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ABSTRACT

Laser Claddg (LC)is an emerging technojoghich is used both for coating applications as well as near
net shape fabricatioDespite itsignificantadvantagesuch as low dilution amdetallurgidebond with

the substratehe technologstill facesssues such as process control and repeatahilitly restricts the
extension to its applicatiorihe followingthesis evaluates the laser cladding techravidgests its
potential to be appli¢d reduce particulate matter emissions frorautwmotiveand locomotiveector

The evaluation of LC technologgs carried out fahedeposition of muliayer and niti-track coatings.
316L sainless steel coatings were degmbtostudy theminimisatiorof the geometric distortionstiin-
walledsamplesLaser poweras well as scan strat@egrethe main variables to achieve this gds. use

of constant power, reduction at successives |ayeontrol loop control systermndtwo different scan
strategies were studied. The cléeepl control systemvas found tdoe practicabnly when coupled with
the correct scan stratefigy the deposition of thin wall¥hree overlapped layers of aluminium bronze
were deposited onto a structural steel pipe for multitrack codtiagsffect of laser power, scan speed
and hatch diance on the final geometry oting werstudied independentind a combined parameter
wasestablishetb effectively contra@ach geometrical character{stad width, clad height and percentage
of dilution) The statistical analysis showed that when garameters are varidaser power had a
negligible effect on the clad heightontrast, the wth and peragage of dilution wrefound to depend

on allthreevaried parameteused for this experimedtluminium lvonze coatings were creole and

the microhardness was greater than that of typically used-Gaiuas.then applied to coat commercial
GCI brake discs with tool steEhe optical micrography showed that even with prehéadicigicks that
originated from the substrate towards the coating were still.prasesgpplicability of LC was tested for
brake discs. The commercial brake disitted airborne partickefiose concentration and siepended

on the test conditions used fmulation irthelaboratoryFrom theearly reportetesultsthe emissions
and wear rate were successfully reduced with tool steel overlayed laser cladded hedksealistadding
applications werextended to reduce uHine PM emissions fromailwheel contactTest pins from
UIC60 900A rail carbateels were in contact with three types of test discs surfaces: R7 wheel carbon steel,
laser cladding overlayed martensitic stainlessusteklser cladding overlayeeb&led 8% MnS self
lubricating alloy. Test results show about halving of the coeflicfantion, 0.42 to 0.22, and one-ten
power lower specific pin and disc wear of dighsselflubricating overlayompared tastandardailway
carbon steel contadi$singstainlessteel werlayed dis@so resulteith one terpower lower specifitisc
wear, but pin wear is unchanged. Particle emission for the tests with digtdBubilcating overlay is
constant at almost 200 particlesicwhilerunning in distance is neededtfar other testsAlmost all
generated airborne wear partiske® in the suthO0 nm rang& heuse olLC overlay reduced the number
of airborne wear particles in the-406 nm range by more than a factor of 10
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Chapter 1- INTRODUCTION

Laser Cladding (LC) is an emerdiechnologyapplied for surface coatings amehrnet shape
manufacturing. Theroceshasseen recent interest in further development due to its added advantages
and the costeffectivenesof the associated technologi&pecific processassociatedchallenges
significantly hindehe technolody exploitatiorno its full potential.

This chaptelintroducesthe research carried camd includesn introduction to LC technology by
establishing aims and objectieeshe problem statemedévised for the researdline chapter concludes

by presenting the thesis structure.



1.1INTRODUCTION

AdditiveManufacturingAM) is successfulbhifting from academic research to industiy companies

are highly interested in beconyagt of the new era in manufacturifsil is becoming more and more
costeffectiveas the technologies associated with the process are becoming more and mpamdheaper
the process is getting mudorereliable.For metals, industrisdtionfor coating applicatiorsy Laser
Cladding(LC) has already beguwvhich is thought to be followed by neat shape printinghortly

Surface engineeringolume 5ASM handbooklefinesSurface Engineeriegdo Tr eat ment of t he
and neasurface regions of a material to allow the surface to perform functions that are distinct from those
functions demanded from the bafithe materid[1]. This surface treatmestmainly done for functional
purposes such asntrolling wearorrosionand clearance or for dimensional restoratitbernatively,

these can be applied fmoaomic reasons such as lomaintenance costs, longer componentolife
udnglessexpensive substrg@sVarious methods for such treatnsepana wide rand@]. For instance

the modificatiorof chemistry and propertiestbé existing surfate a depth of 0.001.0 mm is mainly

done by implantation and nitridimdnereas weltard facingand otherladding processes produce typical

1-20 mm thick coating®ther techniquessuch as mechanical bonding and deformati@ngehe
properties without changing the composi@iher depositioprocesseicludinghermal spraying, cold
sprayingchemical vapour deposition and physical depositioralso used for coatings. There is no
definitive classification of coating processes in the international scientific coralthmigh several
authors have contributed ttassifyinghe different tdenologiesOne suchtype based on a scheme
previously set by D. S. Rickerby and Allan Mafiiés\shown inFigurel[5].
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The proper selectioof the coating is based on the component size and accessibility, the corrosive
environment, the anticipated temperatures, component distortitime coating thickness and most
importantlythe cost$].

The surface coating is essential bedagidiéecycle of engineering p@stsainlyaffectedby wear along

with corrosion and fatigue. The combined efbeses amore significaneconomic imact on the
industriesLC has been applied for surface coating mainly for the repair and refurbishment of expensive
parts and has proven advantages over conventional techsoicigigs low dilution and the establishment

of a true metallurgical bordleto defects and limitationstiaditionatechniques, solgtate processing

technologies are gaining populanitgare now considered mature and refigble

A highpower laser source melts powder alloys amtifroduceacoating on the processing subgi@hte
The concept of LC is very similar to arc wddinGoaxial LC is one of the most common LC
technologig40]in which a liquid melt pool is created from the laser irradiation ondtrateudnd results
in the formation of a cladding layer as the powder is fed to it via a cdfirigrTdes results in a
metallurgical bond with low dilutj@@]with a fine microstructytes]

LC is an excellent alternatiee conventional techniqués surface treatmerior metallic materials
especially foimproving corrosion and wear resistafités exception suitability is due to ititdnsic
properties of laser radiation: high input energy, low distaritbravoidance of undesirable phase
transformationsard the possibility to clad small ajd@d4$ The formerimprovesquality and offers
significant economic bendfits]

Apart from improvingnaterials' wear and corrosion, LC's potdramhlso beaxplored irthe context

of carbon footprint reductioNon-Exhaus{NE) emissions from automobilaseone area that is getting
substantiahdustriainteresias exhaust emission controls become stii¢tereforeit implies that very
soon NE sources (especially brakes) will raise discussions on possible regulftéjyNteedsssions

from automobiles mainly include weabrakestyres, road surfaces and resuspension of road dust. This
emission contains airborBarticulateMatter(PM), and a growing body of evidence confirms the health
hazard®f this PM to humans. This PM emission from traffic souroesréssignificarthanotherPM
emission sources in densely populated Bfp&8sake weasignificantly contributde NE particulate
emissionsourcesespecially PM10 and PM26 Braking technologyasbeen througtconsiderable
developmentoday (202); virtuallyall cars have a disc braking system. In disk brakérake lining
presses the brake rotor from the inside and du®jdereyCastiron (GCI) is the dominant material for
both automotive braldrumsand rotorgl9] GCI brake discs are preferred due to their excellent thermal
stability and cost effectiverj@d$and will therefore continue to be a favourable material for brale disc
the near futuf@1]

Underground trainareconsidered a mode of green transportalidras become an everyday part of
millions of commuters to spend a portion of their time on subway@aéef the major drawbacks of

any underground transport system is that it operates in a confinecaspaag plermit the accumulation

3



of unhealthy concentrations of airborne contamigahtherefore, it isssentialo maintainexcellent

air quality in subway environmg$ At rail subway platformextremely small (nanometricatéew

microns in size) particle generatioocur at the brakeheel and wheedil interfaes that are highly
ferruginouR4] Such wear particles have the potential to be dispersed by air since they will have a terminal
velocity slow enough to become aird@%ile

1.2PROBLEM STATEMENT

Despitethe LC coatings exhibiting superiority compared to traditional techtgugsyse difficulties
limiting their use.Many drawbacksuch agoor surface finisthave been repressed by controlling and
observing the operating parametBxdamination and crack formation are some dthees that are
intrinsic attributes of the process itself and the properties of materials ¢p@hldhredyoverning process

parameters can be controllednioimizesuch defects.

The lack of uniform and reliable properties of the coatings limits the applications d¢hé.Cade of
depositing muHayers on o of each otheithe repetitive melting and remelting give rise to complex
microstructurdgg7] which in turn fail to fabricate parts with desired geometrical aspecess
monitoring and control kka been employed tguaranteeepeatabilif28] Much research is needed to
study thescontrol pracesses and to find and set boundaries within whicpregelsses could operative

effectively.

The numerous interactions in LGuch as laser beam powderlt poolsubstrate,and laser
beam/substrat@long with the physical phenomersach as fluid flo@ndphase transformatiomakes

it much more compléar control and optimi$29] Computation@B0]and statistical modf4]have been
developedo describe the relevant effect of gramary process parametefglost of the timethe

applicability of such modédtssystem dependent as welloasthe material or substrate being used.
Thereforemore research is needed to cover as many materials as possible with experimental results and
analyse them statistically. The combined efféltese pameters on a given geometrical aspect of the

clad needs to be developeldich could be used as a reference anumeayve the LC process's reliability

and repeatability

Environmentaissues directly related to immediate health concerns need to be adtisiss@tieshe

harmful PM emission frothe automotive sector. By resolving the issues related to LC, at the same time,
its wide range of applicabiliigeds tde exploiedfurther. TheNE emissions from automolsjsuch as

brake disg are studiedoncerninglecreasing landfilidifectenvironmatal concerngandreducing®M
emissions (direct health conegrfrurtherresearcton useof metallic powders that do not contain heavy

or harmful metals need to be studiecbntext of LC



1.3APPROACH

In order meet the aforementioned research rigstg,the effect of closddop control system will be
studied with additional coupling with scan strategy to buildraxktthinwalls from316Lstainless steel.
This will create an understanding efltimitations and effectiveness of the melt pool control tyjukth

closedoop control system.

The individual effect of main process parametethemibie studiedor multitrack coating of aluminium
bronze Combined parameters will be developed isttisthat have the potential to control a specific
geometric parameter of the resultant coating. This will add to statistical data for aluminium bronze in the

literature as well as act as a point of reference for industrial coatings.

The applicability of LC will be tested by coating tool steel fulte@alecommercial car brake disc. The
limitations and the challenges of codBir@| véllsbe presented. Thigll be concluded with applicable
processing parameters for such coagingsheir limitations.

Lasercladded discs will be then tested for PM emidsidnake disc/Ctree pins. The raitheel contact
will be studied in detail to further support the reasoning td.#&pijsiycontext oénvironmentatoncerns.

1.4AIMS & OBJECTIVES

Theresearch work asmo evaluate theC process in detail aridrther test its applicability to reduce
harmfulPM emissions frortheautomotiveand locomotiveectorThe following objectives were then set

out:

1 Investigate theffect of scan strategy and cldseg control system for multiyerthin wall
deposition viaC.

1 Investigate the effect of main processing pararaetensulti-track depositioby LC and further
statistically develop a combined parameter to cospetiic geometric featuretiog resultant
coating.

1 ApplyLCto coat a fulkcaleé5Cl brake disc.

1 Perform PM emission te$ts GCI brake dissand LC claddedai wheel conta@nd evaluate its
possible applicability.

1.5THESIS STRUCTURE

The thesis is structured according to the aim of the rebgapctividing a detailed evaluation of LC
technology followed by its applicabilityeiducingharmful PM emissions from twypesof contacts in
theautomotiveand locomotiveectorThe core resech of the thesis comes from three published papers

with a common conclusiand further researchcations.

Chapter Introduce4.C technologyidentifies the problegstatemenandprovides the aims and objectives

of the research.



Chapter 2contains a thorough review of the literatureL@ntechnology This includes historical
backgroundprincipalcomponents, typegrocessing parametegepmetrical characteristic®nitoring,
anddefectsfollowed by recent advancements in LC technatadjits main applications

Chapter 3ntroduces all the equipment used to carry out the present research. Fari€lhas/been
divided intothree parts job shop (LC equipmeatjpachineshop équipment used for sectioning,
preheatingtc) and laboratory equipménticroscopy, equipment fareparation of metallurgical samples
etc.). This chapter aldetailghe metallic powders and the substrates usdgkfexperiments.

Chapter 4 and Chaptecdnsisbf evaluation studies of LC technol@hapte# discussesdtexperiment

and main findings fromhe depositiorof 316Lstainless stetlin-walledfeaturesScan strategy aneklt

pool width control effeatia a closetbop control systemrediscussed. In Chapterttlte experimenand
principalfindings fromthe deposition of aluminium bronhave been discussed. Combined parameters

were develope@atisticallythat could control the geometric features of resulting coatings.

Chapter @ontainghe experimertf depositingool steel on braldiscgo further evaluathe subsequent
chapter for PM emissianghe result@are discussed, including thallenges and limitations of such

depositions

Chapter Tocuses on LC technology's applicability in redoaimgful PM emissiofiom theautomotive
and locomotiveector Lab experiments were performetet and confirm the emission of PM fritwe
brake disc / Cdree padPM reduction effectsom tool steel overlayed brake disqgaresentedand
another experiment to study LC's effectiveness in redvidingmissiorfrom raitwheel contact is
discussed.

Chapter 8 draws the maianclusions from all the experiments perfoymvétl a section on possible

future work.



Chapter 2- LITERATURE REVIEW

This chapter provides andepth analysisf the development @dhe LC proces Therelevantork of
variousresearchelis discussedrhe historical backgroumehd principalcomponentof LC technology

are described in detdbifferent laser sources suitable for LC are discickeded by the recent
advancement of blue lasdes/eloped explicittgr LC of highly reflective metat®pper, gold etcJwo-
stepand onestep LCarebriefly discussed with a detailed descripfidhe 1-step process. Thesiep
process is further divided and explabes®d orieed materials such as wire, powaddstrip, followed

by hybrid processdsaternal Diameter (ID) cladding is described briefly for coating of internal surfaces
High-speedLC (EHLA) is briefly discussed asecent development in LC technology. The process
parameters and their influenog@sulting geometric characteristics are described. An explanation of each
process parameter is presentagply Combined parameters typical in LC to control the resadtitigg

are described along with the findings and work of previous researchers. The coating efentahre

for monitoring and adaptive control is detailBide applications of LC are also discussed in this chapter.



