
processes does not reduce the appearance of pordsiyauseAlN film formationdoes not
exist In addition whenthe welding process igarried out using (M as shielding gas arahigh
densitylaser (0.4 MW/mn) is involved, the resulting weld does not present porosity formation.
This is explained by the high temperature achieved in the pltimatavoidsthe introduction of

N into the keyhole;therefore, instbilities within it are avoided. Meover, deep welds ffee of
porosities are performe@Katayama, et al., 2009)

Finishing with this stage of the report, some concepts about laser power and welding speed will
be expained It is reported that when a high weldiisgeed is being usethe width of the weld
increases, meanwhile the depthdecreases. Ihas beerfound a linear relationship between the
energy density of theakser beam and the penetratigiiKatayama, 2013)

5.1. Microstructure

The microstructure of the material involved can suffer significant changes due to the great
temperature reached during the laser welding process as a consequence of thddnigity
energy beamThe higher input energy presented, the lower shear strength achieved in the union
due to recrystallization experienced during the process. In order to quantify and analyse these
changes, the welded surface is divided into three differamies. From inneto outer zones
regarding the weldead Solchenbach, et al., 2014; Katayama, 2013)

1 Fusion zone (F2).
1 Heataffected zone (HAZ).
1 Base metal (BM).
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GThe properties of the weld rely mainly on the microstructure of the flRatayama2013)
therefore,the study will be mainly focused on the behaviour of this zone. It is remarkable to say
the fact that the aluminium alloys involved in our study are A1050/A1100 and A5052, despite
the selected reference deals with a range of different alloys that are tetmed.

After accomplishing a laser welding process within conduction regimen to several aluminium
alloys, such as 6082, 7075, 2024 and so on; the outcomes show a dendritic growth within the
fusion zone of the different alloys to some extent due to thigh solidification rates produced

after the process is carried out. This phenomenon provokes a microstructural refinement in this
zone, which entails an increase of microhardness on the FZ. Accordingly, it is possible to reach a
higher microhardness in &hFZ than the one found in the base metal. In order to equalize the
properties presented in the different zones thie welded surface, it is convenient to apply a

heat treatment to coarse thenicrostructure within the beaqKautz, et al., 2007; Katayama,
2013)

5.2. Defects

Aluminiumand aluminiumalloys laser welding may entail different types of defects timaty
have already been explained in this repoAmong which is widh mentioning the ones
appearing below(Katayama, 2013)

Loss of alloying elements.
Porosity.

Hot cracking.

Underfilling.

=A =4 -4 =4

However only two of them are going to be explainéd this section due to cracking and
underfilling have been already explained. Despite this additional information abesetivo
defects can be founoh Appendix7.L1

The most used alumiom alloy series at the laser welding fielsl the 5XXXseries. Its
characteristic feature is the magnesium concentration, this one is the main alloying element of
the series. Thixoncentration can be affected by the high temperatures producing the
vaporization of some percentage of the alloyed magnesium. Loss of magnesium especially at the
5XXX series affects at the strength level, reducing the méchigoroperties of the materiaFor
instance redudng the corrosion resistancentaling also porosityproblems(Katayama, et al.,

2009; Zhao & Debroy, 2001; Pastor, et al., 1999)

Thestrength of this type of alloy increases with the magnesium percentdige risk of hot
crackings increasedoo because this defect is directly linked with the magnesium concentration
especially if this is an alloy with 1.5% of magmesbr more. Tie loss caiincreasesignificantly

the hot cracking susceptibility. Thereforethe composition change# function with the
vaporization fluxook into account by the literature reviewed he evaporation rate has a linear
proportion with the laser beam power becauseitreases with the power usedlfao & Debroy,
2001; Pastor, et al., 1999)
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However,the composition suffers a greater changdth lower powers because small weld

pool size appearsThis loss means an average value of a 20% strength reduction at the 5XXX
series The magnesium loss higher with the conduction mode (1%) than with thgkele mode
(0.5%)because tihas a smaller weld pool areantailing less temperature diffusionlf the
operation is developed with the keyhole mode aitds changedo the conduction mode
signifies the apparition of the unstable keyhole leadiogbig changedn the magnesium
concentraton (Zhao & Debroy, 2001; Pastor, et al., 1999)

The temperatures along the weld bead are naotform;they are higher on theentreand lower
on the periphery. This phenomenon produces weldtah flows at theweld pool, these flows
are managed by the thermic unbalee and the surface tension. Tdedlows can be up to 1 m/s
causinga mixing action between all the weld metal creating turbules{@hao & Debroy, 2001)

These flows usually follow the same pattern as the temperature dissipation maps along the
surface, confirming that are ruled by the temperature distributidhe vaporization fluxes are
ruled by a different phenomenon, instead of the temperature variatibrules by the pressure
gradient Thisflux starts at the point wheréhe peak temperaturés achievegessentiallyalmost

from the point where the laser beam artde metal interact between themt kcan happen at
other points due to the thermic diffusiobut with much lower rates. Trse both flows are
dependent on the laser beam power and the width of the wiedéid(Zhao & Debroy, 2001)

If it is desired to increase the welding speed, and keep the same welding rate or without
significant changes, the craesection of the weld pool has to be reduced. Keeping the same
welding rate maintains the same vapaiion rate(Zhao & Debroy, 2001)

Continuing with the next defect, porosity significantly déteatesthe mechanical properties of
the weld,it can be divided ito microporosityandmacrgoorosity. Microporosityis highly relagd

to the hydrogen mixing with the medtd metal, keyhole collapse and the turbulence of the weld
pool flow. Essentiallyit is about the different solubility values of the liquid and solid metal. This
phenomenon is not relatetb the hydrogen that can bé the composition of the allaylt is
referred to the solubility of the hydrogen at the maltl metal that could be from the filler
material or from the shielding gas. Therefarentrolling the amount of hydrogen and maintain

it under a specific level (threshold level), could reduce efficiethidy porosity of the welded
area.In spite oftaking this measurento account the collapse of the keyhole or an excessive
turbulent flow at the weldpool could produce porosit§Pastor, et al., 1999; Wang, et al., 2016)

