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Abstract

This thesis is a collaboratidnetween Polyteatic universityof Milan and ABB Company.
The aimof this work is investigatiolon the deformatiomf DOCOL M pipes causebly
welding Conventional welding process often fails to provide adequate joint in high
strength steel and also makes residual stregsl@formation in the components, therefore
welding withthree differenunconventionatechnologiesare performedProximity laser
welding,wobblinglaser welding and CMTCold Metal Transferwelding.Possibility and
feasibility of these three technolegion thregints configuratior{butt joint, flanged joint

and hp join) arestudied.

The effects of main process parameterainly power and @locity) on the microstructure
arestudiedas well. The planarity of pipes after final welding is measured PFoximity
laser welding the planarity is remained intact IRemote laser weldinghanges the
planarity to some extenProximity and Wobbling Laser welding ararried out withat
filler metal. Thereforethe joint has the saméemical composition ahé basematerial
and its microstructure consists of martensite. Solidification inwakel metal led to
formation ofcoarse grains, whereas the heat affected zone (iHzained finegrained
The HAZ width for proximity laser wding is insignificantandhardness doesot change
considerably For wobbling laser weldintarger HAZ obtained in respect of proximity
laser weldingand tardness changewore than the latter one. CMielding produces
acicular microstructwer of banite (corresponding to lower harelss)and very larger HAZ
in compares to two other technologies

The blerancecost is also modelled for different technologiBlse welding cost ibroadly
classified in to two categories, namely fixed and variable &dlsh all thetolerancecost
perhour for laser ignore than CMT welding.

Keywords: laserwelding, CMT welding, Wobbling, HighStrength &el, Deformation



Sommario

Questa tesi € una collaborazione tra Politecnico di Milano e la SosiiBa

La giunzione degli acciai alto resisiali presenta particolare difficolta se eseguita con
tecniche convenzional i, infatt.i | 6alto i mpa
deformazioni e stress residui, particolarmente critici per le sollecitazioni a fatica. Per

guesto motivo le teeéche convenzionali di saldatura non sono in grado di assicurare, il piu

delle volte, una perfetta e durevole giunzione.

Il n tal senso questo |l avoro ha come obiettivo
residua a seguito di saldature con bassoattopenergetico, come quelle laser o le

cosiddette cold metal transfer (CMT), il materiale preso in esame e un alto resistenziale,

in particolare dei tubi di DOCOL MLe tecnologie sopracitate sono state studiate per

differenti tipologie di giunto cosi daoter capire anche quale geometria si adattasse meglio

alla particolare tecnologia.

Verrannopresentati gli efféti dei parametri principali di procesgpotenza e velocitagui

giunti con undanali si metal | ur giferusuedei i n s eg
prototipo reali L6 anal i si metal l urgica sar’ svolta ¢
andandone a studiare la microstruttura a seguito di attacchi chimici, come e noto, la

mi crostruttura dell e sal datagibiliperdliacsi@alto r i mar r ~
resistenziali, in guanto questo tipo di sal
contrario la saldatura CMT avra una modificazione nella zona del cordone, proprio dovuta

al filo dbéapporto i mmesso con questo process
Undaltra caratteristica I mportante da sotto
eseguite delle prove anche con la testa a scansione, ci0 ha dato la possibilita di capire

| 6effettiva utilizzabilit”™ delle nuove tecni

Y

In ultimo é stato sviluppato anche un modello di costo per quantificare in termini
economi Ci | 6investi mento relativo alle tecno
al caso industriale affrontato

Parole chiag Saldatura laserQscilante SaldaturaCMT, Acciaio altoresistenziale,

Deformazione.
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Chapter 1: Introduction

This research iollaboration betweenSITEC - Laboratory for laser @plications of
Politecnico di Milang technical department cABB Company ad Socage Company.
Socage Companyods roéjgntin boeahgped Pipgesarewnedntda be g
use in arm of Socage cranes. Coni@ral welding such as TIG and MIG welding fail to
make a good weld on the pipes and often cause big deformation in pipes. In this thesis
welding with differentechnologies which input less heat to the pipes are compared to each
other. Laser welding is plermed in SITECLaboratoryandCMT welding is performed in

ABB Company of Italy

Experimenthas been performed on DOCOL M cold reduced martensitic steel pipes

HSS Docol 1200M, is a fully martensitic steel produced by water quenching from an
elevatedemperature in the austenitic range supplied by Swedish Ste¢bB&B). It was
delivered as a 1rbm thickness pipe from Socage Company. Docol M is largely used in
the crash management systems. Because of their security function these types of products
have to combine characteristics like ligheight, high structural Penfimancesand low

costs

The objectiveof this workis investigation and minimization of the pipes deformation
caused by welding with tae different technologieBiber Laser Vélding WobblingLaser
Welding and CMT(Cold Metal Transfgrwelding. The pipes are meant to be used in the
arm of Socage Crane. The previous welding problem with conventional methods was that
pipes were deformed and the planarity of pipes changed a lot. Thiemrehh be fixed

using technologies which input less heat in to the components such as laser welding and
CMT welding. The experiments related to laser welding are done in SITEC laboratory fo
laser applications in Politacco diMilano.And CMT experimentsvere performed in ABB
Company.

The power density in lasevelding is extensive andbout 4 orders of magnitude higher
than in conventional welding methods. This is why its influenctherparent metailose

to the weld is considerably lower and the mitrosture degradation is minimaMT is
also input less heat in compare to MAG and TIG welding which are commonlynuibed
industries. Thanks tag characteristic feature of alternating theraralpool, i.e. hot when
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an arc is initiated and cold whehe arc is extinguished and the wire is retracted. This
alternating hot and cold treatment has been made possible by a new technological
development from Fronius International LLC that incorporates the wire motions into the
process control via a computeomtoring systemAll these three technologies input less
heat to the component in respectémventional methods of welding such as TIG and MIG
welding.

In this study alsothe effect of laser wobbling welding on the deformation and
microstructure of theipes is analyzed. Wobblirigser welding benefits from three major
advantagesver traditional laser welding with short focal length optittse highspeed of
the intraweld beam movement contributes to a signifta@duction of the cycle tim&he
long standoff of the focusing head permits access to areas not accessiblehwit focal
length, Whereas in conventional laser processing the work lseedse to the work, with
wobbling laser weldingthere is a standoff distance.

Consequently, there iti¢ ability to effectively move the beam around with mirrors far
more efficiently than if the laser is on a stationary mechanism, such as a robeinatiy

the most important characteristic which is used in the experiment is #ifed ibenefits of
stirring the spot dimension for compensating the §apcejoints configuratios are simple
and linearmostly the advantage of stirring tepotdimensionin order to compensate the
gap is taken.

The laser head used for tl@gperiment is Scan fiber LasBrocessing Head, a product of
Electronic, Engineering group (El.Emompany, with he high scanning speednd
scanning accelerationThe work statement will be started by reviewing the state of arts
whi ch di s cus sgereraltafdespecifia thatedstiasl addswelding methods
carried out on it. These discussions continue by giving information regarding to weld bead
quality which has been reported in literature. All the information in this chapter is based
on accredited sources such as internatistaaldards and publications.

After comes the objectives of the work which are intended to be investigated, such as
decreasig the pipes deformation aothtaning good weld property and also cosbdeling

are explainedl hree jont configuratiosare analged: lap joint, butt joint anddnged joint.

The most suitable configuration for proximity laser aieg is the lap joint. Using high
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powerlaser welding wth high velocitymakes it possible to make the deformation of pipes
almost intact. The planarity dbmponents measured before and after welding.

The difference between before and after welding planarity is negligible. Good penetration
is obtained in thisvelding as well Even if the big gap is present in the butt joint, using
laser wobbling method &atisfactory in this case. The change in planarity of the pipe before
and dter weldingusing wobbling techniques more than proximity laser weldinGMT
method is applied on the Byoint as well.

The advantagef CMT techniquds that it is not sensite to the gap. The nature of CMT
weldingis a rule based task. Majoriparameters are chosen with machines automatically
and it is an easy applicable method of welding. On the contrary more heat affected zone
and more deformation are presented in thepipelded with CMT welding.
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Chapter 2: State of the art

This chaptediscusses the HSS welding methods particularlyfibes laser welding and
CMT welding by providing the parameters affecting the waldld composition and
guality. Laser weldig and CMT weldingprocess parameters and their effectghe weld

bead are explained in this chapter as wiellalso deals with a detaiexplanation of
properties and metallurgical specificationrH$S (high strength steeDOCOL M) used in

the experimen

2.1 Materiali DOCOL M

Advanced high strength steels (AHSS) are promising solutions for the production of lighter
automobiles with increased passenger safety and reduced fuel consuhpti®HSS
grades include: (a) Dugbhase (DP) steels, which consist of a dispersif islands of hard
martensit5E20% by volume) in soft ferrite matrix. These ste®lks characterized by high
work hardening and are used in automobile components that require @ggtistrgood
crashworthiess and reasonable formabiliflg) Transformationinduced plasticity (TRIP)
steels that offer high strength and toughness combination ®itellent uniform
elongation.TRIP steels have the ability to absorb more energy dumiagy due to the
delayed transfanation of retained austenite toartensite. They have a microstructure
consistingof various fraction®f ferrite, martensite, bainite and retained austenite, giving
them their unique balance of propertidewever, the highgvercentagef alloying content

and hermal cycle in welding, limitgs weldability resulting in inferiomicrostructure and
mechanicalproperties of the weld. (c) Boremloyed (MN) steels, tademarkedas
USIBOR, which are more idely used by automakersday. Essentially this steel is hot
stamped by heatg the blank to austenitizatioremperature, press formed and -die
guenched, resulting very hard phases that give rise to extreme tensile strength of 1500
MPa.

TheHSS Docol 1200M, is a fully martensitsteelproduced by water quenching from an
elevated temperature in thestenitic rangg?], suppied by Swedish Steel Lt(B]. It was
delivered as a 1.Bimthickness pipe from&ageCompany
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These steels are manufactured using heat treatment in auooistiannealing line. The
ultra-high strength is produced by fast water quenching from an elevated austenitic
temperature rangd@able2-1 gives thenominalchemical ompositionof the materia[3].
Thenominal yiet strength is reported from tineanufacturer to be in the ranfyfem 950
Mpato 1150Mpa, while the nominal tensile strength is reportetvédbetween 1200MPa

and 140Mpa.

Steel grade C% Si % Mn % P % S % Alto % Nb % Ti %

Docol 1200M 0,11 0,20 1,70 0,010 0,002 0,040 0,015 0,025
Table2-1 Chemical composition of Docol 1200M

The strength of weld joints with Docol M is higher than conventional high strength steels.
In figure 1 the tensile strength of weld is compared with tensile strength of parent material.

Docol M is largely used inthe crash managemeasystens. Becausef their security
function these types of products have to combine characteristics like light weight, high
structural performances and low codtsthe fallowing the general mechanical pedies

of DOCOL M is listed, the plots are taken fr@gdj. In the Figure 21 the tensile curvés
reported.
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Figure2-1 Stressstrain relationship for Docol 1200 M 1.5 mm thickness

In the Figure 2-2 the FLD curve isplotted. A forming limit diagram, also known as
aforming limit curve, is used isheet metatlorming for predicting formingoehaviorof
sheet metdl5]. The diagram attempts to provide a graphical descriptiomadérial failure
tests, such as a punched dome test.

In order to determine whether a given region has failed, a mechanical test is performed.
The mechanical test is performed by placing a circular mark on the piex& prior to
deformation, and then measwg the postdeformation ellipse that is generated from the
action on this circle. By repeating the mechanical test to generate a range of stress states,
the formability limit diagram can be generated as a line at which failure is onset
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True stressstrain curves from tensltests performed on Docol 120Q M5 mmthickness
Blue linesRepresentesting at standard strain rate and red lines represent testing at high
strain ratelt is important to underline that this results are not so much differemt tine

ones reporteth Fig 2-4 taking into account than this figuresTrue stress and strain are
shown while in the previous figure the engineering resultsshi@vn.The specimen used
in the test at both standard and high strain rate is reportedure2§.
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Figure2-4 True stressstrain curves from tensile tests performed on Docol 1200M, 1.5 mm.
Blue lines represent testing at standard strain rate and red lines represent testing at high strain rate

2.2  Description ofjoints

This chapter is dedicated to description of different mechanical joints which aredised i

experimentT h e

Ameri can
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Soci ety

def i

materials fitt oget her . 0 As -5sther eerfive ibasic tiypesgofll wekl joifts:
Butt joint, T-joint., Lap joint, Corner joint an&dge joint[6].
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Butt T

Lap Comner

Edge
Figure2-5 Five different joints which are used in welding

Three different joints are used in the study included: Butt joints, edge flange joints and lap
joint. In this study Edge flange joint is simply called flange.

Butt weldingis awelding technique used to connect parts which are nearly parallel and
don't overlap. It can be used to run a processing machine continuously, as opposed to
having to restart such mackiwith a new supply of metals. Butelding is an economical

and reliable way of jointing without using additional components.

Usually, a buttwelding joint is made by gradually heating up the two weld ends with a
weld plate and then joining them underpeedfic pressure. This process is very suitable

for prefabrication and producing special fittings. Afterward, the material is usually ground
down to a smooth finish and either sent on its way to the processing machine, or sold as a
completed product.

This type of weld is usually accomplished with an arc or MIG welder. It can also be
accomplished by brazing. With arc welding, after the butt weld is complete, the weld itself
needs to be struck with a hammer forge to remove slag (a type of waste materral) befo
any subsequent welds can be applied. This is not necessary for MIG welds however, as a
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protective gas removes any need for slag to appear. Another advantage with a MIG welder
is that a continuous copper wire is fed onto the stock, making the weldllyirtua
inexhaustiblg7]. Butt joints are used where high strength is required. They are reliable
and can withstand stress better than any otherdfpeeld joint. To achieve full stress
value, the weld must have 100 percent penetration through the joint. This can be done by
welding completely through from one side. The alternative is working from both sides,
with the welds joining in the centeDiff erent possible butt joints are showrAgure 2

6.

i - g
7 T

Butt Beveal-groove V-groowve

Sy
]

Flara-V Flare-bawvel

Figure2-6 Different types of butt joint

Expansion of the base metal during welding often will cause a condition known as
mismatch, Figur@-7.



