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Abstract

State-of-the-art metal additive manufacturing (AMjnainly laser powdefed AM (LPFAM)
and laser powdebed AM (LPBAM), has been used to produugh-quality, complexshaped,
and enduser metallic partsTo achievedesirabledimensional, microstructural and mechanical
features of abuilt components through fast process optimization or feedbawkolbased
adaptive processing adjustment, a high figieihd calculatiorefficient processing model is
urgently neededThe thesigesearch has been motivated by the needirfee-efficient process
models ofboth LPFAM and LPBAM. To this end, comprehensive accelerateablels for these

processes have bebuilt and experimentallyerified.

The comprehensivg@rocess modedf LPFAM wasbuilt by an innovativeanalytical approach.
Firstly, a mathematical module that couplelser heat flux and powder mass flow was
developedwhile considering the attenuatedskr intensity distribution and the heated powder
spatial distribution. Correspondingly, a powder catchmentubeodias built in terms od three
dimensional (3D)melt pool shapeand powder tseam spatial distribution.ntegrating these
physical modules it the thermal modeling, @oupledheat and mass comprehensive model of
the LPFAM process was achieveBxperimental depositions of Inconel 625 provesithed e | 6 s
high accuracyin predicting asbuilt deposité geometry(a maximum error of ~6.2% for clad
width, ~7.8% for clad height) and powder catchmefficiency (maximum error ofless than
~6.8%). It was found that th@redictedreattime melt pool peak temperatures match well with
the experimental results Btainless Steel (SS) 316L dejteon. The calculated micrbardness

has a maximum prediction error ©16.2% compared with the measured resulike predicted
microstructural evolutions show reasonable agreement with the experimental observations for
both SS 316L and Inconel 625 depiosis. Moreover,sensitivity analysis shows that the powder

feed rate has the largest positive effect on the clad height.

The ime-efficient process model of LRBM was achievedy anovel analytical approach that
couplesthe critical physicsof the proces while considering the volume shrinkage and the
melting regime The proposed model can perform a tiefécient prediction ofthe localized
transient thermal field, melt pool temperature distribytiamd multitrack overlapping

dimensio. The powder bedwas treated as a homogeneous medium with effective



thermophysical properties derived from the randomly packed rain model. In additioh,f er e n't
mel te qqigmeas o-AMt peo ¢t &&sn swedreeatelde b u iAlhtd Bmo dselur c e
model wipédnetara@indmgkdphter var y hng medttiilnigz erde gti
sol ve stiheentt rtahne r ma | thefdensity ahd topMsarfaeeughness of the final

parts wereempirically modeled using response surface regression under-Bébwoken design.
Subsequently,the mechanical properties of the part and thesitun build rateswere
simultaneously optimized byombining thebuilt analyticalmodelsand empirical modelgvith

employing a mul-objective genetic algorithnExperimenal resultswith SS17-4PH show that

the predicted melt pool dimensions have ghhtdegree of accuracy undgeady melting regimes,

with a maximumof ~14% error fothewidth prediction and-15% error forthe depth calculation.
Furthermore,an optimized parametesolution set was provided based on the built 3D Pareto

fronts.

The buil't mo d e | far éhe localizeetnarisiant ¢haracteristidemePFAM and
LPB-AM are~t & i and~p& a i, respectivelyThese findings confirm the grepotential of the

present research to be usedfestprocess optimization and-gitu process control.

In addition, anew magnetic concentration approadasigned with variousonfigurations was
explored This approachs designed to focuthe divergingmetal particles inthe gaspowder
stream of LPFAM, therebyimprovingpowder catchment ardeposition accuracyt was shown
that the proposed permanenagnetbased configurationsiay notbe suitablefor concentrating
submillimetersized particlesHowever, an additional development,daubletelectromagnet
guadrupoleshasedconfiguration with high frequengynay becapable of concentratirthe non

ferrousmetallic particles(e.g., aluminum particleyith aradiusof i puTa
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Chapter 1. Introduction