Macroporosityis about he keyholeinstability;therefore, some concepts about the defocusing
of the laser beam should be mentionethe porosity has the least percentagieappearancet

the conduction mode Continuing wittkeyhole mode it is less with the purg focused beam,
and higher with the defcused beam, with very similar values for positive and negative
defocusingPastor, et al., 1999)
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Therefore,it can be established that porosity is formed by an unstable keyhole. If a transition
from conducton mode tokeyhole mode is doneith positive defocusing clearly soft transition

at the weld pool geometrexists. However,with the negative defocusing it becomes more
unstable at the transition stage due to the higher instability of the keyhole and Haoesasing
macroporosity(Pastor, et al., 1999)

Relatingporosity withthe welding speed, it can be mentioned that if the velocity of the welding
operation is increased a change from keyhole to conduction can be obsekvd: transition
stage the keyhole becomes unstabience highest porosity is obtained. Thenimum values
are obtained with the conduction mode and Wwithe stable keyholas it was mentioned before
Moreover,the porosity can be reducebly increasing thecooling rate if changinthe welding
mode is desiredAs a method of prevention, it is significant to say tlparositiescan be
improved by increasing the density of the laseaim andwith an incident angle &(° (Pastor,

et al., 1999; Katayama, at., 2009)

According to the case of laser welding for pure aluminium and altbgdydrogen porosity is
not the main problembecause filler material is not usezhd it is more common to have
transitions on the welding modesuffhermore, it is remakable the fact that porosity in pure
aluminium(A1050) is negligiblgKatayama, et al., 2009)

5.3. Mechanical Properties

This part of the report is baseamh different outcomes as a result of experimental investigations
with a wide range ofluminiumalloys, gatheed in the literature consulted.

As a summary of the important information, hereunder is shown the gdneras to take into
account(Katayama, 2013)

1 Higher toughness in FZ than in BM, dhdrefore a shorter elongatiosuffered in this
zone.

1 Laser welds in conduction mode provide a greater fracture load than the ones
performed by keyhole mode.

1 Mechanicalproperties have been found to be reduced when the welding process is
accomplished with low speeds and laser power.

1 Large pores have a great influenmetensile properties, meanwhile smaller pores have
negligible influence.

1 When the welding process is ataplished with complete control of the parametey; at
least G70% of the ultimate tensile strength for the base met@iKatayama, 2013
reached within the weld.

Finally some concepts will bexposedike that the penetration achieved during the welding
process is inversely proportional to the welding speed, which will vary depending on the features
of the material to be weld, the beam used in the process #r@depth of welding desired.
Likewisehigh welding speed leads to a fine microstructure within the weld zone, which entails
an improvemenbf the tensile strength of the material, in additipno reduce the loss of
material and #oying material vaporizatiofCao, et al.2003)
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5.4. Corrosion

Due to the granular refinement (dendritic growth) within the weld bead, its corrosion resistance
is insouciantly improved. Nevertheless, this zone has been found to work as a cathode
meanwhile the base metal works as amode, what may entail intergranular galvanic corrosion
with important influerce on the heat affected zon&atayama, 2013)

Postwelding heat treatments represeninappropriatemethod to reduce this corrosion effect

as they reduce the appearing dendrites. In addition to the conventional methods, laser surface
melting treatments may be also applied, sirtbey result to be a satisfactory alternative when
improving significantlytte corrosion resistance in aluminium alloys. Thexist two main lasers

to carry out this process witfKatayama, 2013)

1 Excimer laser: it forms a layer of dissolved constituent particles protecting the alloy (3
10>m).
1 Diode laser: The layer formed is thicker in this case (more tharrm)0

Despite the fact that these layers created may detach due to the corrosion advance, the
literature reviewed stipulate that the future works may look for accomplishing both, unidn an
prevention procases, by using the same lagkatayama, 2013)

5.5. Oscillating Patters

As is developed in referend@Vang, et al., 2016)laser beam welding can be improved by
performing anoscillating pattern of the given beam while the process is being accomplished
Some of the advantages that this technique offers are shown hereuidang, et al., 2016)

Reduce temperature gradient as well as the weld hatking appearance.
dncreases the fitip gap tolerance, and then stabilize the progad¥ang, et al., 2016)
Present a better bead formation.

Lead to smooth final surfaces.

= =4 =4

There exist three different oscillating patterns to perform: longitudinally oscillation, transversely
oscillation and circularly oscillatiofiWVang, et al., 2016)

Oscillating pattern Beam track

Without oscillation

Transverse oscillation Y

|

Longitudinal oscillation
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Cireular oscillation
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Figure6. Different weldingpatterns (Wang, et al., 2016).
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6. Discussions

6.1. Aluminiumalloys and laser power
There exist two main types of aluminium alloys:

1 Nonheattreatable alloys: A1IXXX, A3XXX, A4XXX with silicon as an alloying material, as
well as ABXXX. This kind of alloys mayshengthened by solid solution, cold
working, and grain refinemea{Cao, et al., 2003)

1 Heattreatable alloys: A2XXX, ABXXX, A7XXX.

The majority of studies made about aluminium laser welding focus on 5XXX aluminium series,
nevertheless, on the presentation that was given tatithe ASSARentre two different kinds

of aluminium were weldedone of the 1XXX series that could be A1050 or A1100, and an A5052.
Despite they are very similar materials, some differences can be appreciated due to the
concentration of aluminium The 1XXX series is considered pure aluminium, due to its 99%
aluminium,while the 5XXX series are considered alloys due to the concentration of magnesium.
Thisfact means that both parts will have different absorptivity; the pure aluminium will have
less absorptivity due to its higher reflectivity. This difference between tthe types of
aluminium is lower when working at low powers, however, when working with usual regimes
this difference can be up to 20%. Working at high powers the absorptivity of the pure aluminium
improves and become even higher than the alloyed. When kbhghole mode is being
performed, magnesium vapour is generated and absgrart of the laser beam energy. This
phenomenon reduces the absorptivity of the weld bead. Definitely, the power of the welding
process is a parameter to taketo account in our desion. An input of 400 W ionsideed as

low powerworking conditions800 W asnediumand, finally, input powersargerthan 1200 W

are established asigh powerrange In the meeting held at ASSAR Centae, input power of
1500Wwas selectedas the proposed weld conditionlue tothey were developing the union

with the keyhole mode, hence they need high power weld{rtuntington & Eagar, 1983)