Welding of DOCOL pipes with different techniques 11

When mismatch occurs, the weld generally will not penetrate completely througmthe joi
Many specifications limit highly stressed butt joints to a 10 percent maximum mismatch
of the joint thickness.

Figure2-7 Welds made on mismatched joints often will fail
below the rated load when plad in stress conditions
Whenever possible, butt joints shoutthte at the bottom, Figure& Joints of unequal
thickness should be tapered in the weld area to prevent incomplete or inadeqoate fusi
When this cannot be done, the heavier piece may beethpa the upper part of the joint
as well.

Figure2-8 Mating the joint at the bottom equalizes the load during stress

Weld shrinkage, Butt welds always shrink across the joint (transversely) during welding.

For this reason, a shrinkagewal dowgacev eual
dimensions have a small tolerance.

Lap joints may be single fillet, double fillet, plug slot, or spatided. They require very

little joint preparation. They are generally used in static load applications or in the repair
of uni-body asomobiles. Where corrosive liquids are involved, both edges of thenoistt

be welded. See Figure® One of the major problems with lap joitkesign is shown in
Figure 210. Where the component parts are not in close contact, a bridging fillet weld mus
then be made. This leads to incomplete fusion at the root of the weld and oversize fillet
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weld dimensions. When using this type of design in sheet or plate material, clamps or
tooling must be used to maintain adequate contact of the material at theinteld

.

e

77/

T Open to
corrosion
Correct

/ 7
Section A Section B

Correct design Incorrect design

Figure2-9 Corrosive liquid must not be allowed to enter the penetration side of weld joint

Figure2-10 Lap joint problem areas that result from improperip
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Edge welds are usedahere the edges of two sheets or plates are adjacent and are in
approximately parallel planes &iet point of welding. Figure-21and 212 shows several

types of edge weld designs. These designs are common only in structural use. Since the
weld does not gnetrate completely through the joint thickness, it should not be used in
stress or pressure applications.

i

Bevel-groove J-groove V-groove

0

)

LI-groove Edge flange Comer flange

Figure2-11 Types of weld that may be made with basic edge joint
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Figure2-12 Common edge weld design that maybe used in fabrication

2.3 Laser veldingof HSS

This sectionstarts with introduction of laser welding and ther deals with a detail

explanationof main process parameters whaffects the weld quality fodifferent laser

technologies, ximity laser weldingand wobbling laser weldinggchnique used in the
experments.

2.3.1 Oveaview

Welding with laser beams is a process that takes place in a series ofLstegsbeam
welding (LBW) is aweldingtechnique used to join multiple pieces of metal through the
use of daser The beam provides a concentrated heat source, allowing for narrow, deep


http://en.wikipedia.org/wiki/Welding
http://en.wikipedia.org/wiki/Laser

Welding of DOCOL pipes with different techniques 15

welds andhigh welding rates.The steps involved are inherently multidisciplinary,

requiring knowledge from severatanches of physics. A brief summary of the nature of

laser beam interactions with materials and how heat is delivered from the beam into the

part being welded ipr esented i n ASM HandboWekdng nLaser
Fundamentals and Procdss.

Laser interactions with metals ateminated by the effects of conduction (free) electrons

at the metal surface. Absorption of the laser energy by these electrons occurs very rapidly,
on the order of 1 s, and in a very shallow region of the metal surface, 10 to 100 nm,
which is shortetthan the wavelength of the laser. The photon energy excites the free
electrons and gives them excess kinetic energy.

The excess kinetic energy is then transferred to the metal atoms through large numbers of
elementary collisions and various enetggnser mechanisms, creating heat as the excited
electrons deposit their excess energy into the atomic lattice. This process of converting the
laser enggy into heat is called thermadizon, and it produces a highly localized heat pulse

on the surface of the etal where irradiation occurred. The thermalized heat can then
macroscopically flow from this region into the remaining portion of the substrate, as
described by classical heffdw methods (conduction, convection, and radiation -heat
transfer mechanisms).

During laser welding, the energise must be sufficient to melt the surface, and during
keyhole welding, the energyse must be sufficient to vaporize the substrate. Under the
conditions where vapors are being created, the laser interaction becomes more
complicated, because it must pass through this vaporized column to reach the metal
surface.

The hot vapor column becomes partially ionized and can absorb photons through
interactions with the thermally excited atoms and through the ions or free elanttbas
ionized plasmaThere are two different modalities to perform laser welding process, in
function of the irradiance, Conduction mode for all the types of material fegtration
mode: Keyhole only for metallic materials, this two modalities arscdssed in the
fallowing section.

Lasers are capable of both conductinade weldig and deeypenetration welding.

V ConductionMode Welding
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Momentum transfer or convection dominates conduatimde welding. High power
density (18 to 10 W/cm2) in laser wéding produces a temperature gradient of the order
of 1 K/cm, which in turn leads to surfatensiondriven thermo capillaryflow
(Marangoni convection) with surface velocities of the order of 4. @dnvection is the
single most important factor affeeyj the geometry of the laser melt pool (that is, pool
shape, aspect ratio, and surface ripples) and cauit nes defects such as variable
penetration, porosity, and lack of fusion. Convection is also responsible for mixing, and it
therefore affects the agposition of the melt pool during laser welding.

V The pool configuration.

In conductioamode laser welding is a function of the Prandtl number of the materials
(Prm)-defined as the ratio of kinematic viscosity to molecular

V Diffusivity

In materials witHow Prandtl numbers (for example, aluminum with Prm = 0.02), the pool
shape is more spherical and is dominated by conduction heat transfer. In contrast, a material
with a high Prandtl number (for example, steel with Prm = 0.1) results in a pool shape that
is shallow and wide, because it is dominated by the sutéssgondriven flow. Free
surface deformation leading to defects such as undercuts is also influenced by convection.
A small amount of surface reactant elements (for example, sulfur or oxygechaage

the convection direction. For most metatermo capillarylow drives the hot mal to the

cold side but the addition of sulfur changes the sign of the temperdapendence
function of the surface tension and drives the liquetal to the ceer of the poo[9].
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Surface
| Laser beam tension

Temperature

. (6)

Figure2-13 Schematic showing effect of convection on laser beam welding melt pool configuration

In Figure 213 spherical shape with flat surface typical of l&®m materials. (b) Shallow
and unercut free surface characteristic of highm materials. Numbers in the Figure
identify specific regions: 1, stagnation flow region; 2, free surface bouhalgey region;
3, cooled corner region; 4, soliduid interface boundariayer region; 5, isdtermal in
viscid core

V DeepPenetratiorMode Welding

The mechanism of degmenetration welding by a laser beam is very similar to that
encountered with an electron beam (that is
This keyhole may be produced whermeam of sufficiently high power density causes
vaporization of the substrate and the pressure produced by the vapor in the crater causes
displacement of the molten metal upward aldmg walls of the hole (Figure-24). This

hole acts as a blackbody, aidithe absorption of the laser beam as well as distributing the

heat deep in the material. The energy in most conventional welding processes is deposited

at the surface of the work piece and brought in to the interior by conduction
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(a) (b) (c)

Figure2-14 Forming of a narrow and deep capillary of vapor, or a keyhole

The keyhole or cavity is formed only if the beam has sufficient power density. The keyhole
is filled with gas or vapor created by continuous vaporadif wall material by the beam.

This Cavity is surrouded by liquid that, in turn, isurrounded by solidThe flow of the

liquid and the surface tension tetal obliterate the cavity, whiléhe vapor,which is
continuously generated, tends to maintaendavity. There is a continuous flowldéaterial

out of the cavity at the point where the beam enters. For a moving beam, this keyhole
achievesa steady state (that is, the cavity and the beam associated with the molten zone
moveforwardat the speed seythe advance of the beam).

In viscid with no viscositthe material lost by vaporization shows up as a depression in
the solidified melt as porosity, as inward deformation of the work piece, or possibly as
a combination of these effects. TRequiremat that sufficient vapor be produced to
maintain a steady state leads to a minimAivance speed for a steady state. While the
cavity moves through the solid and liquid materiad apeed determined by the motion of
the beam, materials must be moved cardusly from theRegion ahead of the cavity to
the region behind it.

Figure2-15 shows how the laser bedmteraction with the work piece produdesyhole
plasma in the work piece asdrfaceplasmaabove the work piece. The relative positions
of the HAZ, weld pool, and conveldn pattern within the weld aralso shown.
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Figure2-15 Schematic of keyhole plasma and surface plasma, HAZ, andffected zone

2.3.2 Laser welding processammeters and their effects

They are a lot ofndependent process vabies for laser welding such as incident laser
power, material dependent absorptivity, beam product parameter, shielding gas, depth of
penetration and microstructure and metallurgical properties, laser beam power and welding
speed.

The effects of some of the important variables &eutsed comprehensiy in ASM [8].
Howeverthis Study regards mainly to effect of laser beam power ahdirvg speed on the

weld quality and deformation of the components. These two process parameters are
explained in théollowing:
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V Laser Beam Power

The depth of penetration with laser welding is directly related to the power density of the
laserBeam and is function of incident beam power and beam diameter. For a constant
beam diameter, penetration typically increases as the beam power is increased. The
penetrationincreases almost linearly with incident laser power. It is generally observed
that for LBW d a Particular thickness, a minimum threshold power is required to initiate
melting and form a wel®ool. Laser power divided by spot area size is called irradiance

5 I: Power density [W/cm?] (Irradiance)

V Welding Speed

The correlation of penetration depth relative to welding speed withU\ and EBW
Processes was studied by Duley [7]. The penetration in the laser weld is consistently less
than that obtained with an electron beam, but the relative difference between the two
penetration®epths diminishes as the welding speed is incred$adever, Duley found

this somewhasurprisingbecause the time to form a void or keyhole depends on the laser
beam illuminatiorTime for a particular area on the surface of the work piece as the welding
speed is increased.

When this occurs, the average mowdissipated in the sheet is expected to drop because
theKeyhole is no longer a completely effective trap for the incident laser radiation. For an
electronBeam absorptivity of the material is independent of the shape and extent of the
keyhole. Hencehe total power dissipated in th&ork pieceis less dependent on the
welding speed. However fofery low welding speeds, the penetration depth of laser welds
becomes significantly less thahat attainable with the electron beam. This can be
attributed tohe formation of a plasma cloughich attenuates the incident beam.

2.3.3 Fiberlasersvelding

Fiber lasers essentially consist of a doped filleere the laser is produced, excitation
source, and a beam delivery system. The fiber laser is unique inehasiing media is
contained within an optical fibeBroad area multimode pump diodes surrounding the fiber
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are then used to invoke the doped fileeproduce photongl(]. A general schematic of

these components is shown in Fig&6. The diode laser is used to excite the dopesf fib

and produce the emission of photons which,
contained within the strand and propagate back and forth along its length. To prevent the
uncontrolled escape of photons in the fiber ends, Bragg gratings are cnetediber.

These gratings are created by intense Wit light that writes a periodic change in the
refractive prperties of the affected argd.1]. The Bragg gratings act as higffficiency

mirrors in the fiber and can be modified for a specific desired wavelength which allows
fiber laser beam® be created with a range of wavelengths. The reflection within the fiber
between the two sets of Bragg gates set up a resonance similar to the two previous laser
systems that produce a single phase collimated beam with a wavelength between 1060 and
1070nm. The output laser generally goes through additional beam collimators to eliminate
any residual aberrant elements and to focus the beam to the final desired spot size.

Fiber lasers have only recently become vialde highpower laser sources
[12]. Initial equipment expenses are more than offset over ¢he la 0 gy/cleldueftoehe
fact that itrequires almost no maintenance,

Broad-Area Broad-Area

Fiber Bragg Gratin . Optical
Multimode HarEigg o ‘Igs Multimode Powir Meter
Pump Diodes \ Pump Diodes
@ @] @ \ vero B

collimated  Jens
laser output

/ | \

1111
LA
Multimode  Cladding-Pumped

i Multimode
Coupler Active Fiber Coupler

Beam
Analyzer

Figure2-16 Schematic of a general fiber laser sef1G)

It does not require addiinal cooling, and has one of the highest ypéllg efficiencies of

any laser beam process (between 25 and 30%). Also, the resulting beam experiences less
divergence tha other comparable laser beafi®]. How- ever, with the mature and
industridization of fiber laser technogy, a nev generation of high power lagéber lase

has obtained rapid development due to its advastaf high power, high beam quality

and high effieency to produce deep penetostiwels at high welding speef$3]. High
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power fiber laser welding proces$sms the potential for high productiyi The low heat
input usedminimize welding risks like cold eckingand excessive extenss of the heat
affected zonegq14] has studied the characterization of fiber laseldsv@n X100 high
strength steelA systematic study on oveyp welding properties of auto body galvanized
steel is conducted HyL5] using the latenodel fiber laser and CO 2 laser respectively.