1.1.Overview

In recent yeargjue tothe fast development diigh-energyheatsource, low-costmetalpowder
feedstock high-performancecomputes equippedwith advanced computaided design (CAD)

and topology optimization modulesietal additive manufacturingAM) is no longer limited to
rapid prototyping. hsteadjt has been explored for the possibility of manufacturing-ojgality,
complex, eneluser metallic parts according & stateof-the-discipline repor1] from the U.S.
National Aeronautics and Space Administratide.theAM processhas a high cooling rate and
low solid-liquid interfacial free energy as well as a small nucleus critical radius for promoting
heterogeneous nucléat [2], AM fabricated parts will tpically exhibit finer grainghan those
processed byraditional manufacturing process(e.g., casting), resulting ibetter mechanical
properties.Furthermore the AM processhas the unique ability to create complex metallic

componentghatare difficult or impossible tananufacturdy conventional process

The metal AM process deposits metallic powder, wire or sloegtsthesubstrate/object surface,
where they arenelted due to a higlenergy sourcei.g., laser, electron beam, electron arc and
ultrasonic vibratiol then solidifyto formnew features in a layday-layer approacii]. The two
most canmonly usedlaserbasedmetal AM processes, laser powded AM (LPFAM) and
laser powdebed AM (LPBAM), also termedas directed energy depositiDED) and powder
bed fusion(PBF) by ASTM Standard F279f4], respectively, have shown great potahfor

producing complex, customized and high quality parts from single or multiple metallic materials.

Both the LPFAM and LPBAM procesgsbegin withCAD models that are stored Btandard
Tessellation Laguage (STLYile format,generate the scannipgith based on numerically sliced
crosssection dimensiaifrom the CAD malel, utilize alaser source to melt the metallic powder
and finally produce thredimensional (3D) partd.PFAM utilizes a carrier gas (e.g., argaio
deliver the powder onto theuldd surface through a nozzle, whereas the 1ANB loads the
powder layer across the whole powder bedn@ans ofa recoater/rollerThe details of. PFAM
and LPBAM are compared iablel1-1.



Tablel-1. LPFAM and LPB-AM comparison(The build rate, surface roughisesnd fabrication

dimension areited from referencgs)).

Features

LPFAM

LPB-AM

Alias

Laser beam dimeter
Multi-material

Build rate

Layer thickness
Surface roughness
Max. fabrication
dimension

Major application

Laser net
(LENS™); Laser claddingLC); Laser

casting (LDC); Laserbased

engineered shapi
direct
direct energy deposition (LDED
Freeform laser consolidation (FLC)
K oaa

Yes

Uptox T &) Q

@ ¢ a

Ra ¥ ¢ &

CTMMMm puLMMMW Xudad

Repair worn parts;
Add new features on built parts;
Direct manufacturing of parts;

Direct metal laser sinterin
(DMLS); Selective laser sinterin
(SLS);
(SLM); Laser powder bed fusio
(LPB-AM)

VLfIC TTTTA

No

Selective laser meltin

U ¢ TajQ
crwtt &
Ra ™prt &

VLTIt ¢ Ydma ocgda
Rapid prototyping;
Direct manufacturing of parts

Efforts are underway to deepen our understanding of botbhRReAM and LPB-AM processes

throughmodeling. Numerous models have been developed to build the relations between the

processmicrostructure and properties, andhy be roughlycategorized as numeriganalytical

and empirical/statistical Although process mdeling has attracted considerable academic

attention, it has still bea outpaced by the growth oAM technology [6]. Improved

comprehensive and tirefficient process models are urggnmeededor both the LPFAM and

LPB-AM procesgs, so as toptimize theprocessing parameters and to achieattime process

control By building the comprehensive and tia#icient process models, the LPAM process

and LPBAM process may finally become automatic operations governed Dbytimeal

diagnostics anteedback control, producirdgsirable parts with tailored mechanical properties.



1.2. Motivation

To date, the lowevel rdiability and repeatability oboth LPFAM and LPBAM are still the

major barriers fortheir industrial application[7,8]. Fabricated componeris mec hani c al
properties, dimensional accuraca®d sirface finiskesare quite inconsistent and are susceptible

to overly complex process parametelumerous defects, i,ecracks, poresandlack of fusion

may be induced due tamproper parameter settingand significantly increaseunnecessary

follow-up costsBy contrast, fuHdensity and higiperformance partsan be fabricated based on
optimized process parametéor both LPFAM [9] and LPBAM [10].