6.2. Welding layout

Regarding the spot size, the energy density inidiease as it decreases, albeit the spot may be
such reduced that it will be ineffective. As the reference remékigliore recommended that
the spot size should be about 30% of the burétld width for keyhole welding(Cao, etl., 2003)

Nevertheless, as it is concluded in the refereli®elchenbach, et al., 2014 lower contact
resistance, as well as a greater shear strength, can be achieved by accomplishing a correct layout
of the weld seas. This specific layout is based @wo parallel weld seams with optimized
spacing and overlap desig(Solchenbach, et al., 2014)
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When performing a single weld seam there exist an increment of the contact resistdrase

the length of the seam is shorter than its width. In addition to this experimental outcome, it is
important to remark the fact that the electrical current does not only flow through the wetlde
interface; howevera significant percentage of it goesrttugh the base metal. Furthermore,
when an only one weld seam is accomplished, the electrical current forms a vortex behind it,
which provokes a deterioration of the current flowhis effect is shown in FiguréSblchenbach,

et al, 2014)

When a second parallel weld seam is performed within the overlap length, this vortex is
dissipated to facilitate the current flow through the welded interface. The length of the seams
to be accomplished will be half the length of the setirat would be necessary to make the
same union with a single seam weldinghe comparation between both perfomances can be
observed in Figure (Solchenbach, et al., 2014)

overap

B

|
|
|
|

1 weld seam |

2 parallel weld seam

Figure?7. Passage of thelectric current when a single seam (upper figure) and two parallel seams (lower figure) are
performancedSolchenbach, et al., 2014)

6.3. Type of laser

Aluminium is a material that presents some difficulties at the timé¢owelded, being the
wavelength a very important parameter. The Z&3er is the one that can work with the highest
power but also has the largest wavelength compared to the Nd:YAG laser. The numerical values
can be observeth Section5 of this report.

HPDL has the lowest wavelength among the different types of laser. This laser would be the final
election if the conduction mode was desired to accomplish the union. By using HPDL, the peak
temperature reached during the process will be lower, althoughpiexessing time would be
increased an important amount of time due to the high thermal conductivity of aluminium. This
phenomenon would increase the HAZ of the final weld, due to the features of the welding mode,
moreover would negatively affect the proces an economical aspect
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6.4. Motion Control

As laser welding is one of the most complex techniques within this field, in order to achieve a
great quality level a high precision is demanded, as well as a high accuracy on the laser
positioning. Seam tracking sensors are needed to keep the corrgattivay of the laser beam,
nowadays accuracies of 0.2 mm can be reached while working at 250 mm/s with modern
techniquegDe Graaf, et al., 2010)

Checking one of the last patents about the control of a laser welding machdigital pulse
control system is used. It consists automatic motion control of the process by means of
numeric control language. This technique counts with five motion axes for the head of the beam,
which permits an accurate welding process. Furthermdtreallows the control of the main
features of the process, among which may be remarkable the amperage and voltage used by the
machine while workingMoreover, this motion control presents available repeatability of the
forenamed process by means of theeuof digital pulses recorded in a program by a playback
device such as a computer, which permits exactly duplicate the given pratéssth, 1971)

Accordingly to the seam tracking, it is usually done with different camandsimagebased
sensors with a loop control software in order to control the robots. There are two main control
mechanism: imag&ased control and position based control. Accordingly to the position based
one, the data is extracted from the camera angsitised on a geometrical model of the surface
that wants to be welded. By using this method, it is determined the relativetimal position

of the target point in the surfaceiith respect to the position of the sensors, in this case, a
camera. Continuingvith the image based method, the process that is developed follows the
same steps except for the last recognition one, due to the servoing is done directly from the
data of the image¢De Graaf, et al., 2010)

Comparing the dvantages and disadvantages of both of them, the image based architecture is
faster, due to it runs one step less (regition). Therefore, any calculation delay is reduced and
the errors committed due to sensor modelling are avoided. The main disadvanfatigs
method is that controller design becomes a very complex issue to be implemented, since the
model starts presenting nonlinearities. However, one advantage that this method presents is
huge robustness when talking about the data collection and pataers distortion. Exposing
now the position based control, the sensor takes two functions at the same time: the
characteristics detection and the identification of the position at every time. This architecture
control does not take into consideration paraters like speed. Therefore, a complementary
trajectory planner is needed to plan the followed trajectaiffer specifidixed time intervaldy
measuring the positiorBy following this procedurey constant velocityf the process can be
achievedDe Graaf, et al., 2010)

To sum up, the implementation of both control methods at hggleed welding is very difficult

and complex. Both techniques use a camera for the measurement of the parameters with a
control loop systemWhether delays appear, they should be known and become part of the
feedback loop in order to get a correct interpretation and achiewabifity. Taking into account
these shortcomings, visual servoing technology can be applied to control robotic laseéngeld
(De Graaf, et al., 2010)
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6.5.Circularly Oscillating Pattern

This part of the report is dedicated to explain the advantage of circularly oscillating pattern in
comparison with the other two existing patterns. The first remarkable advantage regards the
defects formation when performing these different patterns. Bolbngitudinally and
transversely oscillating welding present spattered final surfaces, in addition to undercut defect,
which can be reduced by using circularly oscillating weldivgng, et al., 2016)

During oscillating weldmy the keyhole suffers a periodic cycle of expansion and shrinkage.
When the keyhole is expanding, part of the molten metal within the molten pool jumps out of
it and spatters the surrounding surface. After the ejection occurs, the keyhole experiences a
shrinkage process entailing a decrement of the molten metal level within the weld pool. These
effects are increased by the reversal movement of transversely and longitudinally oscillating
patterns, meanwhile, circularly oscillating movement mitigates thiatteping cyclic processy
stabilizing the keyhol@Vang, et al., 2016)