The welding joints surface formation, cressctional weld shape and mechanical
properties of the two types of lasers are compared, and it is analyzed whether dissimilar
laser sources would impact the welding quality, so as to control and optimize the craft
quality of laser welding automobile body. The results show that under the test conditions,
the weld fusion width presents wide at the top and narrow at the bottorheasdoss
sections of overlap joints taketad Y 6 6 s h a p @ laserywelding,iwhilg thaSeCby
using fiber | aser wwhickwas mearthevfiesionswidthpoéthel i ke 6
upper and lower surface are almost the same. And thalagdring foce of fiber laser
welding joints was stronger due to its larger irgbeet joint connection width. In addition,
under certain conditions, the fiber laser welding could result in more uniform and finer
joints, higher strength and hardness, and better mactigropertiesThe active medium

of a fiber is a core of the fiber dopedth a rare earth. Mostommonly, this is a single
modefiber laser made of silica. The pump beam is laundtregitudinally along the fiber

length and it may be gied by either he core itself, as occurs for the singlede lasers

or by an inner cladding arad this core (doubleladfiber laser) as shown iRig 2-17.
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pump light

outer clacdding/polymer

Figure2-17 Double clad fiber laser

In a fiber laser, a silicéd 6taicve 66 f i ber  d¢tmpiend neadynium orer bi u m,
thallium, is excited by a diodéaser source. Two Bragg gratingahich reflect a
predeterminedarrow or broad range wfavelengths of light incidern the grating while

passing all other wavengths ofthe light, are written intahe fiber generating the laser

emission and result in afficient, compact laser souregth high beam qualityThe outer

cladding ismadeof glass or polymeric material it low refraction coefficient,n order to

prevent the signal attenuation [4]

The high power fiber ksers in the market are based axctive fibers with a paterde
pumping technique that allovilse utilization of broad &a multimode diodes rather than
diode bars. Typically, a deveanade from cadl of ytterbium doped multiclad fiber with
an emission wavelengthf 1.074 1.08 Im is used. Aérnatively, it may be thalliundoped
with a wavelength of 1i&.0 Im or erbium dopewith a wavelength of 1.54.56 m. The
diode pumped energy is delivered tbet active medium via multimodiers that are
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spliced to the muliclad coil. Thelaser cavity is created directly the active fiber. The
laseremission exits the fiber lasthrough a passive singieodefiber. The resulting laser
beam isessentially dfraction limited and, when fitted with anntegral collimator,
produces @eam that is extremely pardllé&or example, the 10W/ single mode fiber
laser has a full angle divergence of 0.13 maadalf angle when collimated to 5 mm
diameter. A kW unit would be made up of 10 individual fiber lasers integratéa a
common cabinet. Although the beam islmager singlemode, the resulting M2 ofi 20 is
better tharhigh-power NdYAG lasers.

The beam from a 6 kW fibéaser can be delivered via a 2800 Im fiber. The ytterbium
fiber laser has a wall plug efficiency of %. Erbium andthulium fiber lasers
demonstrate lower wall plug efficiendyt they are still more efficient than typical YAG

lasersFiber laser technology offers several benefithés ndustri al user.

area of a 4 kW fiber laser unit is 0.5 m2 versus 11fon2 conventional lampumped
Nd:YAG. The dimensions of 8 kW fibelaser are 1.5*0.8t.5 m, approximately.
Maintenanceneeds are reduced in coangon with othelaser becaustere is no need to

repace flash lamps or diodes. Thigh electrical efficiency greatly reduces operating costs.

Better beam quality, ith very low divergence, allowthe user to produce spdiameters
substantially smallethan conventinal lasers praacing longer working distances. %
kW laser can be focused to 30 &pot sizevith a 100 mm foal length lens. An 8 kW can
be focused to a spot szof 0.6 mm with a 250 mm fockdngth lens. The cost for fiber
laser technology up to 1 kWubputpower is below ocomparable with lamypumped YAG
lasers. The cost of a fiber &xsgreater than 1 kW is highétowever, when all factorare
accounted for these lasersmely, floor space, chille and maintenance, they shoblel
more cost effectie than equivalent power retype Nd: YAG lasers. Fig A8 shows
calculated operating costsver an 8 year period, indicagjrthat for intensive use, fiber
lasers are projected t@ave a lower operating cost thaither CO2r Nd: YAG lasers (see
Figure 218).

The
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Figure2-18 Estimated laser operating costs (8 years aveldgg)

2.3.4 Wobbling laser waling

Wobbling technique is born from remote laserlding RLW); this paragraphincludes
discussing the technological background and reviewing related liteftueenote laser
welding including a very new technolagyobbling techniqueOne of the mostignificant

current technological trends in car body making is the spreading application of remote laser
welding technology. RLW operatiormse performed from a distant point, by means of a
laser beam that is emitted from a scanner mounted on the armirafustrial robot. In
contrast to traditional resistance spot welding (RSW), this contactless technology has to
comply with much less accessibility constraints and can, at the same time, operate at higher
speed. However, the new technology is much morersipe Hence, replacing RSW with
RLW technology is feasible only if the cycle time of the products can be considerably
decreaseil7, 18].

RLW is performed from a distance, usually with a scanner that uses mirrors arsdttense

set the orientation and focal length of the beam. These components can act very fast (i.e.,
have a larger control bandwidth due to their small inertia) which can speed up the entire
process (both tracing the welding locations, as well as repositibataggen seams). Also,
welding can take place with all robot joints and scanner elements continuously moving,
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resulting in smaller control transients, implying energy savings and allowing faster
operation. Nevertheless, laser welding does have its spegptcation constraints,
resulting from the nature of the welding beam and the properties of the scanner head: Full
visibility has to be ensured for the entire length of the seam. This has to be taken in
consideration for the planning of fixtures, robodtron (avoiding occluding segments),

and layout of potential visibility obstacles (even parts ofathek piece.

Due to surface penetration properties, the bemsurfacanclination angle has to remain
within technologically prescribed bounds. Scanheads may be very limited in beam
deflection angle and focal lengtrthis has to be observed when the rest of the robot motion
is calculated. The costs of an RLW cell are one more application constraint of a different
kind. Switching to this new technologg only justified if expected advantages like
reduction of cycle time or quality improvement balance out the costs in the given
mandacturing contexf19].

There are three basic preconditions for remote welding: First, a satiedlaser is needed

as the beam source. Solid state lasers enable delivery of the laser beam through a highly
flexible fiber optic cable, which is required when joinicgmponents in 3D space with a
Multiaxis robot.

Second, a laser with excellent beam gyalnd the appropriate power is required. Beam
quality is the measure of focusability of a laser, and the long focal lengths required for
remote welding necessitate superior beam quality &nnmrad) in order to achieve

the appropriate focused smize (i.e. about 0.6 mm) at the workpiece. For remote welding
in automotive body production, typically abou6Xilowatts of laser power is used.

The third essential is precise positioning of the weld seams, which requires axis
synchronization between thiebot and the scanner control. This allows the weld shape
programmed in the scanner control, | etds say
robot moving at various speeds over the part to be welded. Some control architectures use

At i meo izon. dhermproblem here is that if the robot speed is changed for any

reason, the weld shape will also change because the axes are not synchronized.

Several Studies have been done about weldability of AHSS with fiber [@8nas
reported the weldability of AHSSpressingenetration, weld profile, weld defects, micro
hardness and melting efficiencilicrohardness measurements indicated a substantial
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increase in hardness in the weld zones, attesting the superiority of laser welding. Analyses
revealed that the typal melting efficiency is on the order of B®% for full penetration
welding. Tensile test results confirmed the high quality of the welds obtaleéetts,
microhardness and melting efficiefi2g] Laser welding offers the benefits of low heat
input per unit volume, small heat affected zone (HAZ), low thermal distortion @fdHe

piece fewer welding defects, high welding speed, andpae®l narrow weld profiles. In
addition, it allows easy automation while welding complex joint configurations and
dissimlar materials.

Like other welding techniques, laser welding has its share of drawbacks that include the
need for almost press fittind parts due to its small focused spot size, high equipment and
operating costs, lower welding speeds for joints with a gap greater than 0.5 mm, low
electrical efficiency of the laser and, in cases of certain lasers, difficulty in welding high
reflective maerials like aluminunj22] has made an extensiaealysis of the comparison

of four lasers (CO2, Nd:YAiber and disk) for welding mild steel in the power range of
4B kW. He suggests that with the emergence of dugtver diskand fiber lasers, the
competitive landscape hasxpanded. Fiber lasersxhibit multikilowatt powers in
continuous wave mode, higifficiency, compact design and excellent begumality that
produce deep penetrain welds at higlwelding speeds[23]Explains that the high
electrical efficiency of the fiber laser greatly reduces operating costs while resulting in
better beam quality, ith very low divergence, allowing small spot diameters.

They present initial data on wedj of X100 pipeline steel witB kW laser and obtained
high melting efficiencie$24] used a 6 kWiber laser to obtaideep penetration welds with
narrow widths in 8 mm thick plate at a high welding speed of 4.5 m/min, and later used a
2.5 kW laser beam to weld Zr55AI10Ni5Cu30 metallic glass at very high speeds of 72
m/min. Yb:YAG diskis the most widly used lasing medium for fiber lasdrecause of its

long radiative life tine, high thermal conductivity angood mechanical properties. Unlike
Nd:YAG rod types, the disk has no thermal lensing, resulting in absence of optical
distortion and keeping cotat beam quality @ar the entire power range. It is expected
that the disk and fiber lasers eventually replace conventionaldgsems due to their
higher quality25]. Fiber laser is rapidly gaining momentum in the stdgbecause of the
cost effectivengs compared to Nd:YA@Gnd inproved quality of welded joints (Figure 2

19).
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™,
Jperating and maintenance costs lasers (Ream, 2005).

Expenses ($/h) CO, Nd:YAG Fiber

Depreciation and interest $7.50 $15.30 $13.20
Replacement parts $3.10 $6.80 $1.90
Electric $4.70 $8.90 $2.10
Maintenance $3.30 $3.80 $2.10
Floor space $1.90 $2.10 $0.70
Welding and laser gas $3.80 $1.70 $1.40
Total 24.30 $38.60 $21.40

Figure2-19 Comparisonbetween operating and maintenance costs of different lasers

Sharma hs reported travel speed versus efficiency for different types of laser technology
in welding of mild stee{see Figure 20) [20].

70
— Fiber e
. 60 Dise J ® Disc
T s0 9= '“_—‘—-—h_;_\
E 40 XNd-YAG r'.'_)"_ S XNd:YAG
. ' T~
% 30
T 20
E 10
QO i i |
0 2 4 & g 10 12

Travel speed (m/min)

Figure2-20 Travel speed versus efficiency for different types of laser technology

Heat transfer characteristics during laser welding are of great interest to researchers.
Several models ranging from simple analytical models inmglmoving line heasource

to elegant numerical models which account for fluid dynamics ancgdasma interaction
havebeen proposed in the literatuf@6] provide a simple theory that provides a good
descriptionof penetration welding for both electron beams and lasers.
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[27] provide an analytical form for the temperature distribution; they have estimated weld
profiles and compared themith examples of actual welds[28] have considered the
interaction of conditions in the liquid metal surrding the keyhole formed and have
developed a model fahe energy interface and vapor flow in the keyhole. They have then
used the model to calculate keyhole shapes and the variation of depth of the related
guantities.

[29] has developed a model taking into account a gmypoint determinatin of the
energy balance at the keyholallyderiving a formuldor heat conduction from the model
of a moving line sourcef heat, modeling thabsorption mechanism and also considering
the thermodynamics aritle flow of metalvapor insidehekeyhole.

[30] studied the effect of joinfjeometryEbeadon-plate, V groove and square grodke
on the absorption of laser energy with the same laser mowieiound better absorption of
laser beam energy in groovgints.

All these models predict different results due to various assumptidnssarof a number

of different parameters such as keyhole size, material properties and absorptivity. The
model proposed b}31] relates the pegtration depth to the incident laser power and the
Peclet number, the latter being a function of the welding speed, the keyhole radius and
thermal diffusivity. The relative importance of conduction and convection in the overall
transport of heat in the weepool can be assessed from the value of the Peclet number. For
steel keyhole welding, Peclet number is much greater than 1 implying that convection of
melt pool ismore dominant than conducti¢d2].

2.4 CMT weldingof HSS

This sectiorStarts with intoductionof CMT welding and how it was born from evolution

of GMAW processes, the advantages of this very new technology are discussed and effects
of changes in process variables on weld attributes are taken in to account. At the end also
usage of CMT welihg in welding of dissimilar Metals including steel is reported.
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2.4.1 Overview

Until now, aircraft engine manufacturers have faced a choice between GT&SMAW

as a low cost option for arc welding gas turbine components during manufacturing and
repair. GTAW ha successfully captured much of the market, as the limiting factors of
traditional GMAW have always been the joining of unique material types (including non
ferrous materials) and consistent quality (i.e. the weld spatter inherent in traditional
GMAW). Fronius International LLC, a European market leader innaglding technology,
introduced the concept of CMwelding to the public in 2005. By incorporating the
traditional concepts of the GMAW methodhat is, applying a wire consumall&ronius

was able @ produce a process of arc welding with high levels of accuracy on various
materials which were typically reserved for GTAWIding. The CMTis a fully digital,
micro-processoicontrolled inverter welding process that results in the introduction of a
redued amount of residual heat to therk pieceand produces a virtually spatter free
weld. The improved weld quality is obtained via a digital proocesdrol that detects a
short circuit, and then retracts the wire being feed so as to help detach antlalsjngge
molten droplet at a time, as showrFigure2-21. This figure $iows one cycle of thel&T

wire retraction process using higpeed photography. It is important to note the short
duration of arcing period, approximately 1/3 o tiotal cycle tire (14.31ns)[33].

t=459ms t=756ms

t=1323ms |[t=13.77/ms | t=1431 ms

Figure2-21 Highspeed photography image a CMT cycle with real time stamps
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While it is well known that GTAW is the industry standard, it also requiteglay skilled
operator when performed manually. The process typically necessitates an operator to use
both hands to execute the weld: one for holding the torch and the other fagfeetiier

to ensure maximum precision. GTAW also uses a tungsten electrode from which an arc is
generated to provide the heat for the addition of the filler material, creating a large
temperature differential between the filler andweek piece

Additionally, there is a potential for transfer of molten tungsten from the electrode to the
weld causing contamination, resulting in a hard and bmtdrision. However, the CMT
uses a consumable electrode that acts not only as the filler, but also ticeritkattive
electrode. This coupled to the computer controlled wire retraction mechanism results in a
process that greatly reduces the amount of heat applied weotkepieceduring joining.
Additionally, the thermal input iels of CMTare much lower andhore controllable than
conventional GMAW or GTAW welding, since each of these processesotgo below a
certain heat level to create an apeed and spatter control are the twg kenefits of

Fr oni us GMT @vblding offers a speed that is four tivef times faster than
conventional GTAW, with levels of consistent quality matching those of robotic
automatior{33].