2.1HISTORY OF LC

LC wasintroducedwithin a decadig?] afterthe invention of the first working laser in the 138Dsn
1971, a patemipplicatiof84]was filed that described a mettaidrknown ad.C. This decadalsosaw

an increase jpublicationselated td_C[35] Althoughthe LC technology offered significant benefits over
conventionalhardfacing techniques its industrial practice hdaggedconsiderablybehind other
technologies sudas lasewelding, cutting, heat treating and driB@pLater inthe 1980ssomeleading
automotiveand aircraft manufactusewere pioneers in commercialidi@ytechnology Since then,
companies irvariousindustrieshave started to demonstrateC on fundamentalcomponen{87]
Unsurprisingly, even with this industrial recognition,cau@d notkeep up with competinfpr
conventionahardfacingmethods. The maireasorfor this lowindustrial recognition was the lack of
development in laser technol@gCQ was the only type of lasemilable at the tim&lso, the associated
costs to integrateC werehigher tharconventional methodslowever,this changed in thmid-90s
During this timenearnet shaping was gaining mpopularity. Thiss owed mainly talevelopindaser
technologysuch as Nd:YAG and diode lag28% Evena book published in 2005 reported a lack of
industrialisation of the LC proce$he issues, however, were more related to the process ammhtrol
associated process parameters syciwvas, scamingvelocityandpowderfeedratd39] Once again, this
has been changeuhd the development dibsedoop control systemsow offerssuitableneasures for
overcoming the effects of disturbances in the prabdssmelyhigh-powereddiode lasers (45 kW) and
growthin high-speedladdinghaveplayed a vital role in this decadd@advancement of LC technology.
Also, ecentadvances laserssuch as bludiodelasersrevolutionsed the processing of highly reflective
metals such as copper and g demands of wear and corrosion in extreme condlidiegfercedthe
industry toacceptLC technologyBesideshe wear and corrosiaesistance, .C has also found its
application in reducing environmental pollutants. The environimgrdat of traditional technologies
such as plasma spraying are well known. LC not onlypaodfeisingenvironmental operationtia now
applied to reduce harmfiM emissions in theutomobile sector

2.2LASERSINLC

In the LC procesgthe effect of power density and béataraction tim@laysa vital rolgt0}]
The power densitip, is a measure of the power supplied per unit area and is gigeatiognl:
Equatiott

VEVLQI®

i wa

The power density depends onl#ser powesnd the spot diameter.

Beam intercion time is the measure of the tilvad the laser beam interacts with the piece of base material
to be treated and the area of the beam on its slirfeene.be determau by the ratio of the velocity of



the laser beam over the material to be treated and the area of the beam onTisesefae parameters

are further interrelated. For exanible sliding velocity of the laser beam will govern the energy received
by the piece in case of a constant power dehsigyy high sliding velocity will result in an insufficient
energy transf since the interaction time will be too sinédiraction time will bemore significarib case

of low speedsAn increasedhteraction times can also induce evapofalipfigure2 showsdifferent

laser material processing techniques' power density and interaction time range
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Theabovdigure shows that theC process requires a power demdiid- 100 W/mn? and an interaction
time of 0.011 secondThus,a small window of power densitgligible for producing a molten pool in
the substrate material for metallurgical bonding with the deposited. Mhtsfiatits thaypes of lasers
that can be used fbC. Themost usethsers in the industry inclu@®,, Nd:YAG, diode lasers adibde
lasers



Theparameters for these lasers are reporieabiel.

Tabld Parameters of suitable las€f39for LC

Laser Wavelength | Mean power Fiber Coupling Service life (h
(nm) density
(W/cm2)
CO2 10.6 1 es No 10003 2000
Nd:YAG (lamp 1.06 1 ¢7 Yes 200
pumped)
Nd:YAG (diode 1.06 16 €9 Yes 50008 10000
pumped)
High Power Diodg 0.650 0.94 1®és Yes 50006 10000
Laser

In lasemateriaprocessingbsorption and reflectiameothervitalissues that need careful consideration.
The reflectiofiromtheme t sutfa@esis a function of laser wavelemdilthvaries fronmetalto metal

An absorptivity increase occurs if the process remg@erature rises during this reflectivitysindicats

the potentialor more energy absorption by the mafé@BhDuring multimateriatlepositionthe change

of absorptivitycauses a significatifferencdan energy input combined with locally differing temperature
condition$44] The laser absorption of different materials is sholigune3.
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The BeamParameteProduct (BPP) is a parameter that is used to quantify the beam quality. It is the
product ofthebeam divergence angle areddbam radius. Lower values of BféBrhigher beam quality.
BPP for different types of lasers are presentéduns4.
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In CO; lasersa mixture of carbon dioxide, nitrogen and helium is used as a laser medium. It is excited by
direct currentr highfrequencylternating curremtischarge to generate the laser beam. The wavelength

of CO:laser beams is 10.6 um..CGBers first saw ddéapment in high outputsuch as 50 kW industrial
machines were available by the end of the twentieth centutgs&@®have a high beam quaditich

decrease relatively in case of high patigi-beamquality CQ lasers cannot be delivered via optical

fibres. This is due to the long wavelen§these lasesinceglass and quartz are opaque to 10[45}m

Nd:YAG hasmuch shorter wavelengthsuallynearinfrared regionsanging from 1.08 1.07 um.
Therefore, thesgypesof lasers can be transported with fififieis gives Nd:YAG laserssabstantial
industrialadvantage ov&Otypelases, as mosindustrial cladding applications use anthropomorphic
robots.The leamquiality is also very highaching nedinediffraction limitTheseadded qualitiéscrease

theprice of such laselgnitingthe usef such laser soucé onlyhighvalueindustriepls]

High-Power Diode LaserdHPDL) are currently popular among industries and academiaC for
applicationg6] The rectangular shape witip-hat intensity distribution makes it an idealcehfor

cladding applicationsquiringamplearea coverag¥] Unlike CQ and Nd:YAG, HPDLlare of small size
and low weightthus making it possible to build a mobile cladding signihe most recent

advancement in laser technologies is the development labBEES]

11



Laser beam characteristics suclBRB, laser beam modenergy distribution over the spot area,
polarisation and focusabiliyay an important role in laser material processing includisg] IXC
homogenous intensity distribution is nornfallpurabldor LC sincet results in low dilution of base
material and the layer that is weldetbdn For examplethe tophat distributiorfuses quite evenly and
thuscreatevery little dilutionin contrasGaussian distribution has its peak in the nsddteat the dilution

of base material and the next layer would be relativellyigige5)[49]

Gaussian

..

Figur& Comparison of two intensity distribution pr¢dif§s of lasers

Apart from the above, beam delivery is another issue in selecting a suitable laser éoabh{pI&o0,
lasers cannot be transported via fibre optic due to its wavalahgtmce this limits theanoeuvrability
of motion system along wit3i®]

2.2.1RECENT LASERADVANCEMENT FOR LC
Much recenadvancement of lasers for In€ludeghe development of blue lasknsprocessingion
ferrous metalddighly reflective metals such as coppegold absorb the blue light spectrum seven to

twenty times better than the laser radiation iinfitaeed regioras can be seen frafigure6[50]
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Nakaazet al[51]developed fibre-coupled blue direct diode laser withaximum power of 100 W and
a wavelength of 445 nffaser spot diameters5#0 nm) Theyused it tocoat copper layers on stainless
steel Segoku et gb2]used a bludirect dioddaser with @pot diameteof 400um to deposita pure
copper layer onto stainless steel 304 sighatra studied the temperature distributjothermal imaging
camerandsuggested that the dilutiontioé copper layer cdre reduced by cooling the substdéea et
al[53]coated a pure copper layeraguure copper substrate usangultibean LC system coupled with a

blue diode laser

Blue diode lasers are available Boppliers witla maximunpowerof 3000 Wand 8445 nm + 20 nm

wavelength

2.3TwoO-SteEP LC

As the namsuggestghe twostepLC involvestwo main steps.e., preplacing the powdemto the

substrate and passing the laser beam on the placed @omgentional coating methgsisch as thermal

spraying, electroplating géze used for prelacing the powder onto the substratee preplacing can

also be dongimply byapplying a layer of pder, wire, chip etd.o ensure cohesion between the substrate

the cladding powder twe placeds usually mixed with chemical bindEng melt pool is created when

the laser passes oves threplacegowder layer, creatiagfusion bondingseverathallenges also arise

because dhser passage over the powder bed. The already placed powdetoibedisgeredby the

generation of gasses during melting. Due tdttligssentiaio ensure that propgowder cohesiois

achieved with the used binder. Furthermore, the cohesion among the powder particles could also be crucial
since this cagive rise to unnecesy porosity during the evaporation pr¢gés3he principle of two

stepLC is shown irFigure?.
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Remelted thermally
sprayed coating

Heat-
affected zone <= Feeding

Substrate

Figur& Principle of #teh.C process with previously deposited thermallySjrayed coating

The cladding gflasmasprayedoatingsan be technically called remeliihis remelting processay be

necessanp improve the properties pfasmesprayedayers sincthe microstructures of such coatings
exhibitpoor interparticle bondingorosity and extensive chemisdlomaeneitfp6] However, he laser

remelting technique has been practically abandoned due to the improvement of thermal spray coating
propertiesisingHigh-VelocityOxy-Fud (HVOF) spraying, especially for hard metal cofblgs

When the laser interacts with the already placed pavesgrerates melt poolon the surface dhe
coating material. Thiselt poolwill only propagatao the interface with the substrate upontinued
heatingThe additiongbowerensures this continued heating. Howéhisr heat input must be carefully
controlled becaustecan result in severe dilution instead of creatwigléusion bond The diution here
means the deep meltingtoé substrats7] This phenomenon has been explained by a physical model
developed by Pow@8] The flow chart of the theory developed by Powell is shdviguireS.

Powder placed on substrate

Laser irraéiation begins

Surface islbeated

Molten pDD; established

Melt fruntlmuves towards substrate
SubstraLe—%cll contact

Melt moves away from substrate

Laser irradiation stop:

quench solidification

melt front slows + stop:

melt front slows, stops, approaches substrate, slows + Stops—I

melt front slows, stops, approaches + moves through substrate,

slows + stop:

laser irradiation stops

|
SOLIDIFICATION

Figur® Flowchart of preplaced powder cladfbBy process

Creatingseveral adjacent tracka twastepLC resultsn more dilution. Therefor#his process isnore

common where parts can lieeatedvia a singleclassrack. The track where the laser passes over the

14



preplaced powdézavedbehind a molten coating. This moltesiterial then contracts due to the surface
tension. This means that gaat close tthe nolten track isolonger covered with the goacegowder
This noncovered part of the substragalirectly irradiated lajaser beantausing deeper melting of the
substrats7] Figure9 shows this prazss.

i

laser beam
preplaced matarial preplaced material
\ [
| clad layer |
base material irradiated substrate

Figur® Phenomenon while placing adjdb&ht tracks

2.41-sTEPLC

The XstepLC can be described as the simultanactien among laspowdersubstrate. In this prosg
themelt pool is generated by lasato the substrateand thecoating material is fed directly to this melt
pool. The las@reheatar melts the powder with a thin layer of subsiredgeltingn alowlydiluted layer
metallurgically bonded to the substrate. Largecarehs covered by creating several overlapping layers
Due to the nature of the feeding material, this process can also be used tdhgeednakensional

structures.

The coating material can be in the form of powdier,or strip. The details of each process are presented

as follows:

2.4.1POWDER FEEDING

LC by powder feeding is the maesimmon and preferred techniglibe mairadvantagées the melting
sequencef the proce$59] The onestepLC can be further classified based on the nozzle configuration
off-axis andoaxial. Inhe off-axissystemthe powder nozzle is positioned at a defined, arfgecas in

theco-axial systenthe powder nozzle is integrated around the optical l§&tem

The offaxis powder feedingas developed mainly for the geometries where the deposition approach is
unidirectional such as for coating shafistype of feeding is albéelpfulfor cladding grooves and the

¢ h a n inrer diarseteThe nozzles in offixis powder feeding are axisymmetric and have converging
diverging internal geomeffjriese nozzles are separated from the laser beam delivej§1dyBbeff-
axisfeeding system is showrFigurelQ The main drawbaak off-axisfeeding is its suitability only for

2D applicationsince the shape consistency of the deposited layer isoaguellgne direction when the

laser head mos@long a straight line or ughaspinning of the substr§é@] Howevermultidirectional
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off-axis powder feeding can be integrated usimgtiplesidefeed system as the system developed by
Fearof63] as shown ifrigurell Thissetupwas designed mainly to control the layer hefiglefposited

layes. The powder catchment efficiencyhefoff-axisfeeding system is somewhat contradic@dfyaxis

nozzle inthe leading positiois reported to be used because of improved powder catchment efficiency.
This efficiency can be improved usihggher feeding angle betwé#eshorizontal anthenozzle At the

same timgp0]reported from their experiment thia¢ catchment efficien@f the off-axis configuration
showed lower performanttenthe c@xial configuratiolhe reason for this contradiction lcbbe that

the process parameterstfoFcoaxial nozzlare not suitable for eéixis configuration.

laser beam

X
Y |
z
\\\\

powder stream——s

substrate surface

Figurd 0 Offaxisblown powdel &4}

Figurd1Multidirectionataodis LC noz#63)]

A coaxiapowder feed system was developed in respoogertmminghe omnidirectional limitaticof

the off-axis feed configuratiobnlike the offaxis systenthis systenis composed of one nozzleat
deliverdyoth laser and powderthe substratén this processhe powder iblown out via the carrierga
from theannular zonsurroundinghen o0 z z | e 6 s ¢ e ddivera the ldser beahme pamdér ¢ h
distribution in coaxial jet flow is Gaussigeexperimental and numerical approadhed. gas is blown
through the inner and outer nozzles that prethenfocusing lens and prevent power oxidalibe.

schematic dheco-axial nozzldesigris shown ifFigurel2
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Figurd2Coaxial nozzle dggsdin

These coaxial feed systdrage also seen developments wherehtiqee ofthe powder stream could be

adjusted to conform more to that of the laser beam fora rectanguleshapedaser spot instead of a

circular one. This was damgingfixed and radially adjustable gas Jdte coaxial feeding system offers

the advantage of more homogenous powder melting before it reaches the melt pool. This results from the
effective energy tiafer from the laser to the powder as it is dispersed more evenly as it passes through the
laser beat6]

The main drawback tife blown powder technique is its logatingmaterial effiegincywhich remains its
main disadvantagédereas is reported to be increased by uireggradepowder The coating material
efficiencyefers to the amount of powder material that remains in thgowiedhd contributes coating.
Forinstancethe powder particles that hit the solid surface will be dispersed away whereas the particles that
impinge on the liquid surface will contribute to the melt pool surfeesypicallrecommended sit€
isdone by PTA grade powd&0d 150um), whereas HVOF10d 60um) has also been uf&d 68] At

the same timearticles could be as finer %20 um. The powder streamare shapetty the gas
streant69,70]andtheirdiaméer strongly depenam the particle siz&€he resultingcreen opacity formed

by the powder govertigeabsorption of photonic enefg¥] Reducinghe particle sizacreasethe laser
absorptionresulting inbetter efficiency.This resulted from the dense scredth the appearance of
multiple scatteringhenomenahat absorbedhe incident laser bepff] very efficientlyDue to the
technical limits of the powder feeders and nousiegfiner-grade powder would require modifications.
Otherwisethis could causgowder agglomerati@nd resultant blocking of the nozzteas reducing
efficienc{73] The risk of vaporisation also increases with the use efrtwer powdefd4] Powder
material vaporisation is highly undesirablg reducesi¢ material delivery into the melt psiokeit
directsamore significanproportion of laser energgwards melting the substrate that would otherwise
have been absorbed by the powdereasinglilution{75] Furthermore, ithe blown powder technigue

a high ratio of particles directly bounces off the deposited area by hittirgnéitedsurfaceThis can
reduce the efficiency ratio of trapped partipjag to 40%. This issue could partially be resolved by
selecting@n appropriate inclination angées reported [6] Carrolet al[77]showed that the efficiency
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couldbe improved by collecting the unutilised powder during the processsanglitThe reused powder
shownin successive reuse cycles did not show similar prapéhieesultinglassThe size distribution
and composition also showetbre significantariation. However, methods are reported the
reconditioning ankterreusingpf powder materialRenderogtal[78]suggested that the best procedure
for treatingusedhickelbasegowderinvolves sieving asgéparatingragnetic phases without performing
any other cleaning stdjnis carreduce the formation of agglomerations and clustdtinghe risk of
ulteriornozzle clogging hese practices involved extra stepsamid become counterproductive instead
of increasing efficiendnother major drawback is the emissions that occur during the proedssing
could cause modamage ttheexposed persofwo primary manufacturing methods for metal powders
areused forLC: wateratomisation and gatomisatiofy9] Gasatomisedpowders are sphericahd
contain lower oxygeontent but are more expengB@®than wateatomisedhat are irregular form[81}]
These powders contalveolaas vell as inhalable dust fractiofiseseemissions are currently not being
studied much in literature. Ostady describes a method to characterisettoparticlemission during

LC with stainless steel pow@2] Noskov et gl83]found that the nanoparticles are suspended in the gas
phase closer to thocessing surfac€heprimarypollutantsfound during manufacturing with powder
metal are aggregated esimellnanoparticlewith an average particle sizd @hm. Moreoverthis core
consists ofron, chromiumandnickleatomsa n d t h éa this dxidd ldye¥.he excessive powder
also gets settled onto thgugymentsuch aghe robotic arm or the connection tubes and wires. If the
equipment is nhatovered correctlthis could result in lossBstect Energy DepositiqibED) operations
areusuallycarried out in enclosed cedisd after th@rocessinghese are very challengingléan.