The second advantage of the circularly oscillating pattern is the microstructure achieved after
its performance, which improves some mechanical properties of the aluminium as itis explained
next. Axial grains in the columnar structure are formed when grening welding processes
without oscillation beam. Nevertheless, the performance of circularly oscillating welding entails
the formation of equiaxed structure within the fusion zone of the weld due to the decrease of
temperature gradient. This structurgppears in 52% of the final weld profile, which is the
greatest percentage achieved among the different oscillating welding processes, as circularly
oscillating welding present the greater fusion zone and fedtdcted zone(Wang, ¢ al., 2016)

The appearance of equiaxed grains structure entails an increment of strain which may reach a
38% higher than an aluminium performance without beam oscillation welding. As a summary,
¢the circularly oscillating weld has the finest am@ tmost dispersive dendritereaningthat it

has the highest microhardness according to {Palich relationship(Wang, et al., 2016)

On the other hand, the oscillating processes do not affect the tensile strength afuh@niunt
however, they increase significantly the strain. In the case of circularly oscillating welding, the
strain is increased 38% in comparison to laser imgladvithout beam oscillatiofWwang, et al.,
2016)

Finally, thecircularly oscillating pattern offers the most stable keyhole, becoming the most
reliable pattern to be used during penetration welding processes. Thalatitm developed at

the referenceshows thatithe beam spot moving velocity and the energy absorbgdaser
keyhole of circular oscillation almost keep stable during wek{gang, et al., 2016)which
entails the most stable process achieved among the different oscillating welding processes with
the smoothest weld surfadey avoiding spattering of molten rted and undercut defect@Vang,

et al., 2016)
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7. Conclusions

1 Welding mode.The selected welding mode keyhole due to the high reflectivity and
thermal conductivity of the aluminium. A smaller wavelength is required to achieve a
higher penetration, which will permit short processing times, and in turn, better control
of the molten material within the weldpal and a finer weld seam will be generated.

1 Power. Asthe selected welding mode iseyhole, high power is required, which was
established as higher than 1200 Whereforethe 1500 W power usenh the proposed
solutionwas the correct choice.

1 Laser type. Nd:YAG is the chosen one due to its lower wavelength compared 10 CO
laser. Albeit the HPDL has an even lower wavelength, it would be more accurate for the
conduction welding mode, being in this case, Nd:YAG the best available option.

1 Shielding GasAn argon and helium mixture is selected. On one hand, the helium is able
to keep the plasma plume on a reduced spot size, with this selection the HAZ is reduced
benefiting the state of the battery cells. On the other hand, argon is selected because it
is able to increase the protection of the welding area and reduces the cost of the
shielding gas.

1 Layout.As a conclusion to be taken into account regarding to the weld design, the best
electrical performance is achieved when carrying out two parallel gedans within the
overlap length. These seams should be as separated as possible by performing the weld
seams nearby both extremes of the overlap. As itis explained in the first refedénee,
contact resistance decreased linearly with increasing seatamte, independentém
0 KS 2 @S NXSbltlenbashy d di. K2914)wo parallel welding beads correspond
to the chosen layout.

9 Oscillating pattern.Circularlyoscillating patternis the chosen onejue to three main
reasons. As it has been previously explained, by carrying out this technigue, defects like
the underfilling, undercut and spattering are reduced. Moreover, it improves the strain,
which is increased a 38% compared to an average uniontaltiee grain formation
takingplace after applying thigechnique. Furthermore, this pattern provides the most
stable keyhole, which is the selected welding mode.

With the current researching work, the initial aim wérifying the previous method and
improvingits electrical flow is completed. A theoretical study of laser welding in aluminium
electromobility cells has been accomplished, taking into account important parameters that
define the final state of the joint. In this final section of the refpdhese parameters are
delimitated in order to achieve an outstanding result. For future development, it is required a
practical test of the method here exposed with aim of proving the {gjgélity performance that

is searched for.

Adrian RosGarcia 30
Luis Bujalance Sva



DR
{s22)) HOGSKOLAN MT 533G
\W€Z  1SKOVDE Final Thesis

References

Cao, X., Wallace, W., Poon, C. & Immarigeon, J., 2003. Research and Progress in Laser Welding
of Wrought Aluminum Alloys. |. Laser Welding Procesdésterials and Manufacturing
ProcessexVIII(1), pp.R2.

Cary, H., 1993ASM Handbook, Volumm6, Welding, Brazing and Solderiignth ed. Geauga
Country: ASM International.

Chang, YJ.and others 2015. Environmental and Social Life Cycle Assessment of welding
technologies.Naples, Elsevier .

De Graaf, M., Aarts, R., Jonker, B. & Meijer, J., 2010tiReateam tracking for robotic laser
welding using trajectorpased controlControl Engineering PracticeY111(8), pp. 94953.

Forsman, T., Nilsson, K., Powell, J. & Magnusson, C., 200lwkklleg; the influence of laser
choice and material properties on weld dimensiodsurnal of Laser Applications. 83103.

Grewell, D. & Benatar, A., 2007. Welding of Plastics: Fundamentals and New Developments.
International Polymer ProcessirXII(}, pp. 4360.

Groover, M. P., 2010Fundamentals of Modern Manufacturing Materials Processes, and
SystemsFourth ed. Hoboken: John Wiley and Sons Ltd.

Huntington, C. & Eagar, T., 1983. Laser Welding of Aluminum and Aluminum Weigig
Journal LXII(4, pp. 105107.

J Kerth, W., 1971Welding Machine with Digital Pulse Contrélnited States, Patent®n
3.555.239.

Kalpakjian, S. & Schmid, S. R., 280ahufactura, ingenieria y tecnologfaifth ed.Upper Saddle
River: Pearson Prentice Hall.

Katayama, $.2013.Handbook of laser welding technologi¢srst ed. Sawston: Woodhead
Publishing.

Katayama, S., Nagayama, H., Mizutani, M. & Kawabhito, Y.,Ei088laser welding of aluminium
alloy.Welding InternationalXXIII(10), pp. 74452.

Kautz, D., Milewsk J. & Powers, D., 2007. Laser Beam Welding, Cutting, and Associated
Processes. En: A. O'Brien & C. Guzman, eflitéS Welding Handbook Volume Niami:
American Welding Society, pp.-2B.

Liou, K-N., 2002 An Introduction to Atmospheric Radiatiddecmd ed. Cambridge: Academic
Press.