CMT stands for Cold Metal Transfer Of cour se, the term fAcol do
terms of a welding process: when set against convent@&\W, CMT is indeed a cold
process with its characteristic feature of alternating thermal arc pool, i.e. hot when an arc
is initiated and cold wén the arc is extinguished and the wire is retracted. This alternating
hot and cold treatment has been made possible by a new technological development from
Fronius International LLC that incorporates the wire motions into the process control via a
compute monitoring system (see figureld. Some of the other features that make this unit
unigue when compared to conventional GMAW units include: two separatelmiss

(front and rear) that are separated by the wire buffer. The front drive, locatedoncthe t
(seeFigure 222), moves the wire back and forth in a dabbing motion at a rate of up to 90
times per second.

Simultaneously, the rear drive pushes the wire directly from the filler spool located in the
wire drive. It is important to note that bothwars are digitally controlled by the process
control. To ensure a constant wire feed, a wire buffer Fsgare 222) is interposed
between the two drives to decouple them from one an[8H].
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a. The new tensiodever system in the welding tora@msures constarand reproducible contact pressuteThe wire
buffer decouples the front and rear whdrivesfrom oneanother and ensures smooth wire travel.
Figure2-22 Franius CMTprocess control contact pressufa4]

In the world of GMAW processes, there are essentially three types of riratadfer

mechanisms that can be usgtfl] short circuiting transfer, globular transfer and (3) spray

transfer. Thaype of transfer is determined by a number of factors, the most influential of

which include [24] magnitude and type of welding current, electrode diameter, (3)

electrode composition, (4) electrode extension, and (5) shielding gas. CMTGMAW in its

most elementary form can be considered a short circuit GMAW process. Short circuit

GMAW consists of the lowest range of welding currents and electrode diameters associated

with GMAW. This type of transfer produces a small, filssezing weld pool. During the

arcing process, metal is transferred from the electrode tedhepieceonly during a short

period when the electrode is in coautin@ct with
transfer. o |t i s i mpor tealadosstthe aroghps&86.t hat no n

The sequence of events in the transfer of metal and the corresponding curnesiteayed

for a typical short circuit transferNFAW process can be seenkigure 223. As the wire
touches the weld metal, the current increase} [@), (C) andD)]. The molten metal at

the wire tip pinches off at D and E, initiating an arc as shown in (E) and (F). It is here that
the rate of curnet increase must be high enough to heat the electrode and promote metal
transfer, yet low enough to minimize spatter caused by violent separation of the drop of
metal (one of the major disadvantages of conventional short circuit GMAW). Finally, when
the ac is established, the wire melts at the tip as the wire is fed forward towards the next
short circuit at (G). Overall, the open circuit voltage of the power source must be low
enough that the drop of molten metal at the wire tip cannot trangfeit touches the base
metal[35, 36)].
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Figure2-23 Schematic representation of short circuiting metal trang88j

Unlike its short circuit AW counterpart CMT-GMAW incorporates a digitalrpcess

controlthat detects the short circuit at twerk piece and then mechanicalhgtracts the

wire to help detach the molten droplet. The wire retraction greatly reduces the spatter that

is typicallyassociated with conventional short circuit GMAW. Reduced spatter is the first

essential difference from conventional short circuit GMAW processes; the second most

notable difference is a reduction in thermal input since there is virtually cireerdropet
detachment, hence the term fACold Met al Tr at
circuiting GMAW -where there is a constant push motor driven system, the GMAW

uses a two motor drive system that pushes the wire forward, and as soon as tlresihort ¢

occurs, it pulls it back (sdggure 2-24).
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During the arcing period, the When the filler metal dips The rearward movement of the The wire motion is reversed
filler metal is moved towards into the weld-pool, the arc wire assists droplet detachment and the process begins all over
the weld-pool. is extinguished. The welding during the short circuit. again.

current is lowered. The short-circuit current is kept

small.

Figure2-24 CMFGMAW wire retraction process

The rearward movement of the wire assists droplet detachment during theirsiigrtin
this way, the arc itself only inputs heat very briefly during the arcing period.

The thermal inpt is immediately reduced after arc is extinguished, creating an oscillating
hot/cold weld pool. During the CMGMAW process, the average current is kept very
small by controlling the short circuit, resulting in virtually spatter free metal transfer.
Figure 2-25 illustratesthe reduced thermal input required for metal transfer as compared
to other conventional metal transfer processes. Also worth mentioning, preatisjat
detachmenof the CMT-GMAW ensures that after every short circuit, a Aidanticd
guantity of filler metal is melted off37].
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Figure2-25 Comparative thermal inputs for various metal transfer processes
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2.4.2 CMT welding processgrameters and their effects

The most important variable of any GMAW process, including &AW, which
affects the weld penetratiobead geometry, and overall weld quality di24] welding
current (wire feed speed), polarity, (3) arc voltage (arc length), (4) (taaeérse) speed,
(5) electrode extesion, (6) torch angle, and (7) electrode diameter.

Knowledge and control of these variables are essential in order to consistently produce
welds of acceptable quality. However, changing one variable generally requires altering
additional parameters to re@taan acceptable quality weld because the variables are not
completely independent of each other. The effects of these variables on deplosieat

are shown imable 22[38].
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Desired Changes
Welding Fenefrafion Deposition rafe Bead size FBead width
z;r&!:;es fo crease | Decrease | Mecrease | Decrease | Inerease | Decrease | Merease | Decrease
Current
and wire Inmrease Decrase Inmrease Deciease Increase Decrease Litle effect | Litle effect
feed speed
Voltage Mo effect Mo effect Litle effect | Litle effect | Little effect | Little effect Inerease Deciease
Trmr:l Ho effect Mo effect Litle effect | Litle effect Decrase Increase Decrase Increase
spee
Elect‘: de Decrease Inmrease Inrease () Decease Inmrease Deciease Deciease Inmrease
extension ()
E-lectm de Decrease Increase Decrase Inmrease Little effect | Little effect | Litle effect | Litle effect
diameier
g:‘"m €35 | Immesse | Decwase | Litle effect | Little effect | Little effect | Little effect | Incease | Decmease
Torch } . . .
Ie Drag Push Litle effect | Litle effect | Litle effect | Litle effect Push Dragz
| ang

Table2-2 Effect of changes in process variables on weldbattes, (a)Will result in desired
weld if current levels are maintained by adjustment of wire feed speed

V Arc

Arc voltage and arc length are related terms that are often used interchangeabler

they are quite different in practice. Arc \aide is the electrical potentibktween the
electrode and thevork piece Arc voltage is generally lower than the voltage measured
directly at the power source because the voltage drops at the connections and along the
length of the welding cable. Conseqtlg, an increase in arc voltage will result in a longer

arc length. It is also important to note that excessively high arc voltage can cause weld
porosity, spatter, and undercut; therefore, arc length is a variable of interest and should be

Length

controlled ast can have a profound impaa the overall weld qualit}36].

In conventional GMAW, the surface of thrk piece(i.e. jaggel or flat) and thevelding
speed can both have a marked effect on the stability of the arc. The arc length is acquired
and adjusted mechanically with the CNEBMAW. This means that the arc remastable,

regardl ess of

t he

swork piece la additom w ia tmechamicalo f
response, the CMGMAW utilizes a selcorrection mechanism via a constaotential
power sairce as illustrated iRigure 226. Where L is the@ lengththe lengths between

the melting electrode tip and the base métalthe contacto-work distance increases, the

one i
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arc voltage and arc length would tend to increase with a conventional GMAW power
source. However, with the CMGEMAW power source, the welding current decreases with

a slight increase in voltage, while the rhaoical drives in the torch adjust appropriately

to maintain a consistent arc length. Conversely, if the distance is shortened, the lower
voltage would be accompanied by an increase in current and a mechanical adjustment in
wire feed speed to compensatetfte shorter wiretick out[36].

Nozzle | =
Torch
Contact
Tip
Lﬁ# S ¥in
— ! ‘

32 Arc Voltage, V 32
310 Arc Current, A 280

Figure2-26 Constantpotential power souce illustration

V Wire Feed Speed

In conventional GMAW welding, as the electrode feed speed (wire feed speadpd

the welding current varies in a similar manner with the arc length. This deecasse the
current output of the power source fluctuadesmatically with the sligh€hangesn the

arc voltage when alterations are made to the wire feed speed. If all other variables were
held constant, an increase in welding current would result irdi@wving: [24] an increase

in the depth and width of the penetratian,increase in the deposition rate, and (3) an
increase in theize of the weld beaf36] Unlike conventional GMAW units where current

and voltage can be changaedependentlythese two key parameters are linked together in
the CMT-GMAW via a digital process control, or an arc sgietine. An arc synergic line
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is a linearMathematicalrelationship (proprietary to Fronius International LLC) which
incorporates the voltage and amperage process controls into the wire feed speed, and is
dependent on the thermal and electrical resigtpribperties of the material substrate/filler

used. Therefore, each synergic line is uniquely different: that is, every synergic line consists
of several points on a voltage current diagrard (liagram), which are formed from the
connection of a series @krtain current and pertinembltage levels for any given wire
composition and gas. Each point on the syndmggcis recorded with the samedength

despite different performance, through the whole power range. An arc synergic line is
experimentallydeterminedsia high-speed video techniqug37].

V Traverse Speed

As with any GMAW process, including CMEMAW, the traverse or trav8peedhas a
profound impact on the weld quality. Travel speed is the linear rate at which the arc is
moved along the surfamf thework piece The filler metal deposition rate per unit length
increases when the travel speed is decreased. The welding arc impinges on the molten weld
pool rather than the base metal at very slow speeds, thereby reducing the effective
penetratiorand resulting in a wider bead. As travel speed is increased, the thermal energy
per unit length of weld transmitted to the base metal from the arc is at first increased
because the arc acts more directly on the base material. However, further incrieagek in
speed impart less thermal energy to the base metal. Melting of the base metal therefore first
rises and then decreases with increasing travel speed. As the travel speed increases, there
is a tendency for undercutting along the edges of the weld lizsise of insufficient
deposition of filler metal tdill the path melted by the af87].

V Electrode Orientation

Electrode orientation affects bead shape and penetration to a greater extart odtage

and travel speed. The electrode orientation escdbed in two ways[24] by the
relationship of the electrode axis with resptxtthe direction of travel anthe angle
between the electrode axis and the adjasenk piecesurface. When the electrode points

in a direction opposite to the travel direction, it results in a trail angle, which is known as
the backhand method. Similarly, when the electrode points in the direction of travel, it
results in a lead angle andcialled the forehand method. The electrode orientation and its
effect on the width and penetration of the weld beadllustrated in Figure-27 [36].
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Direction of Welding
<

Forehand Technique Torch Perpendicular Backhand Technigue
Figure2-27 Effect of electrode position and welding technique

When the electrode is changed from perpendicular to the lead angle techiticpleother
conditions unchanged, the penetration decreases and the welBxbhdaitedis wider and

flatter. Maximum penetration is obtained in the flat position with the drag technique, at a
drag angle of about 25 degrees from perpendicular. The drag technique also produces a
more convex, narrower bead, an increasingly stable arcfeared spatterson thework

piece

A few Studies have been done abaetd ability of AHSS with CMTwelding [39] have

studied on long term problem of joining steel and aluminum in the automotive industry.
Focusing tahe principleof CMT process, composition and description of the individual
components welding sets and where is the most applicable. Because of the automatic
welding robot it was created product for attachment welded materialss ehhabled
manufacturers tprovide bpped materials against movement and still weld at one position
after replacing the other samp|&$)].
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Chapter 3: Aim of thethesis

The thesisim is to reduce the deformation@OCOL M pipes The pipes are meant to be
used in the arm of Socage Crane. The previous welding problem with conventional
methods was that pipes were deformed and the planarity of pipes changed a lot. This
problem can be fixed using technologies which input less heat in to the components such
as hser welding and CMT weldingThe most important factor whichffects the
deformation is the amount of heat which input to the component by welding. By using high
power and high velocity types of welding such as Laser welding and CMT welding the
value of heat which inputo the component is considerably low.

This study intenglto find the best combination of power and velocity to obtsna
minimum75% of penetration deptlDepth of penetration is one of the most critical
parameters in laser welding, whicisers usually need to adjust for the material being
welded. For a given beam diameter a range of combinations of laser power and travel speed
can be used to achieve a desired depth of penetration. Alternatively, for a given
combination of power and travepeed, different depths of penetration occur, if different
beam diameters are used. Beam diameter is controlled by the laser properties and optical
system and these may vary between laser systems

This study means to comparecrostructures and propersef DOCOL M(high strength
steel) weld jointsnade by different technologieSontinuous improvement in properties

of steels is tied to optimizatoof their chemical compositicemd thermal and mechanical
treatment. These efforts lead to optimizeadnmdructures with specific andefined sizes

and distributionsf microstructure constituents. One of the difficulties in weldinghaf
material such aBOCOL M isexistence of tempered martensite in the weld caused by extra
heat. This work aims to find thieest combination of process parameters in order to
minimize the HAZ in the welding joint.

As it is mentioned the welding is performed thyeenew welding technologies: CMT
(Cold Metal Transfer), Pramity laser welding and wobbling laser weldinghe mos$
important variable of an\GMAW process, including CMTwhich affects the weld
penetration, bead geometry, and overall weld quality are: welding current (wire feed
speed), polarity, (3) arc voltage (arc length), (4) trgtelverse) speed, (5) electrode
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extension, (6) torch afg and (7) electrode diameténowledge and control of these
variables are essential in order to consistently produce welds of acceptable quality.
However, changing one variable generally requires altering additional parameétasto

an acceptable quality weld because the variables are not completely independent of each
other This work mainly analyses the effect of changing velocity for two different
combination of current and voltage.