2.4.2\WWIRE FEEDING
Wire feedingin principle can be performezimilarlyto off-axisblown powder claddinghe only main
difference is the feedaterialThe process was first used in the 1990s but failed to get much recognition

due to several difficultiesdontrol of the processdpoor accura¢g4]

Wire feeding is also maioharacterisedased orthe melting of wireln one casahe wire ismeltedin

the form of dropletsand beads are formed on the substndtiehis irregularin the other method, the
wire is fed to the melt pogenerated by the lasersultingn solidification as the laser passes the melt
pool85]

The geometryelatedparameters need to be controlled to achieve the desired dimensional Boeuracy
stresdnduced deformations in wire feedarg still asignificantdrawback. These cause the loss of
dimensional accuraegpecially in largeditively manufactured pa&part from the process parameters
the deposition pattern and sequences plagsantialole inwirefeedingsysten{86] Significantlythe

wire feeding locatiosoncerningthe laser bearis critical since this process is more sensitive to
misalignmeif87] The lackof material in the form of wire poses another limitgd the use of this

method Apart from the mentioned drawbacks, wire feeding provides greater material &ficigadiy,
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in the powder feedlmost no material is wast@tlis also results in a much cleaner processdrires
practicallyninimal postleaning.

2.4.3STRIP FEEDING

The development of higlowered lasers has enabled wide strips as a feedstock material alongside powder
and wirg88] The requirement of higlowdered lasers could be a possible reason that this type of feed has
not been studied wideXelistratojB89]used a&-kW direct diode laséw lasercladnarrow (6 mm) strip of

Alloy 625 and reportédw diluted andiniform-claddeposits with a deposition rate of 1.9 k2004

Malin et aJ]90]introduced the repair of military components vialstrgnd demonstrateéts use in filling
premachined groovedariTuominen et dB8Jused d0kW highpowerdiode laseto clad 30 mm wide

alloy625 metadtripson variousteel grade¥hey used a noueASERstrip head designed specifically for
stripLC and reported a deposition rate of 8 kg/h

2.5HYBRID LC

In hybridLC, an additional energy source is utilised along with the lasefigiis€lone to supply extra
energy to the proceseghich ideally should be maesteffective and efficietthanthe energy from the
laser sourc&epending on the materials under treatment, addjgmmatcould be applied to the clad
base materiaCombiningother energy sourcescreaseproductivity and deposition rig,92] An
example oBucha hybrid system is a combinationad@O; laser with a conventional arc magBi3]
Another study in which the core filler wires were heated before enteniaf {h@olreportedthat the
process energy required to produce coatimgmost halvdé4]

Preheatinghe base material is common and couldabedhybrid LC. The efficient method of base
material heatingtilisesinductiorj95] Besides decreased laser enesgge during depositiand high
deposition rates, it also provides geometric stability to cladiayerst. caseshis kind of procedure is
carried out asraecessityl he preheating of substrates is benefiamataining crackee coating96]that
result from thdighthermal gradier]&7]

LC andPlasma Transferred Anelding also known as PTAasbeen used as a hybrathnology to
improvethe deposition rate by maintaining minimal heat input to the s{@}laaserassistethermal
sprayinfP9]alsoproducel relatively thimndlow-dilutedlayergL00]

Furthermorea combination ofLC and gas nitriding has been performed simultanesuahhybrid
process. Thiorced and localised cooliog nitrogervapourstreanunder cryogenic conditions G-

Ni powder has shown improved physical and mechanical properties of b@htings

2.6ID CLADDING

In ID claddingtheminiaturisedheads with integrated optics and powder feed namlsedo clad the
inner diametersThese heads are specifically designed to reaminaheénternal diameters that would
otherwise be impossible witther types of cladding procedures as described Rigovel3shows the
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ID cladding head\n example of Ilxladdings thelD deposition of Stellite21 on S235JR in a horizontal
welding position with 3.5 kW Nd:YAG laser. This technology found its applications in the generative
fabrication of inner 3D structures and repair of taraages in oil drilling tojdl82]

These are also known as ID guns in the mévkétrecent development in thésadsit is now possible
to reach internal diameters as small as 23 menrength of these heaslBmited to1500 mmwhich can
cover thenteriorsurfaces of parts up to 3000 mm deptiis can be achievedroyatingthe substrate
via a rotetilting table A wide variety of these ID guns availableand the dimensions and limits could
vary a little depending on the supplier. But, with an increased length typicalypbéyand the process
stability is compromised dueuibrations.One of thesignificat challengesf using these ID guns is
process monitoringSince it is not possible to integmerasn these ID gunghat could provide
valuable information about the proc&kgese are alsoainly limitedo internal diameters

20 mm

Figurd3internal cladding[h6ay

2.7RECENT ADVANCEMENTS IN LC

TheLC proces has been throughanydevelopmentsas described in the section abBesently, there
has been an increase in the development of existing LC pradeskese summarised below:

2.7.1HIGH-SPEED LC

The challengés LC, such as substrate dilutiamal thermatracksare associated withnventional C.

To overcome these issugwvariant of -ktepLC (coaxialjs developed by Fraunhofer ILUTis termed
High-Speed_C and is known irthe literature by its German acronym EHOAe typical feed rate of
traditionalLC is between 0.8 2 m/min, whereas EHLA can reach a remarkabi& S m/min. The
layers could be as thin a®2%0um. Apart frommitigating the associated issues from its gaCettis
technology offers an alhative tdhard chrome plating. Since hard chrome platingarsiogium Y1)
now requires special authorisati@h4l A brings an alternative to this problémlike traditionalC, in
EHLA, more than 80 % of the laser eyasyabsorbed by the pdev for melting before reaching the
substratgd 04] The schematic representation of the two processes is ghiguraild This idea is
combined with higlspeedsproducinga relatively thinayerwith low dilution and improved surface
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roughneg405] This occurs du thereducedheat load to the substrdtether decreasirie nucleation
of thermal cracks on the coating/substrate interface.

An examplés thedeposition of crackee AISI 4340 ontthe E355 subsateby EHLA[106] The EHLA
process has also been studied tribologically tested fitetal Matrix Composite(MMC)107] The
increaseatooling ratds another advantage of EHLAn example is theomparative study between
traditional LC and EHLAf SS 431 steel on 27SiMn stdwed a reduction grain size of dendritic
microstructure focoatings produced by EH[18] Also, EHLA coatings were found to be relatively
higher corrosion resistft@9] The coaxial nozzle technology is furthedified to be used for EHLA.
Adjustable powder gas beeamistic for theptimisednjection of the powder into the laser beam is used

to generate a dense powder gHOt

Models have been developed to ttastprocess's technological limits, sschimits of feed rateack

formatiorjl10]andfor predictingesidual stresg&$1]

This process is currently availalplly for rotationally symmetrical compor@d] such ashafts and
washers for heavgaoffshorandustriegl13] It isnowunder research for its suitability Add[114]

conventional LMD

melt pool

layer

Figurdé4 Comparison betiraditionddser metal deposition (LMD) and EFHLA

The main components of a modern typieaeplL C systenareshown inFigurels
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2.8 PROCESS PARMETERS

The procesparameters determine the qualityhefcoatingand are crucial ithe LC processThese
parameters govern tlebemical composition and functional properties of the redalfgrgProcess
parameters could be classified as variable and fixed par¥iaegdie. parameters anainly operating
parameters ametedo be defined by the user before the stdinegirocess. Fixed parameters are generally
the characteristics of the mawanddependn the type of equipment ussdch as the laser source, its
wavelength, its maximum povede. The usercontrolledparameters could also be termed operating
parameters. are shown in the chart. These paramettirs strictly defined before the start of the process
andgreatly influence tliesired outcomeBhe peformance criterion of the resulting clad can be classified
into geometricametallurgicahndmechanical characteristitbe operating parametarglperformance
criterion of the resulting clade showin theform of a flow chart ifrigurel6
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The chart of operating parameters inslsioime typical terntisat are very important for tbeaxiablown
powderLC processlt is to be noted herthat the individual effect of these parameteresented for
initial understanding onks the process omplextheparameterBave a combined effect. Even if one
parameter is changetiile keeping all the other parameters con#tantld result in different results
Thisalso dependsn many other factgrsuch as materials and the physical phenomenon indiged.
idea is tgresent a short definition of the terms used

2.8.1L ASERPOWER
This is theamount ofenergynt r oduced t o tltgeverssihk amountof fided matesal r f a ¢

that will be meltedAn increasin laser powemeans melting more feed material.

2.8.1.1nitialPower
It isthe powedirected athe start of the process. This valessentiakhenusing variable power

during the process to avoid excessive temperature.

2.8.1.2Power at subsequent layers
The power at subsequesydrssalue igriticalfor freeform fabrication wherseveralayers are
to be depositedHowever, in some case®re than oneoating layes required to achieve the
desired thicknesk most caseshe laser powemustbe reduced to avoid remelting since the

temperature of the substrate is already too high

2.8.1.Minimum Power
If the laser powemustbe reduced during the progesss necessary to define the minimum

powerto avoid porosity andh extremeaseano meltingat all

2.8.1./Maximum Power
Maximum poweis thefull powerand is also to be definedtle case of using variable power

during subsequent layers\oid excessiv@ibstrate melting

2.8.2IGNITION DELAYS

The feed material (powdeag)delivered to theubstrate via the carrier gas. Wherptheder feeder is
turnedon, there is a delay time for the powder to reach the nozzle. This delay is more significant at the
start of the process if the delivery pipes are empmyeforeturning the laser on before the powder
reaches the substratmild cause undesirable prehgagince there will be no powtem thelaser will

directly pointat the substrate for some momelgsition delays significanboth during the start of the
processandat the end of one laser scan. E&mmplein the case of linear scaiisthe lsermustbe

stoppedto deposit the subsequdayerthen the delay between the feed start and laser start should be
definedlt is to be noted here that the dgdayameteffeed or lasei} decided by the user depending on

the desired outcome.
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2.8.3FEED RATE
Feed rateefers to the amount tdedmateriatlelivered to the melt pooltime This igypically controlled
by the RPM of discs the powder feeder and by adjusting the carrier gas flow natedern powder

feedersthe carrier gasmass flow controlled

2.8.4CAN SPEED
Scan spedd the speedf movement of theladding head (forstepL.C). Anincreasedcan speed means

less interaction time and therefore leaftsver melting of feed material.

2.8.5H ATCH DISTANCE

Hatch distancis the distance betweecentre lines dfvo successive laser scamghecase of covering

a large aremultipleamountsof beadseedto be depositedRegardless of theam spot (circular or
rectangularthe crosssection ofthe resilting bead wilbe a haltllipse or a segmefitherefore it is
essential to overlap the dots to keep the desired overall thidh@éssmnohatch distandéds also known
asostepd i st an c e 6cordusatl with ®vipihg Gverlappig isthe measure of how much one
bead interacts with the other. The difference could easily be understood from the schematic shown

Figurel?. Hatch distance along with overlapping controlbittieress and width of coating.

1st bead 2" pead 31 bead

B | .

s sl

wan N\
Overlap B

Substrate

Figurd7Graphical explanation of step and ovtEfj in LC

2.8.6FLOW RATE OF SHIELDING GAS
Theshielding gas prevents oxidaaodaids cooling. The flow ratéthis gas needs to be adjusted once

before the process and is typically kept the same fasprosions

2.8.7PREHEATING
Although preheating is performed by inducttaspossible to preheat the substrate by irradiating the laser
on the substrate surface.
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2.8.8LAYER INCREMENT

The layer increment is the distatheecladding head must cover perpendicular to the substrate in case
more than one layerdspositedThis value is alsoainlyused for freeform 3d fabricatibat needs to be

also definefbr coating applications if more than one layer has to be deposited on top of the subsequent
one.Thereis nostandard way tbetermine the value of layer incremdm.dnly way is by experimenting

with different value®epositing single beads and measuring their thidmddgive m initial idea of

these values.

2.8.9INITIAL NOZZLE TO SUBSTRATE DISTANCE

The laser spot usually governs the distance between the ngmilé and the substrate surfagece
moving it up and down could defocus the bé&iithif necessaryhese values must be defined before the
start of the process.

2.8.10SCAN STRATEGY

The scan strategytlie path the laser beamistfollow to create the coating. This is critical for 3d printing
for examplezigzagbidirectional and raster eltis strategy is relatively sinfplecoating applications,
for examplecylindrical substrateBhe cylinder rotatesnd the cladding &e is almost perpendicular to
its surface.

2.8.11H EAD ROTATION

Thecladding head is not kept perpendicular to the substrate to avoidibetitrthat could damage the

laser Thereforethe cladding head is rotated to certain degrees relative to the substrate. This rotation is
also critical and could cauaéations in the resultiofass

Materialrelated parameters includegbesder and substrate matefiiake powdes forL.C areoutourced
in most casesndtheir properties include particle size, morpholagg,chemical compositiohe

substraté chemical compositipgeometry and mass also govern the operating parameters.

Out of the stated operating paramelasgr powescan speedndhatch distancareconsidered the main
parameters since thdasave themost significaneffect on the resultant coatingjonethelss, other

parameters su@s carrier gas flow rate and shielding gas also considerabthénfipatayer

These parameters have an individndla combined effect on the resultant coaflig numerous

parameters and their mutual interactiaReprocess optimisation quite challenging.