Liu, S. & Indacochea, J., 198@M Handbook, Volume 1, Properties and Selection: lrons, Steels,
and HighPerformance Alloyg.enth ed. Geauga Country: ASM International.

Pastor, M., Zhao, H., Martukanitz, R. & Debroyl999. Porosity, Underfill and Magnesium Loss
during Continuous Wave Nd:YAG Laser Welding of Thin Plates of Aluminum Alloys 5182 and
5754 Welding Journal XXVIII(6), pp. 26716.

Solchenbach, T., Plapper, P. & Cai, W., 2&&ctrical performance of laser brawelded
aluminuntcopperinterconnectsJournal of Manufacturing Process&¥/1(2), pp. 18389.

Adrian RosGarcia 31
Luis Bujalance Sva



4}, HOGSKOLAN MT 533G '
WEL  1SKOVDE Final Thesis

Swift, K. & Booker, J., 201Blanufacturing process selection handbodkrst ed. Oxford:
Butterworth-Heinemann;.

Wang, L..Gao, M., Zhang, C. & Zeng, X., 2(HfBect of beam oscillating pattern on weld
characterization of laser welding of AA6@6& aluminum alloyMaterials & DesignCVIII(1), pp.
707-717.

Welch, D., 2000. A brief history of higbwer semiconductor laser$EEE Journal of Selected
Topics in Quantum Electronid4(6), pp. 147A477.

World Heath Organization , 198BARC Monograph on the Evaluation of Carcinogenic Risk to
HumansFirst ed. Lyon: World Heath Organization .

Zhao, H. & Debroy, T., 2001. Weld M&famposition Change during Conduction Mode Laser
Welding of Aluminum Alloy 518Rletallurgical and Materials Transactions)@BXXII(1), pp. 163
172.

Adrian RosGarcia 32
Luis Bujalance Sva



ey
YBBY HoGskoLAN MT 533G

WL 1 SKOVDE Final Thesis
-3
Appendices

Appendix 1. Work Breakdown and Time Plan
Appendix 1.1. GANDiagram

Hereunder the different versions of the Gantt chart of our project can be observed. It has
suffered some changes due to the redirection of the project recommended by our supervisor
and our own judgement. At first instancié was a general resedncproject about the laser
welding field in order to accomplish areetromobility cells joint. However, we took the decision

to focus our research at the main features of this technique, therefore we could check if the
elections made bythe University of Eovde about specific parameters were the most
appropriatedones. In additionsome improvementdn the electrical flow fielcare proposedn

order to improve their electionThis methodalgy is representedh the last vesion of the Gantt
chart.
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Laser Welding for Battery Cells of Hybrid Engines
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Fesearch of good quality weld and material properties

Research of battery cells, design and functionality

Heat transfer requirements and masimun temperature

Stimation of stress and fatigue life

Electricity transmission

Heat transfer requirements and masimun temperature 2.0,

Stimation of stress and fatigue life 2.0,

Electricity transmission 2.0.

Alternative esigns and zolutions

Final changings and preparations for presentation

Final review
Final Presentation

Submission
Figure8. First version of the Gantt chart.
Laser Welding for Battery Cells of Hybrid Engines
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General research about welding, history and background

Fesearch about different welding techniques

Lazer welding research, history and principles

Types of laser used in welding

Prepare and exhibit Midterm Prezentation

Riesearch about laser welding techniques

Fezearch about alumimum laser welding and properties

Fieearch Aluminium batteries welding, patterns and layout

Digcuszions and Concluzsions

Final changings and preparations for presentation

Final review

Final Presentation
Submission

Figure9. Last version of the Gantt chart.
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Appendix 2. Welding Background

AdWelding is a materials joining process in which two or more parts are coalesced at their
contacting surfaces by a suitable application of heat and/or preg{@soover, 2010)The use

of heat and pressure can be done by using only one of them or by using both at the same time
dn some welding processes a filler material isedltb facilitate coalescenééGroover, 2010Q)
Welding is usually related to the joining of metallic pieces but also can be used with plastic
materials The final product is only one entitalled weldmentand the joints of this entity could
have a higher strength than the original materials if some filet metals are used and the correct
welding method isaccomplished dWelding is usually the most economical way to join
components in terms of material usaged fabrication costs. Alternative mechanical methods

of assembly require ore complex shape alteratioAgGroover, 201Q)some examples that
could be mentioned are drilling, rivets or screws. The main advantage of weldirmpostnto

the mechanical joints is the placement for the operation, this means that the welding process
can be done at the workplace instead of being previously manufactured at a factory, because of
the majority of welding processes can be done manuallyhwiortable equipment.
Consecutively, it should be exgex that this kind of processes require a huge amount of energy
making it threatening to the worker therefore, the security instructions must be followed. |
provides a permaent joint, henceif disassenbly is required tis method should not be used
(Groover, 2010)

Finally, it is remarkable to say that the welding processes can be apioliedetals or
thermoplastics. Whling can only be applietb this type of polymers because if not the material
will get burnt instead of mel{World Health Organization, 1989)

This appendixs dividedinto different subpartscontaining the basic knowledge about the
generic weldingconcept. Furthermore, rintroduction to laser welding is included by a brief
explanation of its history. Within this content it is possible to distinguish the next main points:

Welding history.
Welding principles.
Welding techniques.
Laser welding histy.