In this study also the effect of wobbdinlaser welding on the deformation and
microstructure of the pipes is analyzed. Wobbling laser welding benefits fromayoo
advantagesf remote weldingver traditional laser welding with short focal length optics

- the highspeed of the intraveld bean movement contributes to a signifitaeduction of

the cycle time,The long staneff of the focusing head permits access to areas not
accessible wit short focal length, Wereas in conventional laser processing the work head
is close to the work, with @bbling laser welding there is a standoff distance.
Consequently, there is the ability to effectively move the beam around with mirrors far
moreefficiently than if the laser is on a stationary mechiamisuch as a robot arm, but the
most important bendfiof wobbling laser welding isstirring the spot dimension for
compensating the gap. Since in the experiment the joints configurations are simple and
linear,in this studythe advantage of stirring tipot dimension is mostly used order to
compensatehe gap.-

At the end this report compares between the costs for different technifibeswvelding

cost can be mostly sorted in to two categories, namely fixed and variable cost. For cost
tolerance, the fixed cost components, such asgsebst, is ignom since they do natary

with the tolerance. Thus, only the variable cost components will be consilfereining

cost components ad in this work are adopted frda0).



Chapter 4: Facilities

In this chapter the facilities which are used in different stepxperiment and different
technologies, (proximity laser welding, wobbling laser welding and CMT welding) are
presentedThe laser sources which are used for both wobbling laser welding and proximity
laser welding is The YLS3000 Ytterbium fib@skemarufactured by IPG photonics.

Three different robot arms manufactured by AB&mpany are used to move and hold the
laser head and CMT ttgue. The main characterization efuipment isexplainedin the
fallowing sections.

4.1 Laserwelding facilities

During the experiment several devices have been used. They include devices and
equipment used for welding, samples preparation, metallurgical preparation of the welded
specimens and mechanical tests. In order to performrthémity laser welding thesset

of devices and instruments are needed.

V Laser source
V Laser delivery

4.1.1 Laser source

The laser source used for weldingYigerbium Fiber Laser System 3KW Fiber Laser,
manufacturd by IPG photonics. The YL3O00 Ytterbium fiberdser was developed for

the industrial us and research applications. This compact and efficient laser readily replace
bulk and less efficient solid state lasers with the main target applications being welding,
cutting and brazing.

The optical powerandomly polarized10731080 nm emission wawahgth, ytterbium

doped, red aiming diode withaximumavailableoutput fiberof 3kw. Table4-1 represents

some characteristics of the source; Operational modes are continuous and quasi continuous
wave with random polarization.
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Standard features Randomlypolarized, 107L080 nm emissiof
wavelength, ytterbium doped, red aiming
diode
Available Operating Modes CW, QCW, SM
Max Available Output Power(watt) 3000
Feed Fiber Diameter(mm) 50 e&m

Table4-1 Laser Fiber Source Characteristics

4.1.2 Robotarm

The laser head is being hold and moved by the rdad. different robot armare used in
laser welding which bothre 6axis anthropomorphic rob®manufactured by ABB. The
IRB 2400 is used for performing proximity weldiagdIRB 4400 is used for performing
wobblinglaserwelding throughout the experiment.

Both productsdesigned for manufacturing industries that use flexildbotbased
automation havean open structure & is adapted for flexible ussd can communicate
extensvely with external systems.d®ots areequipped with an operating system called
BaseWare OS. BaseWare OS controls every aspect of the robot, like motion control,
developmat and execution of apphtion programs communication amdn also be
equipped with optional software for application suppgltiing, arc welding for example,
communication features network communicationr and advanced functions such as
multitasking,sensor control etc. The IRB 2400 and IRB 440Gahemadtally represented

in Figure 41 also thedatasheeof themis shown inTable 42.

Robot arm IRB 2400 IRB 4400
Axes 6 6
H-Reach (mm) 1500 1500
Repeatability(mm) 0.06 0.19
Robot mass(Kg) 380 1040

Table4-2 Robotarm gecification
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IRB 4400 IER;23908
Figure4-1 Robot am used in laser welding

4.1.3 Laser deliveryfor proximity laser welding

The laser beam is delivered teetlaser focusing system by means of optical fibeckvhi

has the diameter equal 590cm.The optical fiber is connected directly from the laser
source to the laser head, as the focusing system. The laser head used for the experiment is
BIMO Laser ProcessmHead, a product of HIGHYAG laser technologies. This focusing
length is 200mm fofocusing system and 100mm for collimation systé&ime laser head

is schemacally represented in Figure2Zland Figure 43.

The processing head can be configured in indi@icand modular ways. This includes
simple tasks, like focusing the laser light ontowek piece as well as configuration of

the entire turnkey subsystem of the laser processing head inside the laser cell. In the most
advanced stage of expansion, thegessing head provides, in addition to progessvant
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components, all accessories necessary for the integration into an automated production
cycle. These include the proven modules for media guiding via a cable management system
and the EPS electHgnaumatic installation system as interface with the system PLC and
the media supplies.

Figure4-2 SITE@ aboratorySet up of BIM@ead on the robot arm
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Figure4-3 Laser Processing Head BIMO

4.1.4 Laser deliveryfor wobbling laser welding

The laser beam is delivered to gmanning fiber system by means of optical fiber which

has the diameter equal 500 .¢&'me optical fiber is connected directly from the laser
source to the laser head, as the focusing system. The laser head used for the experiment is
Scan fiber Laser Pressing Head, a product of EI.LEn (Electronic, Engineering group)

company. The scanning speed is 35-(and scanning acceleration is 30088-). The

scan hea@nd its set up on the robot arm aolhematically represented in Figurd 4nd
Figure 45. The datasheet is shownTable4-3.

Working field(mm) 250x250
Optical scanning deflection(mrad) +/-350
Scanning spedé— 35
scanning acceleration—) 30000
Positioning resolution(prad) 20
Dimensionw z 0 2 "Q(mm) 213*240*220
Weight (kg) 13

Table4-3 Datasheet of Fiber laser head
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Figure4-4 Scan Laser Head

Figure4-5 Set up of scan head on the robot arm
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4.2  CMT welding instruments

In order to perform the CMT welding a set of devices and instruments are needed. Below
you will see overviews of the system as a whole automated configuf@igume4-6):

(7

Robot
Control

Figure4-6 Welding Systenof CMTweldingequipped for automated applications (Source: Fronius)

1. TPS 3200 / 4000 / 5000 CMT power source fully digitized, microprocessrolled
and digitally regulated GMA inverter power sour@20/400/500 A) with an integral
functional package for the CMT process.

2. RCU 5000i remoteontrol unit Remote&ontrol unit with fulktext display, weledata
monitoring with QMaster function, easto-follow user guidance, systematic menu
structure, useadministration features.

3. FK 4000 R cooling unit Sturdy and dependable, ensures optimum coolivgtef
cooled robot welding torches.

4. Robot interface Suitable for all customary robots, irrespective of whether these are
addressediditally, in analogie or via feld-bus.

5. VR 7000 CMT wire feeder digitally controlled wire feeder for all common types of wire
pack.
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6. Robacta Drive CMT Compact robot welding torch with digitally controlled, gearless,
highly dynamic AC servo motor. For precisisre feedand constant contact pressure.

7. Wire buffer decouples the two widgives from one another and provides additional
storage capacity for the wire. For mounting on the balancer (preferably), or on the third
axis of the robot.

8. Wire supply

9. TransPuls yhergic 2700 CMT power source Fully digitized, microprocessartrolled
and digitally regulated GMA inverter power source (270 A) with integral wire feeder and
functional package for the manual CMT process.

10. PullMig CMT Compact, watezooled highperfamance welding torch for manual
CMT applications. In conjunction with the wire buffer in these packthe digitally
controlled, highdynamic AC servo motor permits rapid oscillating motions of the welding
wire.

The robot which is used in this experimast IRB 1600 M24, Which is a -6xis
anthropomorphic robot manufactured by ABB. The IRB 1600 M24 is used mainly for
performing arc welding as in die casting, machine tending, material handling, injection
molding, assembly and packagi@MT welding have beeperformed in ABB Company.

The robot and positioner are schematically represented in MguendFigure 48 and

the datasheet is shownTable 45.
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Figure4-8 IRB 1600 M2004 robot and IRBP positioner set up

Axes 6
H-Reach (mm) 1450
Repeatability(mm) 0.005
Robot mass 250 kg

Table4-4 Datasheet of IRB 1600 M2004



Chapter 5: Design ofexperiment

Experimental details ofvelding: AHSS (DOCOL M) with 1.5 mm thickness pipes
prepared with Socagéompanywith length of 124nm are presented in thihapter The
pipes vere made with three different joints welded joints, two components may be under
the direct control of thelesigner, the weld type and the joint type. There are several
different techniques for joining two pieces of material. Examples of these tech@itpie
butt joints, lap joints, corner joints, edgent, teejoints and flanged joint. In accordance
with the joining type designed, the weld will have different propertiresur case we use

3 different joints in thexperimentsl.Lap joints 2. Butjoints 3.Falangegbints.

The specific fibetaser usedvas continuous wave type with a power capacity ki\3and

beam quality o{8 mmmrad. The laser beam was transmitted through optical fiber and
focused on the specimen surface by the lens with 2@Ganal length. The spot diameter

at the focal point was about 0.1 mm. The system comprises of the laser beam delivery
system mounted on the robots esftector and moving in 3D space, with the beam
perpendicular to thevork piecedor all Combinationexcept those involving with sealing

the pipe.

5.1 Design of experiment for proximity laser welding

This section is dedicated to the all the experiment which are performed, including design
of experiment for choosing best combination of power and velocity i twdeave small
HAZ and good penetration.

5.1.1 Preliminaryexperimentdone with 1 Kw power

In first step the feasibilt of weldingis tested with kW powerfor differentjoint types
(Lap, Flanged and Buyttwith two different velodies (5mm/s and 10mm/s) Thab5-1.
Using 1 Kw power imneconomicathoice to start the experimeAiccording to literature
theproper choice for laser welding with 1K laser sourda the range of 80 mm/s Lap
joint is the best joint configuration for proximity laser welglsincethe material is always
available.
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Number Welding type Joint type Power(kw) Velocity(mm/s)
1 Proximity Lap 1 5

2 Proximity Lap 1 10

3 Proximity Flanged 1 5

4 Proximity Flanged 1 10

5 Proximity Butt 1 5

6 Proximity Butt 1 10

Table5-1 Firstpreliminary test

These experimestan be helpful in choosing the defocus value and alswéftk ability
of the material. Each joint configuratidhas some characteristic théieat the weld quality.

5.1.2 Prdiminary experiments done with bead on plate
configuration

The secongreliminary test is done witBkW power on the plate of sheets. With increasing
the poweifrom 1 to 3kW andalso increasing the velocitiie overall atio of P/v decrease
soless heaenterto the material and it results directly to lower deformatiothapipes.
Three step of velocitie100mm/s,150mm/s and 200 mm/s) and three different spot
dimension (0.1mm,0.27mm and 0.5 mmaje tried. The parameters are reportedable

5-2:

Number | Welding type | PowerKw) | Velocity(mm/s)  Defocugmm) | Spot(mm)
1 Proximity 3 100 0 0.1
2 Proximity 3 100 3 0.27
3 Proximity 3 100 6 0.5
4 Proximity 3 150 0 0.1
5 Proximity 3 150 3 0.27
6 Proximity 3 150 6 0.5
7 Proximity 3 200 0 0.1
8 Proximity 3 200 3 0.27
9 Proximity 3 200 6 0.5

Table5-2 Third preliminary tes

Experiment with bead on plate configuration (BOP) is a useful way for understanding the
weld penetratiomnd obtaining best configuration of velocity and power.
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5.1.3 Welding on prototype

In the finalstepthe welding is performed on the pipe with lap joint configurathdm.gas

was used as astasice.Butt joint configuration is not used because of presence of gap in
the joint Since full penetration is not obtained for flange joint, it is suggestetein t
standard,it should not be used in stress or pressure applicatMitso hardnesss
evaluated using¥® i ¢ k @adseésdester at a load oKN (Table 53).

Number Welding type Joint type Power(kw) Velocity(mm/s)
2 proximity Lap 3 200
Table5-3 Final test

Micrographs and microhardness resilthe final testre presented in chapten.3

5.2 Design of experiment faNobblinglaser welding

Remote welding with wobbling technique is used to compenrsatgap and also the effects

of main parameters are evaluated. The main objective of using laser welding with wobbling
method (which is a very new and interesting technology of laser welding) in this
experiment is studying the feasibility of using wobblteghnique for different joint and

also evaluating the effect of main parameters.

Threedifferent joints are used in the experiments: 1.Lap joints 2. Butt joints 3.Falanged
joints. The specific fiber laser used was continuous wave type with a powertygabaci
kW and beam quality of.8 mm-mad

The scanning head is mounted on the robot arm whichsitgd@ssible to wbble the spot
during welding.The laser beam was transmitted through optical fiber and focused on the
specimen surface by the lens wiB02nm focal length. The spot diametdrthe focal point

was about 0.8nm.

5.2.1 Preliminaryexperimenfor choosing proper velocity

In the first stefpbeadon-plate experiments were performed to obtain the appropriate laser
parameters for welding with 3 kW poweith the focus position on the surfades it is
mentioned using bead on plate configuration is helpful for understanding the penetration
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and also weldability of the materi@dccording to literature appropriate velocity range for

3 Kw power is betweenQD-200 mm/s butlower levels of velocities are tried in order to
input mae energy to the material for providing enough energy for wobbling the spot
dimensionThe paameters are reported in Talslel:

Number Welding type P(kw) V(mm/s) wobbling
1 Wobbling 3 30 No
2 Wobbling 3 50 No
3 Wobbling 3 70 No

Table5-4 Frst preliminary test

As it is mentionedri this experiment the velocity which drills slightly the material will be
used, since for enlarging tkpot dimension extra power is needed.