| n addiottihoen ;AMPEFNd -AMBprediavae hi gh semrsadeswvs ty
perturbaxi ennaln d[dl,18 tAsmab eéhangeeof process parameters (e.g., laser
aborptivity, scanningspeed)or processing surroundings (ambient temperature, oxygen level)
may induce significant variations in thnsient temperature feg heating/cooling rateand the
overall meltpool shapeeventually influencing process stability and fabricatedsparbperties.
Moreover, up-to-date multi-physics models (e.g., the finite element method based numerical
model)are rarelyadopted for process optimization or riate control due to the extremely high
computational cost, complexity and lack of testiipe developedsimple and fast analytical
process models are challenged lmyw prediction accuracylue to theomissionof the major
physical mechanissin the processThe developed empirical modetan be time efficient, but
their statistical nature limits their application and accuracy.

To address these challenges;celeratedprocess modeling with improved fidelity as an
alternative methodhas gained ineasing attention from botacademia and industrrocess
modeling is a classic way ahderstandig the unfamiliar aspects of a process. More specifically,
accelerategrocess modelg can serve as a bridge to link the precparameters to the target
properties of the fabricatesbmponentsthus regulatinghe LPFAM and LPB-AM processes to
reduce the defects and achieve high fabrication quality. Additionally, aefiiceent process
modelis essential to provide procefégctuation predictiorand acts as a benchmark reference
genertor inside the structure @losedloop control systesy providing a sounglatform for the
reattime control of LPFAM and LPBAM and significantly impoving process reliability and
stability.



Additionally, the LPFAM process has been troubled lmyv catchment efficiencyWith the
widespread use @lompressed carrier gas for powder feeding (known as bmwder feeding)

in LPFAM, the low powder catchment induced by the diverging powder streamsreasingly
apparent. Research shows thagher catchment efficiency can be achieved when most powder
strikes the center of the laser befl8]. Efforts are underwayo concentrateliverging powder
stream but have gainetimited application due to the involvedomplex system (e.g.,
aerodynamic focusinfj 1)4ndthe reductiorof powderfeedrate €yclone nozzle systein 1)0 |
With the development ahagnetic focusingechniquespowder stream may be concentratead

fast and norcontact wayby externalmagnetic force.

Motivated by theeresearch gag accelerategrocesanodelingthat incorporates major process
physics is conductefibr the two most commonlysed lasemetal AM processes:PFAM and
LPB-AM. In addition, a newelectrodynamic concentration approach for focusing rtbe

ferrous metdic particlesin blown powdefeeding of LPFAM is investigated.
1.3.Objectives

The thesismainly aims to develop timefficient process modelfor both LPFAM and LPB
AM. The desiredcalculation time of the target moded shouldbe at least threg¢imes smaller
than thoseof the conventional modelg.g., ¢ ax i [15,16]for LPFAM, p fi¢ m i [17,18]
for LPB-AM), to achieve the fast process optimization &miélll the lower boundrequirement
for the response timel mdri [19] for LPRAM, 1@ G i [20] for LPB-AM) of the thermal
feedbackcontrol systems inLPFAM and LPBAM. Another goals to explore a magnetic nen
contact approach timcusng the diverging particles in the gaswder stream of LRAM so as
to improve powder catchmerito achieve these goals, the following objectives will be pursued:
91 Developinga coupled laser beam and powder stream interaction maodulé~AM
while consideringassociatedpatial distribution and attenuation
1 Developinga powder cachmentmodulein LPFAM while consideringpowder mass
distribution and thgeometry variation of the molten pool.
1 Exploring a magnetic focusingapproachto concentratingthe diverging particles

(conducting no#ferrous particle)n the blownpowder feeding oEPFAM.



1 Desgning andfabricatinga strong permant magnet sourcbased ora Halbach array
with whichto test the proposed concentration generator.

1 Developing timeefficient procestshermal models for both LPRAM and LPBAM,
incorporating the major physics mechanism in the processes.