= =4 -4 4

Appendix 2.1. Welding History

Starting with the first signs of welding metals date back to 5000 years ago, when the Aegean
Bronze Age began. The welding works found belonging to this time were carried out by simple
heating and hammering, a processich is followed nowadays in some procedures of welding
metals. It is not until the late nineteenth century that modern welding technology is developed,
including oxyfuel welding.This welding technique was rapidly developed during the early years
of the twentieth century, presenting impressive quality advances during the First World War
(World Health Organization, 1989)
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Although the electric arc phenomenon was discovered in 1802 by Humphrey Davy, it is not until
1882 that Nkolai Bernardos used this method to melt ferrous metals by the use of carbon
electrodes. Finally, Charles Coffin utilized metal electrodes in 1892. The slow early development
of this technique is due to appearing nitrogen embrittlement problems, whiclewgnificantly
reduced when asbestos strings started to be used as electrodes. According to flux coating, a lot
of different materials were probed to achieve a better weld quality by its coalescence, which
was obtained when minerals were added to act gased slag formers. Among these improved
outcomes highlight the ones derived by the utilization of wedéss (sodium and potassium
silicates). This welding process where the use of protecting material was involved, became into
manual metal arc welding (MA) during the 1930s decade, meanwhile asbestos kept being used
until 1950s. Referring to electrical resistance welding, it was also developed in the nineteenth
century and presented better results against embrittlement than arc welding procéésasd

Health Organization, 1989)

After the increasing application of welding joints during the First World War in order to produce
the demanded armament, resistant welding techniques experienced an increment of utilization
due to its implementation in vehicles industry, for lately being adopted in different
manufacturing fields. The Second World War implied a notable growth and outspread
application of welding techniques due to its implication in ships and tanks building and early
problems with hydrogen embrittlement were overcome when basic -lodrogen MMA
electrodes were developed in early the 194@¢orld Health Organization, 1989)

In addition to this welding technigysome other welding techniques were developed in the
latest years of the war, such as submerged arc welding and tungsten inert gas (TIG) welding,
introduced by Russell Meredith in late 1930s. TIG was used to replace rivets in aluminium and
magnesium joinsising the inert gas helium and a tungsten electrode. TIG turned out to be the
first successful gashield welding technique. In the late 1960s, a variant of TIG welding called
plasma arc welding was developed, which can be used for both cutting and wpldicesses
(World Hedth Organization, 1989; Cary, 1993)

After the Second World War, welding became the principal industrial method for metals union,
which resulted in a rapid development in welding technology. Metal inert gas (MIG) welding was
used for he first time in 1948, which represents the first gaselded welding process with a
consumable metal electrode. In order to overcome the problems presented when using cheap
shield gases such as carbon dioxide, new welding wires appeared in the earty ¢&%0ing
antioxidants to protect the weld. This implementation made possiblggBtelding with reduced
porosity problem of this welding technique, which became to be known as metal active gas
(MAG) weldindWorld Health Organizatn, 1989)

In the late 1950s was developed a seamiomatic welding technique by using tubular electrodes
that totally replaced the previous harukld tubular electrodes. Tubular electrodes with gas
F2NXAYy3d 0O2YLRdzy Ra-a € KB i Réofed \eelliSgRas Hevefope§ &t This

time as well, becoming very popular since the 1960s and beyond due to their capacity of
controlling the oxidation and alloying of the weld mef@forld Health Organization, 1989)
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Recent developments have ade possible the automation of the welding process, where
different parameters such as the involved voltage can be computsgrammed to increase the
accuracy of this technology. Since the 1970s laser welding has experiencecspredat
implementation, lence theaim of this report isto go in depth in this field and try to figure out
if this technique turns out to be adequate for the matter that concerns(\World Health
Organization, 1989)

Finishing with the historical backaund, some concepts about the evolution of the use of the
thermoplastic will be explained. After World War 11, thermoplastic importance raised especially
at the automobile and industrial field. The best example of this evolution is the plastic intake
manifolds of the engines that were manufactured with thermoplastic with the lost core
moulding technique. This process was interesting because for opening the possibility of
substituting materials like steel or aluminium with plastic. Howethés, manufacturing process

is expensive because the manifold was produced like a single (@eeeell & Benatar, 2007)

The next step of the evolution of this project was to produce the manifold in two parts and unite
them uwsing vibration welding. The main advantage of this development was that bigger
manifolds could be manufactured, opening the way for bigger engines, increasing the power of
the developed vehicles and industrial procesg@sewell & Bnatar, 2007)

Appendix 2.2. Welding Principles

Once the background and the historical introduction has been made, the main principles that
define the weldability of a material can be explained. These principles depend on the process
selected to carry out the welding. Due to the chemical transformattbas take place during
welding, some materials can be welded by using specific processes.

Inthe next section of this reporthe types of welding are going to be explained and analysed in
order to give a wider explanation of the selection of matersald what is happening during the
process. Hereafter, some concepts about the weldability of steels and plastics will be exposed.

First of all, to talk about weldability, the structure of a weld should be understood. The simplest
case is chosen and showmFigure 7, a singlpass weldment. Two weld regions can be easily
recognized, the fusion zone and the hedtected zone (HAZ). At the first regjdhe material
changed its state of matter from solid to liquid and then again another change of statdido s
takes place. The final weld depends on several factors such as the peak temperature or the
chemical composition, in addition to the consumables and the coolihgse two last factors

also define the impurities, the homogeneity and continuity of theldv Continuing with the
heated zone, this is the region where higher temperatures happen. However, they are lower
than the melting temperature, which does not mean that the temperature achieved will not be
at the austenitic temperature range. If this happs, the precipitated austenite grains could
dissolve, and consggiently, the boundaries of the grain will unpin and the grain will increase its
size forming another type of gra{hiu & Indacochea, 1990)
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FigurelO. Structure of a Wel(Liu & Indacochea, 1990)

The next stage treats some factors that affect weldability. This analysis is going to be started
with the hardenability of the material. It is known that this parameter is generally used to
analyse the microstructure of a stealloy by means of the disbriition, size and shape of the
grains that define the hardenability of the material. This method may also be used to select the
material and welding method to avoid excessive hardening and cracking at the heat affected
zone, due to very high temperaturélsiu & Indacochea, 1990)