5.2.2

In this step the feasibility of welding on different joints is tested with 3kW power for
different joint types (Lap, Flanged and Butfoorly fitting parts ien have gaps at the
joint line. Gaps are undesirablethgyresult in poor conduction of the heat energy from
the lower layer to the upper layer at this point. Conduction is paramount in iaghiev
adequate melt of both parts, therefore for knowing tleeteof different joints on the weld
gualitythree test is done on three different jointstdPeters are reportedTable 55:

Preliminaryexperimenbn different joint configuration

Number | Welding type joint P (kw) V(mm/s) wobbling
1 Wobbling Butt 3 30 No
2 Wobbling Flanged 3 30 No
3 Wobbling Lap 3 30 No

Table5-5 Second preliminary test

5.2.3 Preliminaryexperimentwith two levels of PLU

The third preliminary test weigh upe effect of wobbling with changing PLU from 20 to
40 on the three different joints (Flanged joints, Lap joints Butt joints)The goal of this
step is enlarging the spot dimension in order to compensate biggassderations should
be made for access of the beam to the joint Tihe effect of increasing the spot dimension
will be evaluated in thisxperimentTwo main aim of this step are checking possibility of
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compensating big gap with 20 PLU andRIOJ as well as ealuating the weld quality with
increasing the spot dimension. Paramedeesreported in Tablg-6:

Number | Welding type joint P(kw) V(mm/s) wobbling
1 Wobbling Flanged 3 30 20
2 Wobbling Flanged 3 30 40
3 Wobbling Lap 3 30 20
4 Wobbling Lap 3 30 40
5 Wobbling Butt 3 30 20
6 Wobbling Butt 3 30 40

Table5-6 The Third preliminary test

In the net step the max PLU is tried on the butt joint.

5.2.4 Welding on prototype

In the final attemptjn order to compensate the big gaps in Butt joint configuration,
wobbling with 80 PLU is applied ta biggap dimensios(in respect to spot dimension of
laserwhich is in order of tenths ghm). The paameters are reported Trable5-7:
Number | Welding type joint P(kw) V(mm/s) wobbling

1 Wobbling Butt 3 30 80
Table5-7 Final test

5.3 Design of experiments for CMWelding

Knowledge and control of different parameters such as welding current, polarity, arc
voltage and travel speed are essential in order to consistently produce welds afdecept
guality. However, changing on variable generally requires altering additional parameters
to retain an acceptable quality weld because the variables are not completely independent
of each other.

Since the nature of welding with Cold Metal Transformafi€MT) is a rule based task
and it is not knowledge basef@wer experimentgare done in this steft is enough to
choose the joint configuration, wire material and gas type for the CMT program which is
especially made for steel, then machine autométichlooses other process parameters.
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But these parameters are not always trustable and further investigation and test are required.
The filler metal which we used in the welding is AWS/SFA A5.28 ER146 @od.
106010017). This filler metaleposits higkstrength, very tough weld metal for critical
applicationsOriginally developed for welding HY80 steels for military applications, it is

also used for a variety of structuegdplications where tensile strength requirements exceed
100 ksi (690 MPa), and egltent toughness is requiréatemperatures as low a80°F ¢
51°C)[4]].

Chemcal Composition Requirements for Solid Electrodes and Rods:

C Mn Si P S Ni Cr
0.08 1.251.80 0.200.55 0.010 0.010 1.402.10 0.30
Mo \Y Ti Zr Al Cu Total other
0.250.55 0.05 0.10 0.10 0.10 0.25 0.50
Table5-8 Chemical composition of filler meta
5.3.1 Preliminary experimenivith bead on plate

configuration

In the first step of experimenttar sdecting the joint configuratiornwire material and gas
type for the program ppared gsecially for the steebther parameters e WS (Welding
Speed), current, WFS (Wire Feed Speed) and the voltage values are suggdbied by
machine, prameters are shown Trable5-9.

Number Welding type | Joint Voltage (volt)| Current(A) V(mm/s)
1 CMT BOP 12 175 10
2 CMT BOP 14 205 15
Table5-9 the first preliminary test
As it ds pr esoéaurtestdrafphed forwelding. éhcreasing the current will

directly increase thgenetration, deosition rate and bead size liutas little effect on bead

width.

Micrographs of the first experiment are shown in chapter
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5.3.2

Preliminary experimentor selecting the proper
velocity

The main goal of second experimstep is modifying the travel speed in order to change
the bead size and bead width. With increggime travel speed both bead size and bead
width decrease but it has no effect on penetration and little effect on the deposition rate.
The paameters are reported Trable5-10.

Number Welding type Joint Voltage (volt)]  Current(A) V(mm/s)
1 CMT Butt 12 175 15
2 CMT Butt 12 175 20
3 CMT Flanged 14 205 20
4 CMT Flanged 14 205 25

Table5-10 The second preliminary test

Due to the second preliminary te&tr obtainingthe desired weld bead dimension an
averagevalue of velocities are chosen.

5.3.3 Welding on prototypes

The final tesis performed on both butt joint and flanged joint configuration. Unlike laser

welding, CMT welding is not sensitivte 0

t he

gap,

SO

it 6s

with biggergap in respect to the fiber las&éhe parameters are reported in TablEl5

applicab

Number Welding type Joint Voltage (volt)] Current(A) V(mm/s)
1 CMT Butt 17 175 17
2 CMT Flanged 22 205 22

Table5-11 Final test

The micrographs anahicro hardnestest of final test are presented in chapter 7.



Chapter 6: Sample prearation process

In order to cut the pipes to the required dimension a sheet metal cutting Guillotine and an
abrasive water jet system has been (sed Figure 4.). The sheet metal cutting Guillotine

was used to cut Small dimensgafter performing of welding, whileges and other bigger
sheets have been cut by use of Abrasive water jet. The abrasive Wwaystgen also has

been used for cutting the welded specimens ofidaq, butt joint and flanged joint
configurations longitudinally in the middle of the weld

To study the joints, once welded the sheets, it is necessary to iMakallagraphic sample
preparation. This preparation allows us to make a macro and micro examination of the
welded joints. After these examination, and to conclude the study we must to carry out the
hardness test®&elow it is showed the order to follow for the analysis of thepdas) as

well asabrief description of each step

Metallographic is knowledge of material science and microscopy andKalswledge
about sample preparation in practice. By metallographic examination is possible identify
and study the different structurallements and properties of each matefial study the
structure of a material with an optical microscopy is neces3amy out a careful sample
preparation. The practical sample preparation majneed into following steps:

Cutting
Mounting
Planar ginding
Fine grinding
Polishing
Etching

<K<K LKL

In our case the process for HSS has been used.

Cutting

Cutting, or sectioning, has per fcdateomed wi t h

a
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. T T

Figure6-1 Qutting of pipes using water jet machine

Mounting

After cutting the sample are moneeessanmtg wi t h
make the samples easier to handle and to protect edges or to rewéalc®r poous
material.

Planar grinding

Grinding paper is used to carry out the planar grinding. In our case it hapdyémmed

in 8 steps, on 60,120,180,320, 600, 800, 1200 and 2500 grains size. It is compulsory to
start with the paper of biggest grain sizd &nish with the finest one. Each step took about

3 minutes. It is important rotate 900 and washes the sample carefully between each step
and also using ultra sound between estelpin order to completely remove the abrasive
grains of last step.

Polishing



Welding of DOCOL pipes with different techniques 61

|t consists in 3 steps: 9em (2 mdiamonde s ) , 3¢
abrasives i n aer os olBloune oi Ti BEsX MIESddubcabar. hcso. o | fii DnF
The samples must be washed with soap and water between steps and after tae last on

Etching

This step is necessary in order to see the
used. Is necessary clean again with methanol to avoid marks from the €ages.
Metallographic sample preparation has been finished, the samplesdyréorparform the

macro and micro examination in the microscadpigure 62.

Macro Examination

Macro Examination is a method of examination of large regions of the specimen surface
or fractured section with the naked eye or under low magnification. Duheg
examination, any defects on the sample may be assessed, as slag, porosity, lack of weld
penetration or lack of sidewall fusion. As well as defects, is possible to determinate a large
number of features, including weld run sequence.

Figure6-2 Etched samples for micro examination

Micro examination

Micro examination is carried out for several purposes; the most clear is to analyze the
structure of the material. It is also common to examine for metallurgicah@ies such as
excessive grain growth, third phase precipitates, measuring HAZ and weld penetration as
well as weld width and also different weld defects such as drop out and porosity. This
process is performed with an optical microscopy with a high rhegtion.
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Hardness test

Hardness is the property of a material that enables it to resist plastic deformation, usually
by penetration. Hardness is not an intrinsic property of the mat&éhe value of this
property is the result of a defined measurerpentedure, thus depending on tledness
methodused;the hardness value will be different. All of the hardness tests involve the use
of a specifically shaped indenter, significantly harder than the test sample. This indenter is
pressed into the surfacétbe sample using a specific force. Either the depth or size of the
indent is measured to determinate the hardness value.

Hardness measurements are widely used for the quality control of materials because they
are quick and considered to be raestructie tests when the marks or indentations
produced by the test are in low stress areas. It this thesis Vickers hardness test has been
used.

V Vickers hardness test

Vickers hardness is a measure of the hardness of a material, calculated f&zne thfean
impression produced under load by a pyrashdped diamond indentdihis indenter is a
squarebased pyramid with an angle b36°between opposite facdsigure 63.

The two diagonals of the indentation left in the surface of the material after removal of the
load are measured using a microscope and their average calculated. The area of the surface
of the indentation is calculated. The Vickers hardness is the value obtained by dividing the
kg load by the square mm area of indentation. Load time is arouna¢@@dse To cover

all testing requirements the Vickers test has two different force ranges, Micro (10g. to
1000g) and Macro (1kg to 100kg). The advantages of the Vickers hardness test are that
extremely accurate measures may be taken, and just one typienfeinis used for all

types of metals and surface treatm¢ag.
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136° between
opposite faces

~

Figure6-3 Vickers indenter



Chapter 7: Welding results and analysis

As cited in advance totally 43 specimens have been welded. Welding can be seen in the
fallowing figures. This section is dedicated to all the micrographs amdriess plot s of

the welds which are performed, including Proximity laser welding experiments, wobbling
laser welding experiments and CMT welding experiments for choosing best combination
of power and velocity in order to have small HAZ and good penetratio

7.1  Proximity laser welding

In this sectionproximity welding welds are analyzed. In order to find the best combination
of power and velocity micrograph of all preliminary tests are obtaineithe first step the
fusibility of using proximity laser for elding DOCOL M is checked and in the second
step by varying the velocity from 100mm/s, 150 mm/s and 200 mm/s and also changing
the spot dimension the micrographs and micro hardaessluated.

7.1.1 Preliminary experiment done with 1 Kw power

Initially the feasibility of welding is tested with 1 kW power for different joint types (Lap,
Flanged and Butt) with two different velocities (5mm/s and 10mm/s). The lap joints and
flanged joints are the best joint configuration for proximity laser welding since in the
experiment no filler material is used and the gap compensation is not possible in laser
welding taking it in to account that the spot dimension is in order of tenth of millimeter.
The first two figures show the welding on lap joint configuratidmre macrogaph is shown

in Figure 71.

By increasingirradiance, the depth of the welded bead increases. But the increase of
irradiancemust be controlled and limitesh the case of not through welding. If the
irradiance is too high, porosity can be generated duhiedaser welding process because

of the entrapment by plasma channel inside the bead. This resuttsrmsity defect.And

also the other problem of high irradiancedi®p out defect. This problem occsiin
welding with hgh power and low velocity, st asexperiment number one which is done
with 1Kw and 5 mm/s velocity. See Figure?7
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P=1 Kw, V=5{mm,s) P=1 Kw, V=10 mm/
=1 Kwi, V=10 mm/s

Figure7-1 Proximity laser welding, spot dimension=0.1mm

P=1 Kw W=5{mm,s) P=1 Kw Velocity=10{mm/'s}

Figure7-2 Proximity laser welding, spot dimension=0.1mm

In the fallowing figures micrographs of 1Kw proximity laser weidi on the flaged
component areeported. Flange joints can be welded with fiber laser in a good way, since
no gap is preseim the joints, Figure -8.
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P=1, V=5 mm/s P=1 Kw, v=10 mm/'s

Figure7-3 Proximity laser welding, spot dimensiontthm

P=1Kw, velocity Smm,s P=1Kw, velocity 10mm/s

Figure7-4 Proximity laser welding, spot dimension=0.1mm

As it is shown in Figure-4 similar to exexperiment due to the high irradiance, porosity
is entrappedby and weld haporosity defect. And darge HAZ is present in the pictures.
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Since proximity laser welding sensitivet o g a p, i t 6call kimdtof jongsp | i cabl
and apredase coupling is needed, In the case of present of big gap, the solution will be
wobbling laser welding or CMT wding. In the fallowing figures micrographs of two

experiment are showed, in the first figure the joint is precisely coupled and is welded
properly on the contrary in the second one a gap is present and it is not welded in a good

way, Figure 75.

P=1Kw, V=5mm/s P=1 Kw, V=10{mm,'s}

Figure7-5 Proximity laser welding, spot dimension=0.1 mm
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P=1Kw, velocity 53(mm/s)

P=1Kw, velocity 10 {mm/s)
Figure7-6 Proxinity laser weldingspot dimension=0.1 mm

Large HAZ is present in sample welded with 5 faifsee Figure-B).

7.1.2 Preliminaryexperiments done with bead on plate
configuration

The second preliminary test is done with 3 kW power on the plate of pipes. Welding on the
plate is a logic way to understand the penetration of weld as well as the HAK patt

the micrographs of experiment which is done with 3 different powers and 3 different spot
dimensions are showed. Also the hardness test of each sample is presented. With increasing
the power from 1 to 3 kW and also increasing the velocity the lbvatia of P/v decrease

so we input less heat to the material and it results directly to lower deformation in the pipes.
The objective is obtaining process parameters in order to have 75Ppevedtratiomwith
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max velocity in overlap joint configuratiomhree different velocities (100mm/s, 150mm/s,
200mm/s) are tried with three different defocus values (ffocds, 3mm and 6mm
defocus.