2.9 NFLUENCE OF OPERATING PARAMETERS AND P ERFORMANCE
CRITERION FOR CLADS

As shown in the chathe quality of clads mainly the measure of their geometrical, metallurgical, and

mechanical characteristgich partly depend on the process parameters. A brief disalatdrto the
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effect of the main operagj parameterséaéer poweiscan speedndfeed ratgon thequality of clads is
presented below:

2.9.1GEOMETRICAL CHARACTERISTICS

The schematic @fsingle bead is shownFigurel8 theassociated characteristics are:

Cladheight(h)
Clad width(w)

Clad aspect ratio

Clad deptlb)

Clad dilution percentage
Clad bead anglé

=A =4 =4 =4 =4 =4

\ R

Clad Bead -

Substrate

Figurd8Geometric parameters of laser claddig9kingle bead

2.9.1.1Clad Height

Clad heightin simple termsould be described as theckness otoaing above the substrate. This is
measured dse maximum distance betweerstifestrate and the cl&lad height generally increases with
an increase in feed rate and therefore has an almost linear relationship with th@ifédd ®taser
power individuallyhas a minimal effeon the clad heighThis is mainly true when other parameters
primarly feed raterekept constantis shown byeferenci 20] The impact ofaser powdrecomes more
significant when combined wéh increase in feedgas shown by many stufll@$123] Howeveran
increased clad height has also been reported while other parameters were k¢épR4dresphatser
powerhas als been reported tdecease clad heigh?6] Increasindaser powecan lead t@xcessive
melting and flow of the deposition traitlereby reducing clad height yitvef127]and increasintpe
scan speed results in reduced HéR@it This is due to the reason that the Jpserdersubstrate
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interation time reduces with increasing scan spbedclad bead geometry mainly dependhelaser
beam geometry and operating parameters. A circular laser beam results in a partiathadmnessal
sectionFor a circular beam geometry, the single clad beanchaitpet estimated empirically according
to Equation2[129]

Equatio@

el

where,

Hcis the single clad beam heiglis anexperimentally determined parameter, depending on materials and

laser poweM is the powder feed ragmdV is the transverse speed.

The overlapped clad thickness for partially spherical single clad beads can be exspiriastly
according tcquation3[129]

Equatio
Q pROI TR
where

hc is the overlapped clad thicknéssis the single clad beam height(j) is the logarithmic value of the
degree of overlap.

2.9.1.Zlad Width

Thel a s er & grinsipally govesns thedial track width on theubstrate, given that the heat flux is
sufficientto induce meltinggspecially in the case of a single[b2adFor multiple overlaps, the clad
width is mainly dependent on hatch distahgesingle beads, wider clads camlitained usinipw
scanning speethdhighlaser poweMathematical models and experimental studies have also proved this
linearwidth decreaseith transverse speed foultiplelayerstructuresThewidth of multipk layered thin
wallsincreasewith anincrease itaser pow¢t30] This occurs mainly due ttoe transition fronthree
dimensionalto two-dimensionalheat flow and has beenquantified bythreedimensionalprocess
map$131,132]The powdemass flow rate has little effect on the clad wkdtha circular laser beam
geometrythe singlelad beam width can be determined fEgmationd{129]

Equatiod
w Op QOw

W.is the singlelad beam widtlR is the beam spot diameteristan experimentally determined parameter
depending on materials and laser power and V is the transverse speed.
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2.9.1.lad Aspect Ratio

The aspect ratio ilse ratio between the width and height of8¥d he aspect ratio depends mainly on
the scan speed afekd rateThe effect olscan speed is more signifidiwainthe feed rateas shown
in[133] where the aspect ratiwreased with scan speEkis ratio decreased with the nflass, but the
influence wakwerthanthe scan speedn the case of overlapped tractee minimum recommended
aspect ratio istb avoid theporosity between the claidck$129]

2.9.1.Llad depth
The clad depth refers to the amourguddstrate that is melted and added teld#u#linglt is measured
as the maximum linear distance ftioeinterface to th&tarting point of HAZ.

2.9.1.XClad bead angle
The clad bead angle is between the substrate andahe tangent to tlveveredsurface.

2.10DILUTION

Dilution is a critical quality indexLi@. Dilution is measured as the ratio between the mass of the original
substrate or previously deposited tracks to the sum of the combined group of the substrate and the added
materidll27] The former method of measuring dilution is mainly based on the dimensional and geometric
features of the clad. Dilution can also be estimated by measuring the iron content. Atiettaratioe

methodto measurdilution is using a dufiequency electromagnetic sensor to measure the changes in the

material[@3] reluctance

The dilution amount is a critical fa@nd mg have a déiental effects on the properties of cogtiridp]

A minimum dilution is required to achieve a good metallurgical bond between the substrate and coating,
whereas an excesdiMetion can affect the properties of the coating negatively-léwtadution value

indicates an incomplete fusion bond due to insufficient melting of the previous surface, whhiglas a too

value can indicate excessive remdiginp

Injected powder flux governs the amount of dilution. The dilution increases and decreases mass
deposition[83] for a lower powder flux. EGwith singldayer cladding tracks, the dilution is indepénden
of laser intensity and transverse speed for specific energy. Specific energy is the ratiech¢towgen

to the product of beam diameter and transversgpéked

2.11COMBINED PARAMETERS:

The complete description of injecting powder into the melt pool in LC is rather complex due to numerous
interactions (laser beam/powder, melt pool/substrate, laser beam/substrate etc.) and physical phenomena
(fluid flow, phase transformations. e Howevela couple of primary process parameterbe controlled

to achieve the desired results. These indselepoweiscan speedeed rateand hatchdistanceOther

factors, such as laser spot size, shielding, and carrier gas rate,ngvertast Considering these
numerous parameters and their mutual interactions, optimisation of the process is still fI&llenging.
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Improved computational models have been proposedsddbdethe relevant effect of these process
parametef80] These models are not very advantageous since they require high computational costs and
highly qualified labo{t38] The combined effect of these parameterdifferent geometal aspects of

resulting cladsasbeen studied statisticayich models provideldul information in narrowing down
andselectingrocessvindowsat no additional costhe empirical statistical models correlate the influence

of combinedprocessing parameters to the geometrical features of theheladsnodels can be utilised

for successful coating without the needamalyse the complamteractions of the procesbhe
contributions of various authors in terms of relating the maiespiog parameters to the geometrical

characteristics of @xialLC arecompiled and presented below aiple2.

Table@ Empirical statistical relationship of main processing parameters with clad geometric characteristics

Authors Laser Type | Substrate Powder Height Width Dilution
Wu et a[139] CcO2 A3 Steel Co-based VF1 - -
alloy
De Oliveria Nd:YAG C45 low nicked VIF PV2 pL2\/12FL2
et alf137] alloyed chromium
steel basedlloy
powder
Paulo Davim CcO2 100Mn Cr | Diamalloy P,V,F P,FV, F -
et al[140] W4-DIN 202238 Ni-
based
El Cheikh et| Fibre Laser Low 316L pLay/-1F34 paray/-1/a In(PY5F1/4)
al[141] carbon stainless
steel steel
Sun et Nd:YAG Ti6Al4V Ti6Al4V V,F, PF,P| P,V,F, PV, P,F,R
al[142] V2
Sagib et | Not mentioned| Coldrolled P420 V, F P,V -
al[143] structural Stainless
steel Steel
Barekat et Nd:YAG aTiAl CoodCroMo \/-S/AF P23 p2i3y/12FL2
al[144] aloy
Ansari et Nd:YAG Inconel NiCrAlY p2v-3/2F1 psi2y/-1/3 V1iF1
al[31] 738
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Erfanmanesh  Nd:YAG AISI 321 | WC12Co P2y/-2FL/4 pry-12 pL2\/2F-1
et alf145] stainless
steel
Nabhani et Nd:YAG Ti6AI4V Ti6AI4V P\ 1FL4 PV3 VF12
al[146]
Bax et Diode laser S235JR | Inconel 718 VF1 AV PF1
al[147]
Li et al[148] Wave Ti/TIBCN 7075 PLay-4isE pL3y-1/3 pL8\/ LS E-1/2
semiconducto composite| aluminium
laser alloy
Aghili et Transverse NiCr- titanium PVAFL7/20 PV -1F-7/10 VASE-4/5
al[149] flow fibre chromium | aluminide
laser carbides
AlizadehSh Nd:YAG Inconel A-286 Fe P2V/-2F2 P32\ y5F-112 pLayzEL2
et al[150] 718 based
superalloy
Jelvani et Nd:YAG Inconel Inconel 718| P2V-1F1 p2v-1/4 VL
al[151] 718 cast
superalloy
Ali et al[152] Diode laser S235JR | Aluminium | V-13H.D-11 | p2sVU4HDL | PLN12HDL2
pipe bronze

2.12COATING DEFECTS

The improper selection of processing parameters can lead to coating defects. The coatiainfiefects
includeporosity cracks, and voidsxcessive dilution and detachment ftioebase materiarealsovery

commotjl53]

The cracks causbkylL C can be divided into brittle aligliation crack3hese brittle cracks difeewelding

hot crackaindareformed during the cooling stage of the coating wiréas to undergo shrinkage but is
preventd bythe relatively cooler substrd@eeheatindgias been known to be an effective solution in
preventing the formation of such cradke liquation cracksealike welding hot crackehich are caused
due to the differende melting temperatudd phases or impurities present. €hesially appear near the

fusion zone between the substrate and the cohtmgdilution and high solidification ratesn

significantly reduce the problem of hot crafkiifg155]
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The porosity in the clad layers t@ncaused due to several reasdrish dictae their position of
occurrencelhese pores and void formations can be divided intératky intedayerand intrdayeras
shown inFigurel9

Figurd9Porosity in laser cladddd2&yers

The intertrack voids are formed near Hase of deposited trachhey areaused due to incompatible
aspect ratios from horizontally aligiradk$156] The interlayer porosity results fraadack of fusion
between vertical traxldntralayer is the most common type of porosity and can result from the formation
of gas bubbles entrapped into the solidifying mell@@dIThe spherical shape voidsultin the gas
evolution or degassing in the melt @@ due to the typical chemical reaction between carbon and
oxygen that results in carbon dioxide or carbon monoxidétgassolidificatiorproceeds in different
directionsthisresults in the enclosegjion ofthe melt pool.Upon solidificatiorthetensile stressase
generated due to the contraction of such enctweadwhichcould also cause internal porodihe
porosity at clad/substrate region cadumeto the poor surface conditions of the subs$tatk as gregse
impurities at the surface etc. Tiiayaffectthe surface tensipnesulting in a poor bond between the
coating material asdbstrate.

Porosityin coatig negatively influencasechanical propertiasd therefore needs to be elimirfat]
However,in some instanceporosity can be adntageoyssuch a# lubricated conditions. The pores
then act as pockédts lubricating ofilL59]

2.13RESIDUAL STRESSES

The residual stress arises due to constrained thermal expansion and cont@clicarsient thermal

gradients cause this due to the tastkack cooling nature of the pro¢&69] The hot molten clad layer

and the relatively rigid solid substrate, previously defegitedr adjacent bead results are the reason for
these large thermal gradients. Upon initial cooling, the clad tends to shrink, restricted by the substrate and
the adjoining bead, resulting in tensile stress for[h&fiprihe magnitude of the shrinkage can be
estimated biquation5[162]

Equatiob



where,

O«= shrinkage or thermal stress (MPa)

E= Youngds modulus (GPa)

acte= CTE (K?)

&l 1 = difference between melting temperature anobisee material during processing (K).

The residual stresses are often undesirable from a performance poifit@f]vRegidual stresses may

result in unforeseen-gerice breakdowns depending on their magnitude and type (i.e., whether they are
tensile or compressif§3] The tensile residual stresses can have a detrimental effect on the effective
fatigud164] corrosiofiL65]and tensile properties. The compressive residual stresses, on the other hand,
are often consated favourable. For instance, increasing compressive residual stresses can improve fatigue
resistand&66] Postheat treatment hadsobeen applied to induce compressive stress. Since the yield
strength of fabricated parts is not isotropic and thus the resulting residual stresses may also vary in x and z
directionfl67] both tensile and compressive residual stresses are often considered [irBjSitadle

former assumption is mainly applied for neashape manufacturing W&. Therefore, gedicting the

distribution of these stresses in the deposited structure is EB&nliak magnitude and direction of

these stresses depend on many factors. These can be divithednaterial (high elastic modulus and
Coefficientof Thermal Expansin(CTE)) and processing parameters (transverse speed, component
clamping, prdeating, and pesteatment). The estimation of tensile residual stresses via CTE is
straightforward. Fanstance, if the CTE of the coating material is larger than the CTE of the substrate, a
more significant difference in CTE corresponds to higher tensile stress in the coating layer. A vice versa of
CTE values tends to almost dimmish the tensile redrésaks. The shrinkage caused during cooling is
counteracted if the soltiate transformation involves volumetric expansion, diminishing the tensile
residual stres$&69] A slower trangrse speed showed decreased tensile stresses when the CTE mismatch
was not presei62]

By neglecting the deformation of base material and volume changes due to phase trariStpratiatons
6 can be used to estimate the sign and magnitude of resultaniste@sses

Equatiob

where,
» = resultant residual stréb&Pg

CTE: = coefficient of thermal expansion foe coating material.
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CTEs = coefficient of thermal expansiornttod substrate.

T.= room temperature

T» = heat treatment temperature

Ec: = Youngs Modulus of coating material

ve= Poissonds number of coating materi al

Plastic deformation and creep can partially relieve these stressebday prestment by using high

enough temperature for a lagpugh time to relieve all the stresses as perforfhédi]ys seen from

the above equation, pdmtat treatment cannot be used to fully relieve the tensile residual stresses if the
CTE ofthe coating is greater than the CTE of the substrate. Siteaalthgause for residual stresses is

the transient thermal gradients, one way to reduce these stresses is to regulate the cooling rate and melt
pool size. Hence, adjusting the materiglgelgstrate preheating) and processing parameters could strongly
influence residual stre4$82] Substrate preheating is more effective since it decreases the cooling rates
and allows moréne for plastic deformation and crefpincrease in preheating temperature resulted in
decrease of residual stfEs3] In addition, there are some other general rules for estimegmgessidual

stresses. For example, compressive stress in the direction of growth dominated in the lower part of the wall
deposited on a rigid substrate, whereas near the top surface, tensile stresses dominated in the longitudinal
directioni173] These rules, however, are subject to variation depending on the substrate geometry and heat
flow patterngl27] Laser pulse paramet can also influence residual stresqTigddis

2.14MONITORING AND ADAPTIVE CONTROL

Despite the plethora of advantages over conventional coating techniques, industrial implehieGtations
are §ill limited due to underlying issues about process stability and repebteltilégt accumulation in

LC depends on the size and geometry of the base makésieffect increases when depositing more
layers on top of each othiee., in the case néarnetshapemetallicprinting. The newly deposited layer
meltsto some exterthe already deposited layidithe parameters are kept constant thorough out the
process. Evenithfewer layershe corners and edgesstillproneto heat accumulatialue to limitations

in heat conductiofThis causes an increasth@temperature and sizetbé melt poolln-situ monitoring

is thus essential when depositing via LC. This online contra of the main processing parameters

(mog commonlylaser powéiin LC viamonitoringmelt pool signals is callediaptive control.