Steels with high hardness usually have a big concentration of martensite, which is very sensitive
to high temperatures below the melting one andnmmonly produce cracking at the heat
affected zone. Some empirical expressions were obtained in order to determine the weldability
of the steel, correlated with the cracking susceptibility. Essentially, the main use of this
application is to establish if aeht treatment is needed in order to restore the cracked area.
Another factor could be the chemical composition effect, this is usually studied using CCT
diagram that is formed by two types of data: the percentage of transformation and the cooling
curves Tk chemical stability regions, in correlation with the thermal conditions experienced by
the weld, are obtained with this data. Essentially, the conclusion drawn from these types of
graphics is that the hardenability elements like manganese, molybdenurespetially carbon

in steels, affect to the austenite decomposition. Hence these diagrams are changed. These
elements refine the grain of the microstructure, reducing the hardness of the steel, therefore,
the also reduce the cracking risk at the heat aféetzone. Another factor that affects the
hardenability is the cooling of the heat affected zone. If a fast cooling is chosen the size of the
grain will have a relatively big, this means to increase the hardenability of the material. If a slow
cooling is chsen, the opposite process happens, therefore the hardenability of the material
decreasegLiu & Indacochea, 1990)
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Finally, some ideas about heat treatments will be exposed to end with the welding principles
part. As it has been exposed previously, the cooling rate from the peak temperature defines the
microstructure of the welded area, which defines the hardenabiiftthe material. At the same
time, the cooling rate affects the weldability of the material. Tihisrlinkingmakes the cooling

rate the most important factor. A slow cooling rate has some benefits, like avoiding excessive
hardening and reducing the stress. Equilibrium between the cooling and the hardening should
be found in order to have the minimum weld cracking at the heat affected Zbne &
Indacochea, 1990)

Brief information about welding plastiagas thought tabe included as part of the introductory
preview of thisreport. It is very important to mention that only thermoplastics can be welded
due to material properties, thermoset and elastomer cannot be wel@alift & Booker, 2013)

Thermoplastics get soft and melt by rising the temperature, hence the welding methods are
those where heat is applied at the contact area between both sugfatlkis heat contribution
produces either the fusion of both surfaces or turn them intdstous state, resulting in joining
two or more pieces into only one piece. The operator should be aware of the bad heat
conductivity of this kind of plastics, due to the fact thahether a very high temperature is
applied, instead of melting the plastic can be burned. This result is produced due to the
temperature rising is produced at a very high velocity and the burnt also affects the union quality
by reducing its strengtfKalpakjian & Schmid, 2007)
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Hereafter, an gplanation of the structural state will be given to understand how the molecular
structure of both plastic bodies became a unique body. If two bodies of the same polymer are
in contact while these both surfaces are in a viscous or melted state, a unigqiyeviiti be
obtained by having intimate contact by intermolecular diffusion. This type of contact is not easy
to obtain due to asperity peaks of the surfaces that affect this process even in very smooth
surfaces. While the welding process is happening,dteesperity peaks become softer and they
tend to flow and filling the interstitial spacé&rewell & Benatar, 2007)

When this first step is done, the material should be healed, which means that the two bodies or
surfaceshecome only one body. However, the polymer molecules are not mixed between the
two parts,therefore, some treatment needs to be done in order to achieve this state. In Figure
9 it is shown the perfect and ideal process, where the piece is completely hedtican be
observed, there are some polymer chains of each piece crossing by the intersection and finishing
in the opposite piece, which means that the union becomes indistinguishable. Finally, when this
process is finished, the heat source is remoaird the final piece is let to cooling. In this progess
some residual stresses are generated due to the contractions and expansions that take place
while the heat dissipation. Molecular orientation due to squegflow can affect the strength

of the finalweld, therefore, some attention needs to be paid to the residual stress to avoid weak
welds, a descent of the fatigue life, or even an increase of the corrosive effesvell &
Benatar, 2007)

No healing Partial healing Complete healing

:
:

Figurel2 Healing process (Grewell & Benatar, 2007).
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Appendix 2.3. Welding Techniques

As it was mentioned in the historical context previously exposed, there have appeared different
welding techniques as the involved technology progressed. This section goes in depth in the
principal welding types and describes them with more detail. Thidysis done in order to state

the main features of every technique and distinguish laser welding advantageshe rest of

the technigues, in view of the welding characteristics this project requires.
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Appendix 2.3. Oxyfuel Gas Welding

Thistechnique is a manual process where the involved metal surfaces are gradually melted by a
gas flame, which acts as the heat source and is able to reach greater temperatures th&@.3000
The joint can be effectuated by either using a filler metal or nothevit the necessity of
applying pressure during the procg$zary, 1993; Swift & Booker, 2013)

The most important, common and simplest efxyl gas welding system is the one which
provides the melting heat by an oxyacetylene (OXA) torch. It consist®ropressed gas
cylinders, where the oxygen and fuel (acetylene) are separately stored. Each cylinder is
connected to a hose by means of a gas pressure regulator. Both involved hoses end in the same
nozzle, in which entry is placed a mixing chamber ant itipi the mixed gases go out forming
the final flame(Cary, 1993)

Flame types
§ o= ==

Carburising flame

Cutting torch

" .
o~ Pressure

~ B regulators
=

T e —

Neutral flame

§ ="

Oxidising flame

Typical joint types

%L

Backhand welding

Forehand welding

mzmr<-moO >

Welding/cutting equipment

Figurel3. Oxy-fuel Gas Welding Equipmef@wift & Booker, 2013)

Materials (Swift & Booker, 2013)
1 Ferrous alloys.
1 Nickel, copper, aluminium alloys.
1 Lowmelting-point metals.
1 Refractory metals cannot be welded.

AdvantagegSwift & Booker, 2013)
1 Simple system and welding technique.
Flexibleprocess (welding, cutting and several heat treatment proegss
Economic process for low production runs.
Short lead times.
Highquality welds.

= =4 4 =

Limitations(Swift & Booker, 2013)
1 Manual process.
1 Surface preparation iseeded.
1 It cannot provide a large batch of production.
1 Stress relieving treatment may be required.
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Appendix 2.3.2Tungsten IneiGas Welding (TIG)

This technique is carried out by maintaining an electric arc between thecansumable
tungsten electrode, which can reach a temperature of 12@D0and the workpiece that will be
molten (temperature in the weld pool of about 2.50C). During the proas, a stream of inert

gas protects the molten metal of the atmospheric contamination and prevents oxidation
problems. This inert gas may be argon, helium or a mixture of both gases and the process can
be developed either by using filler metal or r{@ary,1993; Swift & Booker, 2013)

-«—— Travel
n Pressure
=8 regulator

Tungsten
electrode

Gas passage

Electrical Water supply

conductor

Control unit (

Molten weld  Solidified
metal weld metal

Schematic of Tungsten
Inert Gas Welding (TIG)

— Earth connection s
- Water to drain

Figurel4. Tungsten Inerjas Welding Equipment (Swift & Booker, 2013)

Materials(Cary, 1993; Swift & Booker, 2013)
1 Most nonferrous metals.
1 Aluminium, nickel and magnesium.
1 Reactive metals agtanium.
1 Precious metals and refractory alloys can be welded.