The first experiment is done withK3v power and 100 mm/s velocity (number 1, 2 &nd
in Figure 77).
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Figure7-7 Second experiment P=1Kw

At slow speeds thpool is large and wide amdsults indrop out(Figure 7#8). The place
which hardness test is performed is shown in all pictures with a rectangular on the
Macrographs
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Figure7-8 Velocity 100mm/s, spot dimension 0.1mm

Due to the high power density, full penetration is obtaaretthe micro hardnessesult is
presented in Figure-9. The HAZ width is equal to 0.6 mm
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Spot dimension=0.1 mm
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Figure7-9 Yot dimension 0.1 mm

The second experiment is done with 3 Kw power artdrif/s velocity and 3mm defocus
Full penetration is obtained. The FZ, HAZdabased metal are presentadrigure 7-10
and Figure 711. The HAZ width is equal to 0.8mm.
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Figure7-10 Velocity 100mm/s, spot dimension 0.27mm

Spot dimension=0.27 mm
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Thethird experiment is dne with 3 Kw power and T0mm/s velocity and 6mm defocus
Also in this case Full penetration is obtained. The FZ, HAZ and lvastd are presented
in Figure 712 and Figure 713. The HAZ width is equal to 0.9 mm

Figure7-12 Velocity 100 mm/s, spot dimension 0.5mm
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In next step higher velocity (150 mm/s) is tested with 3Kw povia@r,all cases full
penetration is obtained. The haes$s ananicrograph is shown in FigureI4 and Figure
7-15. The HAZ width is equal to 0.25mm

Figure7-14 Velocity 150 mm/s, spot dimension 0.1mm
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Spot dimension=0.1 mm
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Figure7-15V=150 mm/s

Changing the spot dimension with defocus of 3mm does not affect the heat affected zone
and fuson zone too much. The HAZ slightly increase to 0.3 mandgull penetration is
obtained, Figure-16 and Figure 717.
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Figure7-16 Velocity 150 mm/s, spot dimension 0.27mm
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By increasing the spot dimension to 0.5 nagain fullpenetrati on i s obtai

presented the hdnessof HAZ slightly decreasedhe HAZ is equal to 0.4mnkigure 7
18 and Figure 719.

Figure7-18 Velocity 150 mm/s, spot dimension 0.5mm
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Spot dimension=0.5 mm
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Figure7-19V=150 mm/s

The welding speed is one of the most imporfantorsin laser welding. This variable

affects the geometrical and miestructural characteristics of the welding bead. The higher

welding speed produces the lower bead dimension (thicknesswattt).In this
experimentfinally the velocity is increased to 200 mm/s. A smaller width of in lower part

of weld is obvious. | t 6 Hectgdrzans is detreasedddn t he g
mm, and again in this casdlfpenetration weld is obtaed, Figure 20and Figure 21.

At higher speeds, the strong flow towards the center of the weld in the wake of the keyhole
has no time to redistribute and is hence frozen amdarcutat the sides of theeld. The
HAZ is equal to 0.2nm.
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The test is done wWit0.27 mm spot dimensiothe power density inotenough to obtain
full penetration70% penetration isbtained and HAZ is equal to ardn. Figure 722 and
Figure 723.

Figure7-22 Velocity 200 mm/s, spot dimension 0.27mm
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Spot dimension=0.27 mm
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As itbés mentioned increasing the spot di mens

irradiance decrease, the depth ofwedded bead decrease as w&t. weld with0.5 spot

dimension reults in 50% penetration depth. HAZ is equal tordrd. See Figure-24 and
7-25.
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In the fallowing both HAZ width and FZ width skecond preliminargxperimentsvhich
are performed with [z on plate configuraticare plotted. By increasing the velodigth
HAZ and FZ widthdecrease. Alstcreasing the spot dimensi¢p=0.1mm, D=0.27mm
and D=0.5mmjhe HAZ widthand FZ width increase as well. S&gure7-26 andFigure
7-27.
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Figure7-26 HAZ widthVelocity, P=3Kw
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Figure7-27 FZ widthvelocity, P=3 Kw

7.1.3 Results and analysdf weld joint of prototype

In the final step the welding is performed on the pipt lap joint configuration. For
obtaining full penetration and at the same time high productivity the test is performed with
3 Kw power and 200nm/s velocity. The focus is chosen on the surface of the plate. Values
of hardness measured in the weld dreven in the followimgy figures. Hardness of base
metal is in range of 37830HV. Laser welds contain martensitic microstructure with a
corresponding hardness of aboud44V which is slightly more than base metal. Hardness
of the HAZ did not significantlglecrease. A very small area of matesidected with heat

HAZ=0. mm, Figure 728.
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Figure7-28 P=3 Kw, Spot dimension= 0.1 mm

Lap joint problem areas that result frammproper fit -up is visible in Figurer-29.
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Figure7-29 P=3Kw, Spot dimension=0.1 mm

Thehardness test performedn 3 different levels in thénal samplesResultsof hardness
of upper side of the weld are presenteBigure #30. The area of base metal, heat affected
zone and fusion zone are presented as well.
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Figure7-30 Proximity laser welding of lap joint, V=200 mm/s
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Results of hardness test for middle side and lower side ofdltkare presented iRigure
7-31 andFigure 7-32. The hardness test shows thathe lower parts of the lap joint in
respect to the surface, lower HAZ and fusion zone exisinAdlll very low HAZ equal to
0.4mm andvery smallfusion zone is present the part.



Welding of DOCOL pipes with different technigques

Weld middle side
Spot dimension=0.1 mm
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Figure7-32 Proximity laser welding of lap joint, V=200 mm/s
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7.1.4 Measuring the planaritgf prototype

In principle, fat or s t hat si gni y c a rstrebsgnd distoftiencanbevel di ng
categorized into three types, nametyaterial properties, desigelated parameters and

fabrication related variables. Materiadr materialrelated charactestics mainlyinclude

t her mal conductivity, sexpansiony o e fhyeaite nada p a¥a u n
modul us, Poi sstreangtitbvork e a diem i ngi eloé f yncsamcht , t he
kinetics of phase transformation, and transfonmat plasticity [43]. During welding

of steel, the heat source leadsdpid heating and melting of the material and the formation

of a weld pool that subsequently cools and solidifies. Welding stresses agise the
inhomogeneous coolingnd in steel these stresses are caused by the effects -of non
uniformly distributed oodling contractiong44).

One of the main objectigeof this work is reducing the deformation of pipes which is
directly related to heat input to the component. figat input is equal to

e NQO

Ouv Q —FFFZ 00 q

O adadji

The final experiment is done with 3 Kw power and 200 (mm/s), the length of each pipe is
equal to 120(mm). The heat which is inputted in the component is equal ko. IT&e
planarity of the component is measutsgfore and after welding with height gauge (see
Figure #33). For measuring the planarity each pipe is divided to 60 different points, the
gap between each point is 2cm. The pipe is placed on a plane table, height of each point is
measured and then all thembers are subtracted frahe averge.This process repeated
for three timegYnorm1, Ynorm2 and Ynornm)3Normalized numberare plotted &  is
calculated as théverage of three different normalized height (Ynorm1, Ynorm2 and
Ynorm3).The same measurement is done for the pipe after weddohgormalized heights
are evaluatedd ). Finally @ and& are plotted in a separate plot.
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Figure7-33 Height gauge used for measuring planarity of pipes

Before weldingthe difference between min and max vadfideight inis 2.04 mmTrend

of pipe height iplotted inFigure #34. The difference between maximum and minimum
normalized height in different step of measurememd is reported in Table-T. The
variances of averaged normalizeéasuredheights (& ) before welding is 0.4 mm.

Y1norm Y2norm Y3norm Y (tot)

Min -1.06 -1.10 -1.03 -1.06
Max 0.96 0.98 1.02 0.98
Max-Min 2.03 2.09 2.06 2.04

Table7-1 Measurement of planarity before welding
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PLANARITY OF COMPONENT
BEFORE WELDING
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Figure7-34 Planarity of component before proximity laser welding

After executing the welding, planarity is measured again. SEme measurements
performed for three ies. Thedifference between min and max value is 1.66.mm
Thereforein this case the plangy is even improvedrigure7-35.

The difference between maximum and minimum normalized height in different step of
measurerant is reported in TableZ. The variances of averaged normalized heiglibs ()
before welding is 0.16mm.

Y1lnorm Y2norm Y3norm YTOT

Min -0.89 -0.94 -0.89 -0.88
Max 0.80 0.80 0.77 0.77
Max-Min 1.7 1.75 1.67 1.66

Table7-2 Measurement of planarity aftewelding
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Figure7-35 Planarity of component after proximity laser welding
In Figure 736 the comparison of planarity of pipe before and after welding is shown.

@ is calculated as the Average of three differemtnmalized height (Ynorm1, Ynorm2
and Ynorm3)lIt present that high speed laser welding, input very small amount of heat to
the component and it is an outstanding solution for welding with minimum deformation in
the component.

. Comparison of planarity before and after welding
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———-YTOT BEFORE WELDING

Y(mm)

0 20 40  X(cm) 60 80 100 120
Figure7-36 Comparison of planarity before and after proximity laser welding
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7.2  Wobbling laser welding

The main objective of using laser welding with wobbling method (which is a very new and
interesting technology of laser welding) instlexperiment is studying the feasibility of
using wobbling technique for different joint and also evaluating the effect of main
parametersparticularly welding power and velocityt is important to be taken in to
account that remote welding with woblgitechnique is the only choice for laser welding

of butt joints without using of filler metal in order to compensate the gap.

7.2.1 Preliminary experiment for choosing proper velocity

In the first step beadn-plate experiments were performed to obtain the apm@t laser
parameters for welding with 3 kW power with the focus position on the suifacee
different vdocities are tested in this step. No velocity more than 70 mm/s is tried since
wobbling needs high energy in order to melt the matekidbw velocity the pool is wide

and large therefore itesults indrop out. Themicrograph of first three experiments is
shown inFigure %37. In the two first testhedrop out defect is visiblavhich is happened

due tothe high power and low velocity, Figure3s.

Figure7-37 Welding on bop configuration, P=3Kw, V=30 mm/s
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V=30 mmys =50 mmy’s

V=70 mmy/s

Figure7-38 Welding on bop configuration, P=3Kw, V=30 mm/s
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7.2.2 Preliminary experiment on different joint configuration

Since the energy of drilling is needed for doing wobbling, the velocity of 30 mm/s is chosen
for performing the second exjiment test on different joints. Macrograpbase shown in
Figure %39.

Edge flange joint, P=3, V=30 mmys
Burt joint, P=3Kw, V=30 mm,=

Lap joint, P=3, V=30 mm,s

Figure7-39 Second step, No wobbling
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Full penetration obtained in butt joint and lap joint butt as it is evident in the Figi@e 7
the material is drilled due to present of high power and low velocity.

Butt joint, V=30 mm/s

Lap joint, V=30 mm/s Flange joint, V=30 mm/s

Figure7-40 Ramote laser wobbling, P=3Kw

Welding is performed without stirring the spot dimension, Butt in the lap joint no gap is
present so it is welded properly, in order to weld joints with present of gap, in the next
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experiment , two different PLU are tested be materialFlangedesigns are common only
in structural use. Since the weld does not penetrate completely through the joint thickness,
it should not be used Btress or pressure applicatig6s

7.2.3 Preliminary experiment with two levels of PLU

Third preliminary tests are performed with teifferentValueson the flanged joints, butt

joints and lap joints. Mrographs and hardness tests are reported for egudriment.
Flanged weld joints are shown in Figure 741 Hardness of weld is not decredse
significantl y an3dHV, and400 HVemharidnass imeagunecie the
weld. As it is mentioned in the Proximity laser welding chapter Hardness of base metal is
in range of 37830. Also in wobbling laser welding since no filler metal is used Laser
welds contains only martensitic microstructure but in wobbling method the fusion zone
contains tempered martensite with corresponding hardness of 330 HV. Hardness of the
HAZ decreased to7D HV. Also in this case small heat affetteone equal to 1mm is
obtained Macrographs are shown in FigurelZ

Waobbling 20 PLU Waobbling 40 PLU

Figure7-41 Flanged joints wobbling test, P=3Kw, V=30 mm/s
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Waobbling 20 PLU

Wobhbling 40 PLU
Figure7-42 Flangd joints wobbling test, P=3Kw, \88 mm/s

Macrograph of lagoint welded with 20 PLU ishown inFigure 743. Hardness of weld is

not decreased si gnedbetween r820HV, and A0O HV. ADisis r e ma i n
mentioned in the Proximity laser welding chaptéardness of s metal isn range of

370430 HV. As it is mentioned at slow speeds the pedarge and wide and may result

in drop out. In the both experiment which is done with 20 PLU and 40 PLU on the lap joint

drop out defect is present. This problem can be solved with higher value of PLU. See Figure

7-45.,
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Figure7-43, P=3 Kw, V=30 mm/s, Wobbling 20 PLU

Figure7-44 Lap joint, V=30 mm/s
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Waobbling laser welding with 20 PLU
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Figure7-45V=30 mm/s

Wobbling with 40 PLU $ applied to another samphicrograph of lap joint wieledwith

3 Kw power and 30 mmis shown inFigure 746. Again the hardnesa the fusion zone
is not changed signifemtly, and length of HAZ is 2mm, Figure4B.The gap is present in
lap joint sincewo sheets are not fitted precisely, Figuré7z

Figure7-46 P=3 Kw, V=30 mm/s
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Figure7-47 Lap joint, v=30 mm/s
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Figure7-48v=30 mm/s

Due to the present of big gap test n8 a6 are not cut and sampled. The macrographs are
showed inFigure 7-49.
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Wobbling with 20 PLU Wobbling with 40 PLU
Figure7-49 Butt joint, P=3Kw, V=30 mm/s

7.2.4 Results and analysis @elding on prototype

Values @& hardnesof upper and middle sidef the sample areneasuredand shownin

Figure 750. As it is mentioned in the Proximity laser welding chapter Hardness of base
metal is in range of 37830 HYV. Also in wobbling laser welding since no filler metal is
used Laser welds contains ontyartensiic microstructure but in wobbling method the
fusion zone contains tempered martensite with corresponding hardness of 330 HV.
Hardness of the HAdecreasetb 270 HV. Also in this case small heat affecz®ene equal

to 1mm is obtained, Figure5l.
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Figure7-50 Prototypeof wobbling test

Figure7-51 Micrograph of final test, P=3Kw
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Woabbling with 8 PLU is applied torother sample. Micrograph of bydint welded with
3 Kw power and 30 mm/s is shownkigure 752. Again the hardness ithe fusion zone
is not decreasesignificantly, and length of HAZ is 1.61m.
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Figure7-52 Hardness test with 80 PLU wobbling
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Micro hardnesss also evaluated fdower part of thecomponentalso in this casenicro

hardnes$as the same trendardnessesults are shown in thadgtre 7-53 and Figure 7
54.