Process monitoring h&a&come a hotspot of researcletsure the quality and repeatability of e
procesand mainly involveaemperature angeometrisignature measuremeftsmperature signatures
are directly related to the coating qualityaegessentidbr adaptive control. Since LC is a rapid heating
and cooling proceghe measuring sensors must acquire the dataiet aigher rate coupled with higher

resolutionsThegeometric monitoring is usually donigirspeeccameraand 3D scannei28]
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Doubenskaia et |lI75]measured a temperature of around Z200LCof stelliteon steelvith a multi
wavelengtipyrometer vitNd:YAG lasehavinga 0.8 mm spotliameterKohler et a[176]Jmeasured the
melt pool temperatut®y ratio pyrometry with 2Besolved measuremenibhe temperature obaxiaLC

of alloyed steels with thebaltbaseduperalloy Stellite s around8D0°C Thawari et 4lL77]reported
amelt pool terperature ofL700°C generated at the melt paith a non-contactk-type pyrometeior
multi-layercoaxial C of Stellite 6 01$S316 substraii et al178Jused aermanium photodiode wiim
operatingvavelength of 12@1600 mm integratedaxially to the laser bearadwoaxial cladding nozzle.
Laser powesignificantly influenceselt pool temperature mdhan scanning speetlile depositingon-
basedmartensitic stainlesteel METCO 42C omild carbon steel C4Salehi et §1.79]developed a
LabVIEW-basedProportionadintegrabDerivative controllefPID) controlle with a2-colour pyrometer
andusedit to monitor and contrahe melt pool temperatur&@emperature contrevasnot much of a
feasible method to produce quatiatingsHowever the relative quality was better thamrunaway
processand suggested that the melt pool should be controlled by contsodimgingspeed anthser
power Due to slow response tintliee mass feed rate control might not be able to influence the melt pool
size irrealtime Howeverjn another studyhe brightnesemperature varigbn-monotonouslyn short
intervals by increasing the powder feedinfl88jeSong et dlL81]used aduaicolour pyrometer to
monitor the melt pool temperatwriile depositing H13 tool steel on a substrateawitheven surface
A dSPACE controller was used to sample the melt pool temperatutleefpgmometer and to control
thelaser powehroughthel as er s an al o.Jheelosetop dysteabuldiraoktthe mdlita ¢ e
pool temperature to a reference temperature profile by adjusting tipewEdemurov et 4lL82]Jused
abi-dimensional monochromatind singlspot pyrometesind found anaximunbrightnessemperature
of 1850°C and 1727 °C respectivathile depositing Fbased superalloy Ti6Al4V powderar5235
steel substratéhe variations in measuring wavelengths account for the diEpairigreasethser power
increasethe measured brightness temperatuhereas an inverse relationship was fbatvdeen scan
speed and brightness temperatdosvever, the surface temgteire withlaser powevariedwith non
linear variation antlas confirmed by both pyromet&imilar trends were found by Pavlov [@t3dl]that
used anultrwavelengtipyrometer and the infrared camera feaxdal powder injection LC of MMC
material (steel 16NCD13 (14NiCrM@)&nd titanium carbide) on cast iron substrate S235.

Another approach involves the measuring of melt pool width by canoénzan et aj183]Jused a
Complementaryetal Oxide SemiconductorGMOS camera and software algorithmsniasure the
width of the melt pool.The width ofthe melt pool was controlleat a defined reference value by the
feedback control daser poweiColdronet al[184]monitored the melt pool behaviour usai@MOS
cameran acoaxial arrangement with the laser bedheinC processHigh-speed camera videos have
investigatethe melt pool dynamigsseveral aspecGassdi85Jused a higepeed camera to look lad: t
TiC particles added to Stellite powdare to their high melting point at 3170, these remained
undissolved in the melt paoid served as tracer partidies Baere et 4ll86]observedighfrequency
dynamics caused by powder particle injection in LChakiggn lamps for illumination and a bandpass
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filter attached to a higipeedcameraWirth et a[187]used a highpeed camera to observe melt pool
surface behavioduring LC at a frame rate of up to 67000 frames per s€reattandomness the
direction of particle flow was observ@drtain flow tendencies could be explained by surface tension

phenomena such as tflarangoni effe@nd its dependence on the process parameters.

Many authors have used highly saturated melt pool images and emissivity values to calculate melt pool
dimensinsin the LC procesgl83,188.90] Various methods of capturing camera images areoused
calculate the melt pool dimensidfs: instanceColodron184]Jused an emissivyased algorithm to

calculate melt pool widtAraujo et al188]Jused an elliptical approximatidheflaws in emissivityased

image processing algorithwese addressed by $aon et a]191] and a new image processing technique

is developedhat measures theelt pool edges in an improved manhgchinevision technology
enhancesnages in melt pool monitoring systantise DED systemThe technique performed melt pool
measurements independent of emissivity values

2.15APPLICATIONS OF LC

LC's main applications aie the automotivemedical,and manufacturing indusg This includes
refurbishment and repaig componentsvolving shaftdurbinesand drilling toolsThe process further
extends to prototyping with the repetitiothefoperation These possibilities are dub@s technological
advantages, including but not limitedptoper bonding, low heat input ardilution. LC finds its
application where material degradation occurs from extreme abrasion and saotosisffiothe repair

of construction equipment, agitaral equipment, hot extrusion dies, oil rig components, aerospace
components, and marine componésa]

The generic LC applications are listddbie3:

Table& Applications of LC

Refurbishment of continuous casting rolls
Metals Bearing journals
Mandrils, other plant infrastructure

Cylinders
The sirfacing of automotive and diesel valves
Automotive Repair of moulds
Driveshafts

Hard facing of valves, valve seats

Refurbishment of crushers
Mining and Drilling Hard banding of drill rods,
Shafts, pumps

General mining equipment

Aerospace Repair ohighvalue components, such as turbine housings
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Steam turbine blades
Gas turbine blades
Power generation Hydraulic cylinders on oil rigs
Turbine casings
Plant and infrastructure

Plant and infrastructure
_ Wear plates

Petrechemical
Valves and pumphafts

Turbine components

Refurbishment of the running surfaces of axles, crankshafts
LC of wheels to restore the wheel profiles
Exhauster Cap Refurbishment
Transport High-temperature corrosion protection of exhaust valves @iibr low-speed two
stroke diesel engines used for ship propulsion
LC of boiler tubes in ship engines
Repair of higlwear components on deskle cranes

Refurbishment of worn propeller shafts

Rollers

Paer and pulp Crushers

Pump shafts, impellors

Fistinanet al[193]studied the LC and alloying for refurbishing worn machinekpagedi P et §1.94]
refurbishedsteel mill componentsicluding distance sleeves, foot rolls, descaler cassette and .idler rolls
Denney and Lowf¥95]successfully refurbished the catapult trough ch@BGhen and XJ&96]used

LC of Crucible Particle Metallurgyol steel on hardened HI 3 F\tork tool steel for automotive tooling
applicationsTormis et gl197,198Further devised a methodrfan innovative solution for shipboard
crankshaft issitu repairgsorunoj199]evaluated the possibilityrefurbishinditanium turbine blades by
LC. Chen et §200]used LC to repair IN738 turbine bladeteinert and Bergi01] repaired
marufactured representing observed damage in aluminium alloy$é @d6ll7079 651 components.
Aditya et gl202]found that Aerme100 alloy can be used for refurbishment of high tensilsusteels
AlS14340 steels by usib@. Liu et a[203]studied the potential of LC for repairing damaged aircraft
components such as 7xxx series aluminium alloy comp®hgtilten et a[204]studied the potential of
nearnet shaping via L@r manufacturing thi¢kunctionally graded coatings and parts for reactor
componentsWang and XuU205]performed LC of functional coating for biomedical applicaltiGrisas
beenevaluateth many studig®r repair and maintenance of§206216]as well as for reduction in PM
emissions fron&Cl brake dis¢217,218]The comjrison of various surface engineering technoiegies
given in théable4[192]
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Tablel Comparison of different surface engineering technologies with LC

Feature Conventional Welding Thermal Spraying LC
Price Low Low High
Consumables High Low Low
Process Control Low Low High
Quality Low High High
Heat Input High Low Low
HeatAffected Zone Big Small Small
Deposition Rate High Very low Low
Coating Thickness High Low Medium
Porosity Medium High Low
Bonding Metallurgical Mechanical Metallurgical
Impact Resistance High Poor High
Fatigue Resistance High Poor High
Distortion High Low Low
Dilution High Low Low
Materials Limited Wide Wide

2.15.10ITABILITY OF LC FOR PM EMISSION REDUCTION

The benefits of LC (metallurgical bonding, minimal heat input, to name a few) over the traditional
technologies (thermal spraying, conventional welding etc.), as diboyssegke it partially the most

suitable application for coatings. GCI brake dffarsreliable performance at an adequate cost and have
been statef-the-art in the automotive industry for a long 18] Apart from being prone to corrosion

in harshenvironmen{220] the PM emissions from such discs have recently become a hot topic for the
industry. Such emissions pose a significant threat to human health. The exhaust emesiomohibes

are well regulated worldwide, which was not true for the NE emissions until recently (November 2022)
when the EU proposed Euro 7 Emissions Standard. Euro 7 standards are the first worldwide emissions
standards that move beyond exhaust pissiems and set additional limits for PM emissions from brakes.
These rules are set to be implemented for all vehicles, including eld@®2it] diesformer accelerated

the alreadgtated efforts to reduce PM emissions from the brake discs. It, therefore, has become vital to
reduce airborne emissions from GCI brake discs. A way to achieve that is coating and overlay welding of
GCI brake dis¢g222] LC has already found its applicability in various applications (as presdeed

With the recenadvancements in LC, such as EHLA, improved process monitoring and repeatability, to
name a few, this has been extended further. Wear debris created during operation contributes to airborne
emissions from the brake dj228] Various surface treatment and coating technologies provide wear and
corrosion protective functions. Gaseous Ferritic Nitro Carburising (FNC) can provide limited wear and
corrosion protective function. Still, mass pctidn would require large batch furnaces that will process
thousands of disks simultaneously within two to four hours of productif@R4mehysical Vapour
Deposition (PVD) coatings weretr but did not significantly improve the perfornj22&¢ The high
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investment costs and long production times of PVD coatings would result in very high costs of accordingly
coated brake stis. Electroless and electroplating of GCI are also complicated due to the presence of
graphite at the surface, and only after a long processing time, homogenous plating thickness will be
achieved. Hard chrome platings have been used widely for wearcmimhqorotection, but due to
carcinogenic hexavalent chromium's involvement, the electroplating process has been replaced due to
health concerns. Therefore, thermal spray and LC of GCI permit coating deposition on individual
workpieces at high depositiaates and in accordingly short time. The former technologies make the
integration into production lines easy, and advantageous production costs can be reached. Since thermal
spray coating is not fused or sealed, the local penetration by corrosive artedibedavolution or

presence of channels cannot be avoided.

On the other hand, LC ensures a metallurgical bond, but all the thermally sprayed powders cannot directly
be coated via LC without avoiding cracks. The limitations are needed to be corsédeliad da the

chosen coating method.idtalsopossible to coat a corrosion protective layer via LC that could later be
thermally sprayftP6] Although LC has been there for a long time, ptgcability for coating GCI brake

discs is relatively new and considerable efforts need to be made, especially in terms of making it reliable in
terms of production times, cost and reliability. Various companies have already choseiqualty high
corroson protection and weagsistant coating. The throughput rate of LC has been considerably
improved. An example is the latest laser coating machine from NAGEL MASCHNNEN
WERKZEUGFABRIK GmbH, which claims to allow workpiece changeover times dhaesswo

seconds. This allows the uninterrupted powder flow, which is fundamentally sensitive to pressure
fluctuation and acceleration. The coating and grinding are performed from a sifg@r$dilreenarket

is catching up with recent developments of grinding machines designed explicittgdatellabtake

disc rotorf228] Anotherhybridprocess that is recenitiyroduced (April 2023) also allows simultaneous
coatingand finishing and is capable to be applied to coating of braj@2éjs€Companies have already

started to provide tailored IsGlutions for coating brake discs. This has enabled LC to move from niche
markets (due to high production costs) to new and improved product solutions that are easily capable of
high-volume production and, further, more economical. The application offénddyer and the main

coatings with a cycle time 66 4ninutes, with a quantity of about 100,000 pieces per system, can be
reached, making it suitable for the masses (LASERLINE). Therefore, this makes LC an expensive
alternative for thermally sprayeshtings because their preparation and-pposessing are very
complefd9]

LC is commonly performed in LC workshops under controlled environment conditions, necessary
precautions, andfety measures such as compulsofgretection glasses. For oggnapplications such

as railway and tram railssitu LC with mobile laser systems, e.g., LASERLINE LDF&Btasle High

Power Diode Las30] has been practised with promising r¢28its The LC operators use fendes

wellk nown wel der s @&themelapsalfrom wihda@and@chieve@peection of people and
animals from fences from the welding arc light/laser light. However, for the applicability of LC in terms of
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PM emissions, the R7 wheels were proposed to be cladded. As discussedimiposeethénroughput
rate applies to coating using LC for this application.
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Chapter 3- EXPERIMENTAL EQUIPMENT AND
MATERIALS

Coaxial LC wassedto carry out the coatings on the metallic substifdtsschapter introduces the
equipment and the materials used ty @ the experimentations. The equipment is diintedob
Shop, Machine Shop and Lab equipnieatyes of the equipmentpdel numberand other details are
providedwhere possible.

The job shop section details the LC equipreaoh as laser source, powder feeder, carrier gas, shielding
gas, nozzle, chillers, clotmap control system and the main workstalibe.output laser power curves
andcurves created for tiflew rate of the powder feeder are also discussed.

Thepre-heating furnace, EBM cutting machine, abrasive saweatietailed in the machine shop section.

The lab equipment includes the SEM, optical microscopy, microhardness test machine, and weighing scales
usedfor thesamples.

The emission test equiprhisndiscussed in detail. This includes the working principle of the dedicated pin

on-disc tribometer and the particle counter instrument.

The chemical composition, size distributiensityand flow properties of all the metallic powders used
during thé study aralsodescribedh this chapter
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3.1LC Equipment (Job shop)

3.1.1 ASERSOURCE
A3 KWASBRLINEG Di o d éigutedOsveas used (wavelength @8@) and dnm fibre for
transportation of beam to the cladding head. The laser spot diametenwast@ the substrate surface

with a head standoff distance ofiith.

Figur@0Diode 3 kW laser used for LC in present experiments

The laser power measurement was performed by the supplertte@l@ser Powkteters. There was a
slight difference in the power indicated by the laser and the measurement by the laser pdver meter.
graphin Figure21shows the output power recordedamnted_aser Power Meté&r the power displayed

by the laser source.

The laser beam profiling data from CinCam CMOS Nano 1.001 is igeme®2 The measuredata
for beam profiling ishown below:

Beam Parameter (mm)
Width X: 2.23nm (50 % of the peak)
Width Y: 2.24nm (50 % of the peak)

Working Distance: 218@m
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3.1.2POwWDER FEEDER

The powder was fed to the nozzle via a &P¢ PF systelfrigure23) designed to convey, store and
meter the powderhe detailed identification is showthimTable5:

Tablé Model details of powder feeder

Product GTV powder feeder
Type GTV-PF 2/2 MF
Model number 953.016
Serial number 402.531
Year of manufacture 2016

It consisted of dual powder hoppers (dosing units) and a lower cabinéeldhiah powder hopper.
This cabinet contained the drive and the Siemens S7 PLC thatrehting mat on the hopper aided in
keeping the powder atonstant temperature durihg process

Figur@3Powder feeder
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The powder mass beithigven down was measuwaerone minutet various disc RPMs on the controller.

In detailthe procedurevas carried out accordinghe followingorder powdeignition, 15 seconds empty
moving inside the container, one minute of powder shaotohgoving out of the container.

316L dainless steel powdet &0 + 53 um) with 7.5 I/min of Argon 5.0 as carrier gas was used for this

calibration.

The relationship between the powder feed rate adthiRPMss plottedasa flow calibration curyvas

shown inFigure24
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Figur@4 Relationship between powaasgbevantational speed of feeder
The slope equatiaan then be written &gjuation?:
Equatioi

W BCWYPYTR TGO

For examplefrom the above grapfor a disc revolution per minud€3 RPM the resulting/min can be

calculated using teope equation obtained from the graplshown iffable6.