AdvantagegCary, 1993; Swift & Booker, 2013)
71 Highquality welding.
Power regulation.
Precise welding heat control.
Economical for low production runs.
Lower deposition than consumabétectrode arc welding.
It can be automatized for long welds in the same plane.

= =4 =4 4 A

Limitations(Cary, 1993; Swift & Booker, 2013)
71 Less economical than consumable electrode arc welding.
1 High complexity of designs.
1 Low tolerance for contaminants.
1 Tungsten inlwsions may appear.
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Appendix 2.3.3Manual Metal Arc Welding (MMA)

The following technique is the most widely used welding process due to its equipment
requirements simplicity, even though it is a very complex technique to be carried out. This is a
manual welding process where an electric arc appears between adhered consumable
electrode and the joint line of the workpiece. As the weld is being created by manually feeding
the process with the consumable electrode, the flux melts and covers the weld pool, shielding it
from atmospheric corrosiofCary, 1993; Swift & Bker, 2013)

Travel—=
Electrode core wire

Electrode

holder Power and
control unit

Flux coating

Electrode

W / N
Solidified  Molten weld Base metal
weld metal metal

Schematic of Manual
Metal Arc welding (MMA)

= Earth connection

Figurel5. Manual Metal Arc Welding Equipment (Swift & Booker, 2013)

Materials(Swift & Booker, 2013)
71 Nickel alloys
Carbon low alloys
Stainless steels
Nickel alloys
Not recommended fonon-ferrous metals welding.

= =4 =4

AdvantagegCary, 1993)
1 Simplest equipment requirements.
1 Greatest flexibility of all welding process.
1 Easily available for all its applications.

Limitations(Cary, 1993)
1 Complex welding technique.

T vdzt f AG& A& 2001 AYSR I OO2NRAYy3 (2 GKS 6St RSN

1 An electrode replacement is needed when each consumable electrode runs out.
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Appendix 2.3.4Submerged Arc Welding (SAW)

MT 533G
Final Thesis

This welding process is carried out by dispensing a flux blanket through a hopper and melting it
with the use of an electric arc, which is created between a consumable wire electrode and the
workpiece. The involved flux melts, shielding the weld pool anotegpting it from the
atmospheric corrosion and oxidation. The alloy ingredients presented in the flux must improve
the mechanical properties dhe final weld; furthermore, the flux that is not used during the

process can be recyclé@ary, 1993; Swift &ooker, 2013).

Moving Head Submerged Arc Welding

Direction

of travel .

Recovered flux
storage tank

Flux heppe

Wire
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\/
X
21

|
! dispenser

Earth

connection

Power supply
and control panel

Fixed
gantry

beam

v

Granular flux

] Work

Fixed Head Submerged Arc Welding

Drive
unit

Figurel6. Submerged Arc Welding Equipment (Swift & Booker, 2013).

Materials(Swift & Booker, 2013)
1 Some nickel alloys.
1 Carbon low alloys and stainless steels.
1 Not recommendedlissimilar metals.

AdvantagegCary, 1993)

1 Flux blanket prevents welding spatter, flash and fume. (Environmentally

friendly)

1 High deposition rates and welding speeds are possible.
71 Cost per unit length dahe joint is relatively economic.
il

Minimumwelder training is required.

Limitations(Cary, 1993)
71 High initial cost of equipment and facilities.
1 Only flat horizontal welding is possible.

1 Deposited slag must be removed before eaatding process.
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Appendix 2.3.%lectron beam welding (EBW)

This technique is a higgnergy density fusion process carried out by projecting an electron beam
into the workpiece to be welded. The involved electrons are accelerated up to 0.7 times the
speed of light and thrown from an electron gun (cathode) to the working area (anode). The
process is accomplished in a vacuum environment, which prevents the weld pool from
impurities such as oxidé€ary, 1993; Swift & Booker, 2013).

= <— Electron gun (-ve)

Valve

Shielding \

Optical viewing < Magnetic lens

Deflection coils
Viewing window v
- — To vacuum

Workpiece (+ve) ®—@ Traverse table

Figurel?. Electron Beam Welding Equipment (Swift & Booker, 2013).

Materials(Swift & Booker, 2013)
1 Most metals including steels alloys.
1 Aluminium, titanium, copper, etc.
7 Refractory and precious metals.
1 Metals which welding process presents problems of vaporization.

AdvantagegCary, 1993)
1 Deeper and narrower than arc welds.
Total heat input much lower than required in arc welding.
Lower welding times.
More energetically eftient.
Not expensive process among other higiergy density welding processes.

= =4 =4 =

Limitations(Cary, 1993)
1 High cost of the equipment.
7 Limitations of availability of the vacuum chamber.
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Appendix 2.3.6Plasma Arc WeldiBAW)

The next process is a galielded arc welding technique where the arc is held between a non
consumable tungsten electrode and the workpiece, reaching temperatures until 28000the
plasma beam is produced by ionizing the gas and constrictihgoigh a copper nozziary,
1993; Swift & Booker, 2013).

Figurel8 Plasma Arc Welding Equipment (Swift & Booker, 2013).

Materials(Swift & Booker, 2013)
1 Aluminium, copper and nickel alloys.
1 Refractory and precious metals.
1 Electrically conductive materials.

AdvantagegSwift & Booker, 2013)
1 Profitable for low production runs.
1 Tooling and process cost are low.
7 Capable to weld really short thickness.
1 Highqualitywelds, withgreatpenetration.

Limitations(Swift & Booker, 2013)
1 Expensive equipment.
9 Design aspects are highly complex.

Appendix 2.3.HighFrequency Welding (HF)

This type of welding is based in the use of high frequency alternating current resistance heating
as the heat source for welding, which permits an easy focusing to the zone of interest of the
heat achievingutstandingresults in weldindCary, 1993)

Materials(Swift & Booker, 2013)

1 Almost any material combination can be welded by this technique, commonly low
carbon steels.

Adrian RosGarcia 46
Luis Bujalance Sva

























