1 Characterizinghe mechanical properties of the parts fabricated viasAMFand LPB
AM.

1 Multi-objective optimizingof LPB-AM to improve the build rateand simultaneously

optimizefabrication quaty.
1.4.Thesis Outline

The thesis includeten chapterslaid out asFigure 1-1. Chapter 1presents an overview of the
backgroundmotivation and objectiveof the researchChapter 2reviews onthe stateof-the-art
metallic additive manufacturing witboth LPFAM and LPBAM. Chapter Jpreentsa module
for coupling powder stream anthser beam in the LRAM process. InChapter 4 a new
magneticconcentration approach famondicting metal particles in the gaswder stream of
LPFAM is investigated anthe associated concentratiomodule is built Chapter SandChapter
6 systematically elaborate othe modeling for the LPFAM and LPBAM procesges
respectivelyln Chapte 7, the built process model of LPAM is utilized to predict the redlme
thermal characteristics, solidificati parameters and microstructu@hapter 8presents the
applicaton of the built LPFAM model in estimatinghe thermal cycles and layaise hardness
for thin-wall structura. In Chapter 9 a multtobjective optimization of the LPBM process is
conductedusing the built model to achiewiee maximum realime build rate while maintaing
high fabrication qualityChapter 1Qoresents the major conclusgnof this research imodeling
of LPFAM and LPBAM and powde stream focusing. Based dhese conclusiongossible

future workis briefly introduced.
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Chapter 2. Literature Review andBackground

This chapter primarily addressesjor aspects and characteristics of both AV and LPB
AM, including the physical aspects, process parameters, application and challentesl.
governing equations ancbrresponohg boundary conditions faneat conduton equations are
also presented in this chapt@dditionally, major magnetic techniques for particle manipulation

are summarized.
2.1.LPF-AM Process

LPFAM setuptypically consists ofa highenergy lasesystem,a powdetfeeding modulea
displacement syste with computer numerical control (CN@pd aworktable as illustrated in
Figure 2-1. In the LPFAM process, the metal powder is delivered through a carrier inert gas
streamonto the substrate/object surfacdaieh is melt immediately by kigh-erergy laser source

and solidifiedas the laser passes away. According to the predefined scanning pattern, further
powder is deposited, melted and sol&kfto form new features on aristing substrate/object in

a layerby-layer approach.

High Power Laser
ﬂ S ' Powder feeder

Process Control
System

Laser Processing
Head

r

" Nozzle
Powder Jet
Melt Pool

Laser Beam
Clad )
Substrate jp—. ¥

Work Station Ar Gas

Figure2-1. Scheméc of the lateral LPFAM setup Reproducedvith permission fronj21]. Copyright ©
2009 Elsevier Ltd.

Generally, LPFAM can be classifieds twomaintypes depending on theonfiguration of the

powder feeding: lateral powder feeding and coaxial powder feeafirsipownin Figure 2-2.

8



Lateral powder feedingF{gure 2-2 (a)) holds a highe powder catchment, wheas coaxial
powder feeding Rigure 2-2 (b)) possesses more degremsfreedom that enables the coaxial

feeding to banorespecifically suited focomplexshaped parti&brication

Conical nozzle

Shaping gas
p rF

Lateral nozzle !

~
Cooling system

Laser

-

beam ™

owder stream Powder stream

Substrate

(a) (b)

Figure2-2. Schematic of (a) lateral powder feeding and (b) coaxial powder feeding eAMPF

2.1.1.Physical Aspects and Process Parameters of LPAM

From the instant melting and solidification of thewder material in the small melt potd the
final largeparts fabricationa greanumber of physical phenomena (e.g., heat conduchieat
radiation, meling, convection, solidification andetting) acur during the LPFAM process.
Additionally, thesephysical phenomenplay a significant effect orfinal part$quality and they
are govened by the process parameters. Therefore, understanding these physical events and their

relations to the process parametenes crucial to achieveesirable fabricatioguality.

The mportant physical events and the associated governing praessqters are illustrated in
Figure 2-3 by following the heatand mass transfer path in LAM. As seen, the. PFFAM

proces mainly include two stepshefirst step is heat and mass deliyethe second step is heat

and mass interactioithe physical events in these two steps mainly include laser source ignition,
gaspowder delivery, powder stream and laser beam interaction, melt pool formation by heat
conduction, heat loss by radiation and convection, melt pool fluid dynamics, liquichomlt
wetting, contact angle variation, rapid solidification and final shrinkage as the solidified metal
cools to ambient temperature. All these events and their correspondiegesitb are controlled

by the associated process parameters as listegune2-3.