Figure7-53 Wobbling welding, PLU=80 PLU
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Figure7-54 Hardness of final test with 80 PLU wobbling
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7.2.5 Measuring the planarity ofrptotype

The basic concept of residual stress and deformation is expliaingdvious seatins.
It is explained tha¥Welding stresses arise due to the inhomogeneous cooling and in steel
these stresses are caused by the effects efimibormly distributed coolingontractions.

As mentioned before tHeeat input is calculated with v Q J. Zada & .

In wobbling laser welding the test is performed with 3KW fiber laser with 30mm/s velocity
and 80 PLU. The heat input in 20 mm weld length is 2Kj. So for the same length of
proximity laser welding it will be 12 KJrhis value $ morethan 6 times of proximity laser
welding pipe.

The same measuremeass proximity welded pipare done for the pipe welded with laser
wobbling welding. All steps are repeated for three times. Before welding the difference
between min and max valuelds’3 mm. the measurements are presentédjire #55.

The difference between maximum and minimum normalized height in different step of
measurement is reported in Tabi @ndthe variances of averaged normalized measured
heights (& ) before welding is 0.05 mm.

Y1lnorm Y2norm Y3norm YTOT

Min -0.32 -0.31 -0.35 -0.33
Max 0.36 0.38 0.42 0.39
Max-Min 0.69 0.7 0.78 0.72

Table7-3 Measurement of planarity before welding
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Planarity of component before welding
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Figure7-55 Planarity of component before wobbling laser welding

After executing the welding, planarity is measured again. The measurement is performed
for three times. The difference between min and max valo®&mm. As it is expected
since we put more energy to the component in Esfe proximity laser welding
consequently me residual stress ami@formation is obtainedrigure #56.

The difference between maximum and minimum normalized height in diffeteptof
measirement is reported in Table47andthe variances of averaged normalized measured
heights (& ) before welding is 0.11 mm.

Y1lnorm Y2norm Y3norm YTOT
Min -0.283 -0.314 -0.263 -0.28333
Max 0.697 0.666 0.667 0.676667
Max-Min 0.98 0.98 0.93 0.96

Table7-4 Measurement of planarity aftewelding
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Planarity of component after welding
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Figure7-56 Planarity of component after wobbling laser welding

In Figure 757 the comparison of planarity of pipe before and after wobbling laser welding
is shown. It presents that high speed laggding;input very small amount of heat to the
component and it is an outstanding solution for welding with minimum deformation in the
component.
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Figure7-57 Comparison between before and after Wobbliragser welding

7.3 CMT welding resuland analysis

Since the nature of welding with Cold Metal Transformation (CMT) is a rule based task
and it is not knowledge basddwer experimentare done in this stepn the first step of
experimentsersdecting the pint configurationwire material and gas type for the program
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prepared especially for the steel, other parameterSSdWelding Speed), current, WFS
(Wire Feed Speed) and the voltage values are suggestied machine.

7.3.1 Preliminary experiment with beawh plate
configuration

The first eyperiment is done with bead on platenfiguration;performing bead on plate
welding is a proper way to have a better understanding of penetration of the weld and
choosing good combination of process paranséteact wetling.

First test is doawith 12 (volt) and 175 A current. Velocity of welding is lower than laser
welding and filler metal is used for welding. Micrograph of the first weld is shown in
Figure 758 and Figure -B9.

Figure7-58 CMT welding V=10 mm/s

Figure7-59 Velocity=10 mm/s
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7.3.2 Preliminary experiment for selecting the proper
velocity

The main goal of second experimé&nmodifying the travel@eed in order to change the

bead size and bead width. With increasing the travel speed both bead size and bead width
decrease but it has no effect on penetration and littletedfe¢he deposition rate. Two
values of velocity are chosen for performing eeg on the butt joint and flanged joint
configuration. Firsexperiment is performed with 12 voltage and 175 Ampere.

Figure 760 shows the micrographs of the first test. Unlike proximity Laser welding large
heat affected zone equal to 2 mm is presetitermaterial. As it is visible in thHagure 7

41, a hole is present in the weMalues of hardness measured in the weld are shown in the
Figure 761 and Figure -62.

Figure7-60 CMT welding, V=20 mm/s
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Figure7-61V=20 mm/s

CMT weld
V=20 mmy,s

ca
8

q
2

>
L sm
u
wr
£ s
2 . ;
kel 1 i : !
< as0 : : b
5 o i 1 boe
B 2 ot : P enyet,
= i - | . K
1 *'e? .‘. :
250 : L s . '
L 1 |
BM !HAZ Y £2° iHAZ!BM
150 T i ] v
14 ] 4 1 5 11 15

Distance from centre ling, mm

Figure7-62 First CMT weld, V=20 mm/s

Secondexperiment is performed with 12 voltage and 175 Ampere. Figé@shows the
microgrgphs of the first test. Also in this case large heat affected zone equal to 2.5 mm is
present in the material.alues of hardness measured in the weld are shown Fighee

7-64 and Figure 765.
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Figure7-63 CMT welding, V=20 mm/s

Figure7-64 V=15 mm/s
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Figure7-65 First CMT weld, V=15 mm/s

For welding flanged joint higher velocity is chosen in orderdréase the weld width and
length to seal better the material. As it is mentioned changing the velocity has little effect
in weld penetratioin CMT welding The corresponding hardness of fusion zone is equal
to 280HV and hardness dhe fller metal is gual to 290 HV, Figure-B66 and Figure -7

67.

Figure7-66 CMT welding, V=20 mm/s
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Figure7-67 V=20 mm/s

Welding with velocity of 25 mm/s and 205 ampere is performed on the flanged joint as
well. With increasing the travel spebdth bead size and bead width decrease but it has no
effect on penetration and little effect on the deposition fEte.tension is equal to 14
voltages, Figure-B8 and Figure -b9.

Figure7-68 CMT weldig, V=25 mm/s
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Figure7-69V=25 mm/s

7.3.3 Welding on prototypes

Due to the second preliminary te&tr obtainingthe desired weld bead dimension an
average value of velocities are chosBEme macrograph is shm in Figure #70.

Hardness of filler metal AWS, A.28 is 290HV. The base metal of all pipethe same

and the corresponding hardness is between 378B0HV. Since weld contains filler
metal microstructure degradation of material happens and in lwdid&Z and FZ an area

of coarser acicular microstructure of bainite with corresponding hardness of 230 is present.
Hardness of the HAZ decreased to 220 HV. In this case large heatdffeat equato

5mm is obtained, Figure-71 and Figure -72.
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Figue 7-70 CMT welding, V=17 mm/s

Figure7-71 CMT welding obutt joint, V=17mm/s
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Figure7-72V=17mm/s

Welding is also performed on the flanged joint vA3imm/s. The maograph is shown in
Figure %#73. The value of hardness depends on how far is the point from fusion zone. The
weld component in CMT welding is degraded by filler rhated hardness of fusiarone

is dictated by filler metal as welfhe secondestis performed on both butt joint and flanged
joint configuration.The current is equal to 205 (A), with the corresponding tension of 22
voltage. According to the hardness test, hardness test af is280 HV and heat affected
zone is equal to 3 m with hardness equal to 230 HV, Figur&4.
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Figure7-73CMT welding, V=22 mm/s

Figure7-74V=22 mm/s
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Chapter 8: CostTolerancemodeling

In recent years ulmniventional welding process hbhsen growing in the industries and
market and their applications have continued to increase. However, very ligggstch

work has been carried out to investigate their economic implications on tolerance
allocation. This chapter reports cost relationships fortraxdiitional processes, including
Proximity laser welding, Laser welding with wobbling technique and CMd@ing. Docol

M high strength steel (HSS) has been welded using the three processes to obtain cost
tolerance. An example is presented to illustrate the application and to compare the cost
implication

The weldingcost can be broadly classifiedtmtwo caégories, namely fixed and variable
cost. For costolerance the fixed cost compwents such seaip costis ignored since they

do not vary with the tolerance. Thus, only the variable cost components will be considered.
Machining cost components used in thigrk are adopted frof#%Q].

The following are the variable costs that arenomon to Proximity laser weldind.aser
welding with wobbling and CM1velding:

V' Machine

This component consists of the machine depreciation rate and thensnagkrhead. The
depreciation rate is calculated based on 9 hours of burn time per day, 240 productive days
per yeamand an amortization period ofygars. The machine overhead includes the cost of
routine maintenance, the cost of unexpected breakdowns and services, and the cost of
factory space used. This is estimated to b&iaB@% of the depreciation rate consequently

——2 p 0 6'Q GRIEHO

itis calculated add) =0 —F

For | aser welding machine cost is equal to 1
be

0 =u[——2 p onH=400

But for CMT welding the cost of machine is |

CMT welding machine is calculated from the same formula and it is equaIQoEY (
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Hence the machine cost of laser welding corresponding to theasaorézaton period is
more than five times than CMT welding.
V Labor

This component is made up of the operator's wage rate and overhead. The operator's
overhead includes training costs, employer's CPF contributions, medical and other fringe
benefits. This is estimatl as 60% of the wage rafecordingly the wage cost is estimated

15('O =g for both laser and CMT welding with overhead of 3@#nsequently overall labor

cost is calculated from this formula: =Operators wage rate + Operators overhead.

0 =15+15*30% P .9 =20 © -

The labor cost is considered to be the stonéaser welding and CMT welding and equal

1020 © .9

V Electricity

This is the cost of the electricity consumed by the machine in producing thBesdes
the abovementioned components of the variable cost, there are other cost components that
areunique to each procesBhe cost rate for electricity according to year 2014 in ltaly is

equal t00.168p o ud Considering 3Kw fiber laser consumption egual30 Kw. The
formula for calculating electricity cost is equal to: = (Cost rate) *(@nsumed power),
and for | adebd i EBB*@.lG&zﬁ'Hal t o

For CMT welding the power consumption is equal to:

Consumed power=Power source consumption +Robot consumed power
Therefore it is calculated as: = (14*20+5000)*O.16&000:0.88'@ ge

Thus also Electricity cost of laser technology is way more than CMT welding.
V Gasand wire electrodecost

In CMT welding technologygas cost and wire electrode cost mhasstaken in to account

as well.Since laser welding is done withashielding gas and filler metal these costs are
not considered in welding with laser technology. The consumption of gas and electrode can
be slightlyalteredfor different process. The gas and electrode consumptions are consistent



Welding of DOCOL pipes with different techniques 123

to real casavhich weldirg is performedThe formula for calculating gasnd electrode
cost are:

Cost of gas/h, MG = (Cost phour) x Gas flow.
Wire electrode costiw = (Cost per roll/Length of wire) x Wire feed speed

The price of gas is equal t@t n(@ p) and gas flow in the process is equal to 21.5 I/min
so overall gas price will be: MG= [0.006 x 21.5 x60 leio d The price of electrode

per unit of meter is 60.00° ;) andwelding is done witt8 m/minwire feed speed.

Taken as a whole the rei electrode cost will be: Mw= [60 * 8/1400(QP|' EX=
2.050 )

As a result total welding cost for each process of welding can be obtained from the

eqguations given below:

- (Lase)=( - - z0), O =Total time of operation. Fallving this calculation
overallcostt or | aser wel ding process in one hour w

And overall cost of CMT laser welding process can be calculated from the equation given
below:

- = - - - 20), O =Total time of operation

Therefore the welding cost with CMT technology will be@?é) and it is lower in respect
to |l aser welding which is 65 (u0).



Chapter 9: Conclusion

Laser welding is known to introduce considerably less heat input in to the material than
conventional weldingechnques.For the proximity laser welding coarsening in the HAZ

is minimal,as wel as the HAZ width (0.4nm). Theproper velocity range for 3Kw power
proximity laser welding of Docol M is in the range of 100 mn280mm/sfor different

joint configuration.

Proximity laser welding with 3Kw power and 200 mm/s does not change the planarity of
pipes and the planarity rexims intact Onthe other hand, softening and tempering took
place inthe HAZ However, thanks to low amount of the heat introduoetie compoent

the width of HAZ in Proximity laser weld is notably less than that in wobbling laser welds
and CMT weldsThe weld bead always showkidher hardness than that of wobbling laser
welds and CMT welds. Hardness of laser welds is hitjfaer other two tdmologiesdue

to a greater temperature gradient and faster dissipatiombBwen if the costolerance/h

of this technology is more than CMT welding, for high production rate the cost for unit
will be less.

Bigger HAZ (15mm) is presented iBocol M joint welded withwobbling laser than ithe

HAZ of the proximity laser weld joint du® a lower welling speed and more heat input.
The measurements of planarity show that the planarity changed in order of tenth of
millimeter for 20 mm length pipeOn the ontrary wobbling laser welding is a very new
technologywhich permits access to areas not accessible ghbrt focal length welding
andmakes welding possible in presence of big Jd trend of hardness in wobbling laser
weld is different from the proriity one. In the center of weld where the gap is present and
the material is not availahl¢he hardness decreage 320 HV but the hardness in the
border of HAZ and FZ has the same value of FZ in the proximity welding (40%tdxther
investigation is neded on the weld bead of wobbling laser welding to understand the
strengthof weld bead, fatiguand other mechanical properties of the joint.

Consequentlyin camparison withproximity laser welding and wobbling laser welding,
CMT weld joints exhibit largr HAZ equal to 5mm (12 times more than proximity laser
welds).Its grain structure is very coarsad due to presemt filler metalis not purely
martensite anymor@nd in border of HAZ and FZ an area of coarser acicular microstructure
of bainite withcorresponding hardness of 28Rists The hardness is also depends on the
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filler metal which is used for the welding processour casehe hardness of filler metal
(AWS/SFA A5.28 ER110js equal to 290 HV which is more than HAZ hardness (220HV).
The costtolerance of CMT welding is lower than other two technologies and it is not
sensitive to the gap. More studies must be done on CMT welds in order to find out the
mechanical properties of joint such as strength, tensile and fatigue properties
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