Tablé& Conversion of RPM to g/min

Linear Conversion

Rotational speed of feedigmm] g/min
3 2.8208C21+0.2423 = 8.7

11

Out of the two powder hoppemnly one was used for the experiments that were carried out. The dual

powder ieldul for multtmaterial manufacturing

45



3.1.3CARRIER GAS

A carrier gas is necessary that takes the powder to the delivery noppied@&héeeer used in this
experimenivas recommended to be operated with Anjioogen or heliunOxygenhydrogen, and other
flammable gases were not permittieavever|f this powder feeder is to be used for thermal spraying, it
is recommendeithat enough carrier gas flows through the powder feeder before ignigisgyrthe

For the present experimeraggon was used as a carrier gas.

3.1.4DELIVER Y NOZZLE

A GTV coaxiapowder nozzle wased developed explicitfgr LC in material processiriche approved
materials included steel material of all kinds, nickel, cobalt anebesppealloyend precious metass.
detailed description of the nozzle is presented Tratie7 for identification purposes.

Tabl& Model details of deliver nozzle

Product GTV multijet nozzle
Coaxial
Type PN6625
Year of manufacture 2016

The nozzlecould generatsix single powder jebout20 mm below the nozzldhe €hematic of the
nozzle is shown Figure25 The typical powder grain size thatnozzle could haledwasriom 5386 160
pum with a powder stream focus fril@2 6 6 mm rangeThenozzle length was 60 mm and approximately

180 mmincluding the posting unit.

powder injector

powder injector

Figur@5 Schematidldnozz[@32]

Thepowder focus was measured by switching on the powder and measuring from the bottom edge of the
powder nozzle to the intersectioritod powder jetsThis distance was adjusted by loosening the nozzle

nut. After setting the correct distatice rozzle wasaligned with the laser spiitis was done by adjusting

the two-positionings ¢ r éeafios on the positioning umvhile keeping the lasand powder feeder
switched onThe settings for working distance could be clearly presenteéigyté26.
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Z positioning unit (adjustment of

focus distance
working distance)

(250 mm)

working distance to component

Figur@6 Schematic of setting the workifZB&istance

A premeasured metallic component was placed under the nozzle for the initialpseftingrking

distance to the componewhich was further tuned afterwards.

3.1.5N OZZLE CHILLER
To avoidoverheating and a continuous operation, a chiller was installed for the flow of cooling water to

keep the nozzle at optimum temperature during the process.

3.1.6SHIELDING GAS

Shielding gas is required pioevent splashes and funfiesn entering the interior of the nozzle and
prohibitsthe contamination of the nozzle and optisgon was used as the shieldingTgees shielding
gas also prevents oxidation and aitiseinoolingof the coatingThe strength ofhe shielding gas flow
mustbe adjusted properly since it can negatively influence the shape of the powder focus.

3.1.7CLOSED-LOOP CONTROL SYSTEM

Theclosedoop control systemsed in these experimentsmade byNew Infrared Technologies (NIT)
called CLAMIR (control for lasAM with infrared imaginglt. works by controlling the melt pool width
in realtime by adjusting thaser powelICLAMIR was installed in the laser optics mountediusi@ser
head coaxially taonitor the melt pool width from the tdfhe installation of CLAMIR in the LC head is
shown inFigure27.
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Figur@7LC head used in the present experiments

The control system was based on adpgkd infrared camera that acquires images of melt pool width.
These images were captured at a ratkldgz hnd were 64 64 pixels. It implies thane thousand
measurements of melt pool width were acquired in one second via these captured images, defined by a set
threshold value. The scheme of the PID filter implemented in CLAMIR for thel@bpséekedback

control is shown iRigure28

Set-Point

Error_

Derivative

de(t)
g = D_term

D

New_Feedback Value
Figur@8Working principle of CLANME3)]
The K, Kiand Ky values can be modified by writing new values in their corresponding boxes in the settings.
K, reduces a large part of the overall erfeeddces the final error in a system. Summing grger@or

over time producessignificandrive signaio mowe the system towardsnare mino error. Ky reduces

the fast errors.
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3.1.8WORKSTATION

The experiments were conducted on a robotized DED system. The cladding head was mounted on a six
axis ABB Robot (IRB 4600)n Additional 2axis vasgiven by a roto tilting table (IRBP A250yure29
shows the workstation setup.

Figur@9Workstation-s@tused in the present experiments

3.2MACHINE SHOP EQUIPMENT

The machine shop equipment used to carry out this resgaeseiged below:

3.2.1FURNACE
NABERTHERMfurnacg(Figure30) was used to preheat the-dale brake disc.
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Figur@0Furnace used for preheating of GCI brake disc in the present experiments

3.2.2CUTTING MACHINES
Baoma Dk 7732 Wire cuttiiPM machingwas used to cut tHell-scalebrake disc sampldsor
preparatiorof metallurgical sample the mitter saw and abrasive saw wdfgyusl1 shows all these

cutting machines.

(a)EDM (b) Mitter saw (c) Abrasive saw

Figur@1 Cutting machines used for sampling in the present experiments

3.3LAB EQUIPMENT

The molding preSREMET IPA 30)was used to mount the samples in a resin. The samples were then
grindedREMET LSA grinding machingy SiC abrasive papers and were polished ypridy using a
diamond spray. The sgi used is shown Figure32
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(a)Mouldingpress (b) Grinding and polishing machine
Figur@2Machines used for preparation of metallographic samples

3.3.1MICROSCOPE
For metallurgical analysis #IEISS invertedptical microscope was uséthe equipment used for

microhardnesestsof the sampleand the optical microscopee shown ifrigure33

@) (b)
Figur@3(a) Microscope ugaddkers microhardness test

3.4SET-UP FOR EMISSION TESTS

The emission tests wegrerformed aMahine DesigriKTH Royallnstitute of technologyn Stockholm.
The setup is shown ifrigure34.

This chamber was connected to a Dekatvi@etric Impactor (DGI) and Dekati Electrical {ngssure
Impactor (ELPI+). The DGI had four stages with 47 mm aluminium filters. The end of DGI had a 70 mm
PTFE filter. For ELPI+, 25 mm polycarbonate filters were used for stage=l luminium filte for

the rest of the stages. The aluminium filters are standard filters used for both devices.
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The data from ELPI+ was mainly used for the emissialysis in this studhe further description of
working principle of the dedicated pin on disc tribometer as well as the of ELPI+ follows.

Figur&4 Seup for emission measurements

3.4.JENVIRONMENTALLY CONTROLLED PIN -ON-DISC CONNECT WITH PARTICLE

MEASURING INSTRUMENT
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O ___H
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E
B D
C
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Figur@5 Schematic of environmentally controlled pin of disc rig used for emission meqmrigraptds in the pre
(A) Room air; (B) fan; (C) flow rate measurement point; (D) filter; (E) flexible tube; (F) inlet for clean air, me
point; (G) closed box (chamberrgidpmachine; (N) air inside box, well mixetet(Inaasurene@nty)

(L) dead weight; (M) rotating disc sample; and[@Bg]n sample

Figure3sillustrates the schematic of the test setup. The tests were performed usimdiagirbometer

enclosed in a controlled climate chamber. Fan (B) supplies air to box (6@ fomm (A. Filter (D)

ensures the filtration of air before entering through inlet (F) via flexible tube (E). The airflow inside the
chamber is controlled at 0.42 m/s via the flow measurement system (C). The air inside the boex (N) is well
mixed due to the complegluyme of the pion-disc machine (H). The outlet (J) is connectibe fmarticle

measuring instrument that collects the particles from the contact between pin (1) ardisoi@ting

3.4.2PARTICLE COUNTER |NSTRUMENT

Thelow-pressure electridaipactor (ELPI+) developed by Dekati Ltd, Finland, was used to measure

the particle concentration. The operating principle of ELPI+ is that the particles are charged upon passing
through a unipolar corona charger (to a known positive charge level)entheh @assified in a cascade
impactor into 14 size classes depending on their aerodynamic sfectimeeters detect the charge

carried by these partihkes these particles get collected in the impactor stages. The classification of particles
is baed on their respective inertia, with larger particles getting collected in the upper impactor stage and
smaller particles in the lower stages. ELPI+ measures the patrticle size distribution and concentration in the
particle size range of 6 @1 0 [Z3Bh The particles were collected on greased aluminium filters during
these 14 impactor stages. The operating principle of ELPI+ (uncertainty of less than 10%schtae full

output) is shown ifrigure36.

‘ Clean flush air

for zeroin
T Sensor 9

——em— PUMD < Xq—

Charger A | Display and controls
TR—)

and ar HV source

preseparator i |

13 e Electrometers
Internal PC

Impactor iy Connection to PC
0 @ — (Optional)

* AD

— Ext. Input x 6 —

R — Ext. Output x 3 —

Pressure sensor

USB port
Flow control

|

Vacuum pump
Figur&6 Operating principle of ELPI+

SARTORIUS® ME614S and METTLER TOLEDO XP2003S wsesl for this measurement for pin

and disc specimens, respectively

53



3.5MATERIALS USED FOR LC

3.6 METALLIC POWDERS
For the preliminary testee metallic powders were supplied by M4P MATERIAL SOLUTIONS

GmbH. The metallic powder used for thewdieel contadtad a patent pending. All the powders were

gas automized. Tleeemical compositiqiiable,
Table9,
Tablel0), properties (

Tablell) andsizerang€Tablel?) are presented in tablegpasthesupplier’locumentation

Tabl& Chemical composiBdglostainless steel powder

Material Size Eleme| C Si|Mn| P S N Cr |[Mo| Ni | Cu| Co| Fe
range nt
316L 50150 | Comp| 0.01| 0.4| 1.8 | 0.02| 0.02| 0.07| 16.8| 2.0| 10.1| 0.2| 0.1 | bas
stainles pm ositio | 6 7 2 4 5 5 1 7 2 7 9 e

s steel n %

Tabl® Chemical composition of aluminium bronze powder

Material Size range Element Cu Al Fe C

CuAll0Fel] 459125 @ Composition Base 10.40 0.85 0.005
%

Tabld0Chemical compostion of tool steel

Material Sizerange | Element| C Si Mn Cr Mo \% Fe
Min 0.30 | 0.80| 0.25| 480 | 1.10 | 0.35 Balance
Fe2343.03 455125 pm Max 0.34 | 1.20| 0.50| 550 | 1.50 | 0.55 Balance

Tabld 1 Propertieswadtallic powders used for LC

Material Apparent density (g/cm3) Flow (Carney Flow, @ 500m) (s/g)

316L stainless steel - -
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CuAll0Fel 4.10 3.5/50
Fe2343.03 4.24 2.9/50
Tabld 2Size distribution of metallic powders used for LC

Material -45um -32pum -20pum 45um 43um +53 125pm
pm
CuAl10Fel 0.80 0% - - - 2.70%
Fe2343.03 - - 10.70% 0.30% - 0.0% -
Stainless steel 500 150 pm

3.7 SUBSTRATES
The chemical composition and dimensions of substrates psefbtimthe LC part of the research are

given belowTablel3Tablel4):

Tabld.3Substare dimensions for multit£gé6L €taness steel

Material Geometryand Length (mm) Width (mm) Height (mm)
purpose
S235JR Rectanguldor 80 10 10
LC

Tabld 4 Substrate dimensions for multitnaekuin@nium bronze

Material Geometryand Length (mm) Internal diameter | External diameter
purpose (mm) (mm)
S235JR Pipefor LC 280 84 90

3.8 EMISSION TEST MATERIALS:
Table15 shows thesubstratanaterials used for the emission tests performed for brake disc / Cu free

contact.

Tabld5Substrate materials for emission tests

Material Geometryand purpose Size Weight
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Gray lamellar cast iron| Disc cut out for lab PODC @60 x 2 mm 3409
tests

Gray lamellar cast iron| Uncooled brake disc fol 2 300 X 12 mm 5 kg
LC

For the railwheel contact the commercial contact was compared with two types of LC overlays discs. The
details of which are givenTiablel6 The d&iled properties are listeddhapter 7 of PM Emission

tests.

Tabld 6 Propertiespécimens usethfesion measurmenivberdicontact

Casel Case? Case3
Pin Material Standard railway carb{ LC selflubricatingl LC  stainless  ste
steel overlay overlay
_ | LC  overlay  with
LC overlay with Ni N )
martensitic stainle:
based powder allg
o steel powder allg
R7 wheel steel containing 8% _
. | Rockit401, Fe0.15C
UIC60 900A rail steel| UIC standard 812 | manganese  sulphi
| 18Cr0.5M02.5N<3
(ER7 EN13262), (MnS)236] disc ) .
other (Hb6ganas AB
substrate steel E|
disc substrate steel H
S235JR.
S235JR.

The pins and discs were cut from the commercial used UIC60 900A rail and R7 wheedspattivaly.
Mushroomtype (oundheaded) pins and cylindrical plates were manufactured to be used as pins and discs
respectively. The sketch of both pin and disc are giFayue37. Note that the contact radius of the

pins was 50 mm.

countersink13mmx90
ad ~

10 mm

6 mm
30 mm

S

—

P T S
-

26 mm

50 mm

1
i
Y
¥
my :
]
_/6mm
. lomm
— 12 mm

(a) (b)
Figur&7 Sketch for emissions testgaf (ehdxkc sample (b) Pin sample
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Figure38shows the sketch of disc and pin made for the laboratory commercial brake disc / Cu free pad

contact emission tests respectively. Cylindrical pins were used for this test.

6 mm

15 mm

1

mm

10 mm

50 mm

(b)

(a)
Figur@8Sketch for emissions tests of brake disc / brake pad (a) Disc sample (b) Pin sample
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Chapter 4- MULTI -LAYER COAXIAL LC oF 316L
STAINLESS STEEL

The successive melting and remelting of coated ftayersC create geometric distortiomsfferent
control loop systems are used especially in cases where multi layers are to bMd#jpegiedoatings
could be required farariouspurposes sudhscreating thicker coatings, combirdiffgrent materials, or
nea-shapananufacturing-or thispurposethin-walled structures of 316L stainless steel were fabricated
on structural steel ba3din-walledstructures were chosencs the fabrication is quite challenging due
to complex stress distributias well as fests the limit of smallest part fadtion from the LC technology
with given equipment.

This chapter discusses the methodology and results of the depositiematietthistructuresa LC when
coupled with a closed loop control systdma effect of closed loop control system was tesaefidnction

of laser power to control the melt pool width iangrms of two possible scan strategies. Also, the effect
of gradual power reduction on deposition of thin walls are disdUssegtometrical featurestbé
resulting walls are discussedcerninghe scarstrategynd the effectivenessthé closedoop control
system. Porositgnicrostructureand microhardnessealso presented in this chapter
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4.1METHODOLOGY

A rapid code was developed from ABB ROBOSTUBwwareto fabricatehin walls.The effect of
constantaser powewasstudiedand compared with a manpaWwerreductioron thefabricatiorof such
parts. Thewalls were fabricated with and without the cllmsgdcontrol systenthe effect ofclosa-
loop control system on scan strategy was also studied and colnjmabadf 70 layers were deposited
by usingB16Lstainless steel powd€he start and end point of the arrow showrignire39represents
thestatus othelaseri.e.,on and offrespectively. The resulting scan strategy was thenBadiresdional

and Unidirectional.

70" layer 70" layer

2™ layer 20 Jayer
X X
15t layer 15 layer
(a) (b)
Figur@9Scan strategies. hjdBtional (b) -dinectional

\ 4
N
A\ 4

zZ

The process parameters used in this experiment were taken from the previous handling of the same powder
with the given DED system. The staoff distance between the nozatel the deposited material must

be constant to achieve good geometric stability. The increment for each layer was selected based on the
previously performed experiments. Due to the complex nature of the process, as of now, there does not
exist a standarglay to determine these values. Therefore, in general, this increment valuaximithe z

based otthehit, trial method and a value of ¢ was deemed suitable for our system and employed for

this experiment.

Argon was used asarrier and shieldimggs with a flow rate of 7.5 I/min and 20 I/mespectively. Scan
speed and powder feed rate were kept constant at 17 mm/s and 9regpeitively. A total of 70 layers
with a theoretical length of 40 mm were deposited for all the samples. Theuaciedd parameters are
reported irtheTablel?.

Tabld7Process parameters for multiye6ILstainless steel

Sample | Scan Strategy Power Initial P P minimum
Mode Power (W)
(W)
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1 Bidirectional | Constant 2000 0 /
2 Bidirectional Manual 2000 100 1000
Reduction
3 Unidirectional| Manual 2000 100 1000
Reduction
4 Bidirectional | CLAMIR 2000 CLAMIR -
controlled
5 Bidirectional | CLAMIR 2000 CLAMIR -
controlled
6 Unidirectional| CLAMIR 2000 CLAMIR -
controlled

Figure40 shows the sectioning of samples along with the notaseddnTablel18 that describes the
resulting geometric valug® minimize the effect atceleration and deceleration the measureiments

wall samples were cut from the middle along the |8igtlsectioning was made from where the wall
reached the maximum height wherefdhmer could noapply The samples were atad into half to

make the size feasible floe mounting press. The samples were mounted and polished with Sic abrasive

paper from grit sezranging from 800 pum to 2000 ifine samples were further polishedoyp 1 pum

by using diamatspray. These weretheet ¢ h e d

usi

ng

reagent were then used to reveal the microstructure.

Notation

Parameter

1 Theoretical length

of wall

Maximum length

of wall

r
h’ Maximum height
h

of wall

Minimum height

of wall

W Maximum width

of wall

Nit al

etchant

w” M'i“imum width of
d Density
Figurd0Sectioning of samples along with the used notations
Tabld8Results of multilayer LC of 316L stainless steel
Sample [I(mm) |1 6 (|hd (|hdd w(mm) |wd 0 b (mm) | d (%)
1 40 42.01 17.24 14.5 3.3 2.7 0.803 998
2 40 42.06 30.95 30.2 3.2 2.6 0.798 99.7
3 40 33.01 33.01 - 2.9 2.8 0.777 999
4 40 42.17 32.46 31.9 2.8 2.6 0.791 995
5 40 41.8 32.27 32.3 2.5 2.2 0.258 994
6 40 33 32.56 - 2.5 1.6 0.819 997

60

t

(0]

r

e



4.2 RESULTS AND DISCUSSION

4.2.1BIDIRECTIONAL SCAN STRATEGY

4.2.1.1Deposition with coriXtarer

Figure4l shows the first impression of the LC when thin walls were built with consiamr With

constant power for the initial layemsore and more heat galissipated through the substrate.
Nevethelessas the layer advance®mre radial heat dissipation steotoccur and hence the outwards
velocity of melt pool fl ow i [h28]Thsacausesvargngadtht o o ut
of the layers anth this casen increasea clad widthwhich caussa decrease overall wall height. Also,

gradually the layers were seen to be bent through the middle.

m Scanning direction

d
=

Figurd1Thinwall fabricated via constant power

4.2.1.Deposition with maPmaeReduction:

The wall was built with lgzswerat each successive layer to remedy the geometrical incorfsSigteacy
42shows the result ofifhimanual power reduction. Olalyer poweras changed by keeping all the other
parameters constafhis improvement of the geometrical features bypswedr reductio agreesvith
previous reseatjd22,23723].
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Scanning direction

<
<=

ST
»

Figurd2Thinwall fabricated via manual power reduction

4.2.1.Deposition with Closed Loop Control:
Figure43shovsthewall vhentaheclosedoop control system was settmtrol the melt pool width at 2
mm.Relatively more consistent walls were fabricherdthve CLAMIR was set to awi@culate the melt

pool width during thdeposition othefirst three layers and later implement control based on that value

<

E E Scanning direction
a

(a) (b)
Figurd3Thinwall fabricated samples with closed loop control system (a) Width set at 2 mm in CLAMIR (b) Al

width sep via CLAMIR

When the melt pool width was forced to be controlledrah Zia CLAMIR the width ofthe cladling
decreagkwith wall heigh The unamelted powder was stuck to the Wwiglure43(a). The reason is that
on inspection of CLAMIR dati was found that to keep the melt pool width @&in2 the powerwas
reduced to almost 250. The graph from CALMIR data supports, tssshown ifrigured4.
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Figurd4Power and width graph from Clufittilferced width of 2 mm

This reduction occurred gradudilyt since the powder feed rate was constatowpowerwas unable

to melt enough powder. Thus, a system coupled withadpsmontrol for powerral feed rate adjustment
would bring a neadeal system. This is also the reémuothe reduced cladidth for the topmost layers

where the powder is seen to be stuck to the outer surface of the wall.

The CALMIR was set to autalculate the melt pool during the first three layers and then imptement
the control from the fourth layertimecase of sampleBoth the clad widths, overall height and uniform
clad lengthvere achieved with good geometric consist8imge the melt pool width depends greatly on
laser poweand powder feed rate, therefavben control was operated from sysjaman values, better
results were seen. The obtained graph for sample 5 is figenedb The auto calcdlan of width for
sample 5 for the first three layers reveals that the reference width changes from 2 mm,tat#31 mm
can be seen thegraph fromFigure44and then CLAMIR uses this reference width to control the power
till the end of fabrication.

3- 2200-
2000 : i
2.5- 1800 mumu 1 UL L bt e LT O T AFRRTR (R PR AT NNIRTI W9 % TP TOON Y T1 WP1 7O 1% 11 PO
e Ty . AT ) e PO e A Y
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200 T, Referencelzl
03 600 W%%M%uu_q "l Width
0- 400-

I 1 [ [ 1 1 1 [ [ 1 [
11454 31454 51454 71454 91454 111454 131454 151454 171454 191434 211454 232475

franmes

Figurd5Power and width graph from CLAMIR with automatie width set

4.2.2UNIDIRECTIONAL SCAN STRATEGY

As seen from the above sectjangosedoop control system capablecohtrollingbothlaser pwerand

feed rate would result in better results. @patility othe closedoop control system was furttiested

by changig the scan strategy fabricatingimple thirvalled structureSincet was clear that constant

power mode igcapable of fabricating geometrically consistent walls, the unidirectional scan strategy, i.e.,
the laser, was kept on only at the statieofayer andwitched off on returit was testethy manually

reducing theowerand implementing the clodedp control systerfrigure46shows the walls fabricated
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with aunidirectional scan strategg both modedNeither reducing powenanuallynor the closetbop
control system was able to fabricate geometrically cang@teihe different features of starting and
ending zone are counteractethe opposite scanning directibradjacent layers in bidirectional scan
strategyWhereagccumulation at the starting zone dedine at the ending zone weisforced layer
wise which resulted in an uneven hefjhtilar results were found imother resear¢®40]for the two
scan strategies, but it did not study the effect of dtagedontrolsystem.

This implies that scan strateggytalin fabricatingsimple thiawalled structures.

o o
Scanning direction 10 mm

—

Scanning direction

(a) (b)
Figurd6Unidirectional scan strategy(a) Manual power reduction (without CLAMIR control (b) CLAMIR contrc

4.2.3POROSITY ANALYSIS:

The images of polished samples takentfremicroscope were evaluated for density analysis using ImageJ
software by conversion to iy images. Overall, it was found that samples with excellent density were
fabricated irthe case of all the samples. Tikiattributed to the feasibility of process parameters for
fabricatingsuch thiawalled structures. The highest density was redordeample#1 (fabricated via
constant power). The constdader poweinducesan almostentirdy dense part but compronsghe
geometrical features of the wall. The density results obtained for each sample areTaplat&drine

porosity increased upon using cldsed contro] yetit managed to fabricagethin wall with good
geometrical features. This incréagmrosity occurred due to the excessive reduatiaser poweby
theclosedoop control system.

4.2.ADEPTH OF COATING INTO SUBSTRATE :

Thecoating deptimto the substrate is reported in the table and can be visuatyFsgam@47. A stable
bond between the substrate and the clad can be seen. The low penetratiotheaptt pbol intahe

substrate for samplecould be explainégthe extreme decreasgofverCLAMIR commandetb keep
the melt pool a2 mm width.

64



PAC O
1000 um 1000 um

@) (b) ()

|© s S )

1000 um 1

1000 um

| MR NNEY |
1000 um

(d @© (f)
Figurd7Deposition depth (a), (b), (c) Without CHARIR With CLAMIR

4.2.5MICROSTRUCTURE:

The complex thermal behaviouakest extremely difficult to predict tlmeicrostructure reliably. The
microstructure's morphology and graieaieinfluenced by the main processing parameters that influence
heaght, heating/cooling rate and bulk tempeeatncremef241] The microstructure of the fabricated
samples represerd columnar dendritic structure typical for the LC.pahis layers were free from
defects. A more homogenous microstructure could be seen for the parts fabricated vialtop closed
control The microstructure st coincides witlwork of Saboori et §241,242hnd shows that the
microstruatire differs in the middle and edges of the puwdt. Forthe overall parthowever, the
microstructire grows witlacolunmar dendritic structa inthedirection othemaximum thermal gradient

for the first and middle layers. For the last lag@iglar structureserereportedFigure48 shows the
microstructure atfhe partsfabricated with and without CLAMIR andtbgsubstrate.
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(@) (b)

(e)
Figurd8Microstructtme bidirectional scan gtafbyyyith constant pdae(dfLAMIR controllég)substrate

4.2 .6MICROHARDNESS:

The microhardness measurements were taktre Bubstrate, dilution zone (depth of melt pool below
thesubstrate level) and the wall for all the samples. Vickers Microhardnesgvogd300 a dwell time

of 15sec was used. Sitivewall was also cut in halfereforethe position (mm) mentionedtiregraphs
(Figure49, Figure50) was combined for all three areas (wall start, mid and extnenigrefore depicts
only the increments between successive indents for ¢aelthode, but when combined this distance
does not reflect the exact position of indent on the wall. For example, for stémpbt@dition (mm)
value is 5.61m, but itshavsthe extreme end of the walhich reached a height ofriih, as fromTable

18 The three areas are therefore mentioned in the graphs fesrept#in all the casesegardless of
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closedoop controjthe hardness value was hightedilution zone. Microhardnesscdeaseas the wall
progress in height.

The first layers also had higher values due to the dilution betwestaiBléis steahd the lowcarbon

steel substrgtas also shown by Abdalla R. N§2438t Thewall's middle layers had low hardness values
compared to botthestart andop layers. This attribute is typical for DED fabricated parts due to cyclic
thermal historyas the heat buidp inthe middle layers is hightian inthefirst and last layers. Due to

this reasoythe central layers hdegermicrohardness values qmared tahefirst and last layers of DED

fabricated parts21] This trend is most visible for samplehdwn inFigure50. The hardness values for

samples fabricated without clekmap control and with manual power reduction raoghown irFigure

49 The graph ifrigure50 represents the microhardness values for samples fabricated viaogosed

control. There was a scatter in the values within the three defined areas. Since sometimes the indent might
be placed just on the interface between the two layers that returned higher values. This was evident after
the etching of the samples with highattecvalues. In all the caseepowerhad a significant effect on

the hardness values. Upon analygiagmetrically inconsistent samples, it was found that the
microhardness values were lower thaother samplds this casahe section was takesmen the layer

hadjust started towards its length.

In comparisonall the other samples were cut through the middle. This shows that the hardness values
change along the height as well as along the layer length. This could be due to the differerd temperat
gradierg along the laser scan direction as compared to the temperature gradient along ththdeight of
thin wall as also dematnated by Wang et[@d4]
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Chapter 5- MULTI -TRACK  CoAXxlIAL LC oOF
ALUMINIUM BRONZE

Coaxial LC involves numerous interactisash as laser beam/powder, rpelbl/substrateandlaser
beam/substrat& his ircludes various physical phenomena, such as fluid flow and phase trassifons
interactions anthe physical phenomenaould be controlled by controlling the main prqeassmeters
such as laser power, scan speed, feechaath distancetc. Howeverthe other associated process
parametersuch as spot sizandshielding gas flow rasdso play aassentiaiole.All these parameters
have individualnal combined é&cts on the resultant coating, makiregoptimisation quitehallenging
Computationainodels are proposéat this optimisation but require highly qualitdédurand increased
costs. Statistical moslere an alternative solution to this problem since these do not require any additional
costs. Th&C process models are highly relative and depahd equipment used and the material under
investigationTherefore the research data bdee such modsineeds to be increased walifferent
materials antlC equipment The models commonly foundthre literature are targeted to sirgjéel
trackswhereas in real scenarinultirtrack coatings are requireattat the substrate thoroughly

Neverthelesghe importance of singbtad optimisation cannot be denied; however, the present study
aimed to describe the coating achieved by depositing three tracks. The overlapping plays an essential role
during dilutiontherefore, the singidad track optimisatise mustbe carefully adjusted when it comes to

the actual coating of substrates. The overlapping reduces the dilution since some of the energy is absorbed
by a part of the previously deposited layer that is being overlapped and in increased clad height

This chaptedescribe the methodology and discusses the results of aluhiniura LC The effect of
main process parameters on ntrdtik layerss discussedwhich were used tdevelop a combined
parameter statisticalljhe resulting microhardness and optical microscopy m@sthigng metallurgical
samplesrediscussed.
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5.1METHODOLOGY

The duminium bronze powder was deposited on to S235J&/pige/ing main process paramel@ssi(
power scan speedndhatch distarg. The effect of these process parametasthen studied on the

resulting geometric characteristics (height, width, dilution of clad).

The parameters were selected based on the previous experiments and currentHiemparameters
were further tuned according to our LC system in the seriesastpqgerformed. These pests resulted

in equivalent results to the main experinfractordaser poweandscan speeaad three levelehereas
factorhatch distandead two leve]saind a& entirefactorial Besign of Experiment (DOEgsulted in a total

of eighteen trial@s shown in th&ablel19 The full factoriatiesign was chosen to use all parameter

combinations and to analyse their interactions.

Tabld9Process parameters for multilayer LC of aluminium bronze

SampleNo. P (W) Hatch Distance Scan Spedd/s)
(mm)
1 1800 1.2 20
2 2200 1.8 12
3 1800 1.2 12
4 2600 1.8 12
5 2600 1.2 12
6 1800 1.2 16
7 2200 1.2 16
8 2600 1.8 20
9 1800 1.8 12
10 2200 1.2 12
11 2200 1.2 20
12 2200 1.8 20
13 1800 1.8 20
14 2600 1.2 20
15 2600 1.2 16
16 2600 1.8 16
17 1800 1.8 16
18 2200 1.8 16

Argon was used as a carrier and shielding gas with a flow rate of 7.5 I/min and 20 I/min, respectively. It
was applied via the orifices in the nozzle and helped cool the deposited layer. The powder feed rate was
kept constant at a rate of 2680/s. Continuous spiral clads of three tracks were deposited for each of the

18 runs.
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5.2RESULTS AND DISCUSSION

The samples from 1 to 18 correspond to the cladde@dpipteown ifrigure51 The pipe was sectioned
transversly for geomatic and metallographic analy3ise sectioning profile of the sdesps also
presntedThe pipe was cut traversly, and the metllographicsamples were preparétle samples were
grounded with silicon carbide pa{2803 2000 grit sized rotating disc with water as a lubricard later

polished up to im using a diamond abrasive.

Figur®1Processed pipe and sample profiling
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Figure52shows theonsiderations for geometric measurements i.e., the width of coating w, the height of
clad h, and the penetration depth b. These features were observed underZEN&Stenptical
microscope. The density measurements were taken via ImageJ softwarsming@erfimage analysis.

Clad

Substrate

Figur&2 Geometric considerations for coating

The percentage of dilution was determined byrathad according &quation8.

EquatioB
P$EI OGEI 12
do PN

Tabl@0Results of multilayer LC of aluminium bronze

Sample number H (mm) W (mm) D (%)
1 1.20 4.70 11.48
2 1.51 6.41 12.92
3 191 4.88 8.47
4 1.45 6.71 13.33
5 1.95 5.59 11.70
6 1.36 5.01 13.00
7 1.39 5.28 10.75
8 0.86 6.32 19.14
9 1.28 6.26 9.33
10 1.81 55 9.74
11 1.23 5.12 13.44
12 1.08 6.08 15.51
13 0.94 5.86 14.88
14 1.19 5.19 12.96
15 1.44 5.35 13.10
16 1.11 6.33 15.56
17 1.19 6.35 14.34
18 1.07 6.32 15.20

Table20presents the results of the main geometrical features against the main processing parameters. The
individual effect of all three processing parameters power (P), scan speed (V), andntat¢hlid)s
were plotted against the height of the cladding. The aim here is to find the combined parameter derived
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from P, V and HD that could linearly depend on clad height. These plots do not concern the combined
effect but provide useful informationorur quest of finding the values
combined parameter.

5.2.10PTICAL MICROSCOPY

The crossectional optical micrographs are arratmgddcrease hatch distance from bottom to top and
increasscan speed from right to left for eaphcifidaseipowerusedFigures3). The qualitative features

of the main processing parametarthe geometrical characteristics of clads can be obd&bdnded

clads without major defects were formed for all the processing parameters with soméhmbesitis

were improperly shad at low speedand thissffect is more appareat a hatch distance of 1.2The

clad height depicts an inverse relationshigaseh powewith theincreasedpeed at a constant feed rate.
Wider clads were formed wititreasedhatch distance andas speed for dliser pwervalues The
waviness of the tracks also seems to decrease with the indasasgufer, which correspond to less
postprocessinglrhe dilution seems twave a direct relationship widlser poweand is independent of

the feed rate since it was kept consfEimese geometrical variations can be controlled by establishing a
combined parameter by using YA and HD& depending on the dependence of each geometrical
characteristic on the individuatgmaeter. On that account, the geometrical characteristic of the resulting

clads was investigated against combined parameters and examined via statistics.

P =2600 W
V =16 mn/s V =20 mm/s

HD=1.8mm HD=1.2mm
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Figur&3Cross sectional optical micrographs for coating. Scan speed (V) increase from right to left and hatch

from top to bottom for each given power (P)

5.2.2GEOMETRICAL CHARACTERISTICS OF COATING

5.2.2.1Clad Height

The individual effect of the three progagspiarameteisshown inFigures4((a), (b), (c)Hatch distance
andscan speed account &more significargffect on clad heigthianthe laser pwer Thisagreesvith
previous resear@5] where scan speeigjrificantly impacts clad height mtiven laser pwer The
deposition rate per unit lenglcreasesith increasing scan speed. An increased hatch disanesudts

in elevated clad heights due to overlapdimgevermany studi¢$41,145,24848]reportedaser pwer

asa significant factoin controlling clad heighthis reldwhen theprocessing parameters were coupled
with the feed ratédmong £ed rate anldser poweBennet et §249]reported thateed rate leamore
significant effect othe clad height thalaser powetFurthermorethe catchment efficiency determines
the fraction of laser energy absorbed by the feedstock powder particles that reach theThit pool
implies that with a constant feed rate sanwant of powder will be melted upon interaction with the laser

beam.
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Therefore, the combined parameter that controls clad deightot include tHaser powedue to its
negligible effect.he statistical dependence of clad height is shdwguime54 The clad height is found
to be directly proportional ¥15HD-1-1with an Rsq.of 0.95. Thehigh regression coefficient and the
residuals plot confirm the linear model
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Figur&4 Dependence of coating height on (a) laser power (P) (b) scan speed (V) anftjadratihatistance (HD
parameter (e) residuals

5.2.2.Zlad Width

The individual effect of the three processing pararnsaetkosvn inFigure55((a), (b) and (£)Clad width

is directly proportional tpower and hatch distance/hereas inversely proportional to scan speed.
Therefore, for predicting the combined parameter that could effectively control the glad thii
parameters were taken into accoulsb,Arom the relationshijp was clear that the value of alpha and
beta vouldbe positivewhereas the values for gamma would be negative.

The combined parameter found in this s{ithyure55c))is correlated with previous research in which
feed rate was a variable instead of hatch distance for clg@i4djdthis to be noted here that the
combined parameters are highly déganon substrate/powder and experimental sshgar effect and

Mar an g o n aldng witke bttieeforcesccount for the melt pool formation in LC and process
parameters play a vital role in determining these[8ffptitsthe present studgddinghatch distance as

a variable could have changed the overall effihetrorlt pooJwhich resulted in all the parameters having

a detrimental effect on the clad width. In many stidiie$43,144the clad widtimainly dependeah

laser pwerand scan speadhere hatch distance was not a variable. This corresponds to the fact that an
addition or removal of one parameter in LC could influence the effect of individual parameters in
determining the geometrytbé&coating.
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5.2.2.FPercentagbibftion
The percentage of dilution was calculated accordiggdtion8. It is an important property to measure
since it could represent the metallurgical bond between the substrate and the clad.

Similarly, to find the combith@arameter, firsthe individual graphs for each parameter were plotted to
understand the effect of trespectiv@arameter under considion. Since it was impossible to obtain a
sufficientlyalid model with a linear regression corresponding to an acceptalibg&ithmic regression

was used instealthe logarithmic regression employed in the present study is in agreement wih previou
researdi4i]

The combined parameter that can linearly control the % dilutioh™esHD -2 Figure56 (d). The R
sq.Value and residuals confirm the validity of the madsliming the scan speed to be constant, an
increasen laser pwerwill result in increased absorption of energy intagrometal as well as the
substrate. This increased absorption of energy will result in deeper deptusitewes, an increase in
scan speethn decrease the deposition depth with contiadledpower Hatch distance also plays a critical
rolebecausen increased hatch distance corresponds to increased interactionthetassmrbeam and

substrateresulting imore significarnelting ofthe substrate anidicreased dilution.
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Figur&6 Dependence of coating % dilution on (a) laser power (P) (b) scan speed (V) and (c) hatch distan

combined parameter (e) residuals

The predicted combined parameters from this study for geometrical characteristics of coating are

summarised imable21 The high correlation coefficient depicts the uniformity of the results.

Tabl@1Predicted combined parametarsdérli@udtf aluminium bornze

Measured Quantity Combined Square of a b
) parameter (x) Correlation
coefficient (RsQq)
h (mm) V-15HD-1.1 0.95 66.243 0.578
w (mm) p2/5 4 HD1 0.95 0.1681 2.9859
D (%) pLLyi25HD12 0.83 5.8269 -58.94
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5.2.3Microhardness

The average microhardness of the dilution zone is foundnorbesignificanas compared to both
substrate and coating for all the samipled| cases, the coating also has microhardness greater than the
typical coating materidlhe coahg microhardness was found to be 25@3mMich is more than that of

the typically used hardness of aluminium bj2B@eThe overall comparison of microhardness values
among the samples reveals no significant differences, implyihg thetrage microhardness was not
significantly affecteoly a given set of parametdfggure57 shows the microhardness profile that runs

from the substrate through the interface towards the coating.
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Figur&7Microhardness profile for LC of aluminium bronze
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Chapter 6- COAXIAL LC OF TOOL STEEL ON THE

BRAKE DISC

This chapter describes the LC of tool steel eadalé GCI brake dsd he challengescountereduring
LC are describednd further trials to resolve the issues faced. The optical microscopy and microhardness

results are presented in this chapter.
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METHODOLOGY

Figure58 shows thaincooledull-scale brake disc used to carry out this experifinensurface of the
commercial brake disc was removed to allow a coating thickness of 150 pum.

Y

S STy
| F et

Figur&8GCI car brake disc for LC

6.1PROCESSPARAMETERS (PHASE-1)

Fullscale GCI brake discs were latmtded with tool steebingleclad tracks were deposited to find the
optimal processing parameters suitablthédrC of GCI. The initial process parameters were selected
from the knowledge gained from the two experimentations desc@legbier 3. A full factorial DOE

was developed with the resulting processing parameter combinations as givehdeamez

Tabl@2Processing parameters for LC of GCl(BiakeGdiyc

Sample no. Laser Power
(W) Scan Spegtm/s) Feal Rate (g/min)
§I 1 2500 300 17.2
.‘DL’ 2 3000 300 11.5
3 3000 233 115
4 3000 167 17.2
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5 3000 167 22.8
6 2000 300 115
7 3000 233 17.2
8 2000 300 22.8
9 3000 233 22.8
10 2500 167 17.2
11 3000 167 115
12 2000 300 17.2
13 2000 167 17.2
14 2500 233 115
15 2500 233 17.2
16 3000 300 17.2
17 2000 167 11.5
18 2500 300 22.8
19 2500 300 115
20 2500 167 22.8
21 2000 233 115
22 2000 167 22.8
23 2500 233 22.8
24 3000 300 22.8
25 2000 233 22.8
26 2500 167 115
27 2000 233 17.2

6.2 RESULTS AND DISCUSSION

6.2.1Disc_ 01
For initial trials one disc was utilized fully from both sides to deposit a total of 2%lsidghacks
according to the DOE. The resulting cladded disc is shé&iguie59,
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(a) (b)
Figuré9Disc 1 LC overlayed with tool steel (a) hub side (b) flat side

6.2.1.1CROSSSECTIONAL ANALYSIS.
EBM sectioned the dissmdmetallographic samples were then prepared by mounting the specimens into
resin and then polishing to 1 umFigure60. show the sectioning of disnd #éhe resulting metallographic

samples

@ (b)
Figuré0Metallographic sample preparation for Disc 1 (a) sectioning (b) finished samples

6.2.1.2ptical Microscopy

Figure61shows the sectional images of the clad tracks with dedesstsioign from bottom to top and

an increasing scan speed from left to right for each gpawificusedNote that thesubstrate was laser
cladded with no prieeatment. At firstall single beads have visible cracks regardless of the changing
process parametef$e powerof 2000 W combined withll three scan spegd67mm/s, 233mm/s,
300mm/s) resulted in almost nolation.
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P =2000 W P=2500 W

V=167 mm/s V =233 mm/s V=300 mm/s

11.5 g/min

22.8 g/min F=17.2 g/min F:

F=22.8 g/min F=17.2g/min F=11.5g/min

F=

P=3000 W

V=167 mm/s V=233 mm/s V =300 mnv/s

F=22.8 g¢/min F=17.2g/min F=11.5 g/min

(c)
Figuré1Cross sectional optical micrographs for coating. Scan speed (V) increase from right to left and hatch

from top to bottom for each given power (P)

6.2.2CRACKING SOLUTION
To overcome the issoé cracksa furtheffifteeniterations were performed by preheatingdalle GClI

discs.

The modified Karsays formula was used to find the Carbon Equivalemneabirgerion to determine
cast iron21¥ wel dabil ity

CE = %C+0.31(%Si)+0.33(%P)+0.45(%S)+0.028(%Mn)+%Mo+@42(%Ni)0.01(%Cu)
CE = (3.3%)+0.31(1.85%)+0.028(0.75)
CE =3.8945

The noecrack temperature from this CE value was found to be 360°C from thedgviggd by the
American Welding Society (AWS) D11.2 code committee.

The entire disc was kept in the furnace. The time required to achieve the above temperature was calculated
by creating a temperattirae curveKigure62) byusing théequation9. The values used are presented in
Table23
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Equatiod

Y OYQ YR YO Q7 )

Tabl@3Values for calculating the temijmeeaturge

Initial Temperaturfri] (°C) 25
Ambient temperature in which the body is plgtad 360
°C)
Specific Hedt] (J/Kg °C) 440
Convection Coefficieffl] (W/m2 °C) 10
Thesurface area of the piece to be heated, ambi{ 0.1354
temp. A (m2)
Mass of the bodyn] (Kg) 5
Time[Dd (sec) From1 to
16188.9
420
360
% 300
% 240
2 180
G
2 120
60
° 0 20 40 60 80 100 120 140 160 180 200 220 240 260 280 300

Time required (min)

Figuré2 Temperattirae curve

Thefeed ratavas selected from the above trials tb7b2 g/min For the second phaseultitracks were

deposited with prleeating

6.2.3CROSSSECTIONAL ANALYSIS
The resulting cladded digegure63 were sectioned and polished for optical microscopic ardtgsis.
analysing the first two samptbs Powerwas reduced t85 %. The preheating of the disc required less

temperature for claddinfable24 presents the results for these discs.
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Figuré3From Left Dig®, Disc03, Disc4 LC overlayed with tool steel

Tabl@4Process parameters for LC of GCI brake @&5d3i¢Di€i3, Disc_04)

Disc no. Sample no. P (W) Scan Speed | Hatch distancg  no. of no. of tracks
(mm/sec) (mm) layers
1 3000 233 0.5 1 5
o~ 2 3000 167 0.5 1 5
;' 3 1000 233 0.7 1 5
a 4 2000 233 0.7 1 5
5 1000 167 0.7 1 8
6 1000 233 0.7 1 8
™ 7 1000 167 0.7 1 8
;' 8 1500 233 0.7 1 8
o 9 2000 300 0.7 1 8
10 1500 167 0.7 1 8
11 1000 233 0.7 2 10
< 12 1000 167 0.7 2 10
;' 13 1000 233 0.7 3 10
a 14 1000 167 0.7 3 10
15 1000 80 0.7 1 10

6.2.3.10ptical Microscopy
Disc_02

The optical microscopy for the five samples for Disc_02 along with the rledsheight and width

(where possible) is presented fRigure64to Figure68
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Clad Height #

Clad Width =

Figuré4Disc_02 Sample 1

Clad Height 0.342 mm

Clad Width 4.5 mm

Figuré5Disc_02 Sample 2

500 pm

Clad Height #

Clad Width =

Figuré6Disc_02 Sample 3

500 pm

Clad Height =0.191

Clad Width =4.47

Figuré7Disc_02 Sample 4
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500 pm

Clad Height # Clad Width =

Figuré8Disc_02 Sample 5

6.2.3.1.Disc_03
The optical microscopy for the five samples for Disc_02 along with the measure clad height and width

(where possible) is presented fFrigure69to Figure73

500 pm

Clad Height # Clad Width =

Figuré9Disc_03 Sample 6

500 pm

Clad Height 0.101 Clad Width =5.782

Figur&0Disc_03 Sample 7

Clad Height 0.136 mm Clad Width =6.854
Figur&1Disc_03 Sample 8
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Clad Height =0.166

Clad Width =5.213

Figur&2Disc_03 Sample 9

Clad Height =0.182

Clad Width =6.33

Figur@3Disc_03 Sample 10

6.2.3.1.Disc_04

The optical microscopy for the five sample®fsc_02 along with the measure clad height and width

(where possible) is presented fFogure74to Figure78

Clad Height #

Clad Width =

Figur&4Disc_04 Sample 11

Clad Height 0.268

Clad Width =7.536

Figur&5Disc_04 Sample 12
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