Laser source

Mode; Power

¢ Laser diameter; Intensity profile; Laser
beam far-field divergence angle; Laser
beam waist radius

Laser scanning speed; Scanning pattern

Interaction
Attenuation, absorption

Blown powder stream

Powder feeding (Nozzle size, nozzle

number, nozzle feeding angle)

o Powder feed rate (Carrier gas flow rate,
particle velocity)

* Powder stream concentration (Particle size
distribution)

e Particle thermal and mechanical properties

(density, thermal conductivity, specific heat,

capacity )

Interaction

¢ Heat conduction; Attenuated laser/substrate interaction

(melt pool formation); Heat affected zone; Dilution

¢ Particles /melt pool interaction (effective deposition); Particle/
substrate interaction (Solid—solid impact, particle ricochet);
Determined the powder catchment

\ 4 * Heat loss by radiation, reflection

Melt pool dynamics * Variant laser absorptivity (Brewster effect

Temperature distribution; Peak temperature; Melt
pool size (Solid-liquid boundary)

e Heat and mass convection; Thermocapillary flow
(Marangoni flow)

e Wetting (Surface tension, contact angle variation)

e Stability (Balling due to Plateau-Rayleigh

instabilities, vaporization)

Substrate/prior deposit

Thermal and mechanical properties of

substrate

o Surface finish of substrate (sand blasting
to increase the laser absorptivity)

e Pre-heating to reduce the residual stress

and reduce the defects

Solidification and microstructure evolution

¢ Localized-transient cooling rate; Solidification rate

e Latent heat of fusion

e Porosity
e Shrinkage
® Grain size; Substructure mode

Final fabrication quality
Dimensional accuracy

Surface finish

Deformation

Mechanical properties (density,
hardness)

Figure2-3. Major physical events and the main process parameters in th@MRFocess
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In addition, some of thphysical events are sensitive to the external disturbances. For instance,
the increased oxygen level in the fabrication environment mduce severe oxidation @f
deposited layer, which may deteriorate thdtrpeol wetting and affecthe following layes
adhesion with the prior deposits. Moreover, the interaction effects of the process parameters play
significant roles on some physical phenomena. For instance, the melt pool size and its thermal
distribution are mainly governed by the combination effdcthe powder feed rate, scanning
speed and laser powder. Therefore, the processing parameters should be optimized under an

overall consideratioof the processing parameters
2.1.2.Application and Challenge of LPFAM

The LPFAM process holds many advantagesroWe conventional coating and manufacturing
processes.e., arc welding, plasma spraying and castohge to the adoption of fine laser heat
source and its layarponlayer material adding nature. LFAM can produce 3D parts or
additional features with mor heat affected zone (HAZ), fair fabrication accuracy, small dilution
(percentage of surface layer composed by melting the substrate) by direct depositing metallic
materials on the subject surface in a-gtep process. Subsequently, ERM eliminates he
intermediate manufacturing process (e.g., side cuttiolgs drilling) and reducesverall weight

(e.g., less number of joints/fasteners) and fabrication time. MoreoverAMPE able to achieve

the production of functionajrading compositeR2,23]

The functionality of LPFAM has attracted multiple industries to embrace its features for 3D
parts fabricatiorj24], surface coating25], and worn out components repgl6] from single to
multiple materials. Nowadays, the L2\ repaired/fabricated compleshaped parts have been
widely used for aircraft componer{7,28], automobile partf29,30], biomedical implant§31].

For instance, repaired turbine blade by LAY as shown inFigure2-4 (a) thatwas previously
regarded as nerepairable by conventional processes. Additionally, the corgilaped blades

can also be directly fabricated by LA as illustrated irFigure2-4 (b).
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Figure2-4. Application examples of LRRAM. (a) Damaged blade repair. (Source: Courtesy of Multi
Scale Additive Manufacturing Labatory, University of Waterloo). (b) Manufactured blades by 14hF.
Reproduced with permission frof@2]. Copyright © SpringeNerlag Berlin Heidelberg 2013.

Although LPFAM has been successfully used for metal parts repair camaplexshaped
components fabrication, the LM process still faces significant challenges that hinders its

wider adoption by industry.

(1). Powder catchment. Theowder catchment efficiency can remajaite low in the LPF
AM process (less than 20% for coaxial powder feef®3j and less than 50% for lateral
powderfeeding[34]). Evenif the unmelted particles can be collected and reudes, t
whole cost of the process is significantly increadeel to the low catchment efficiency

(2). Energy efficiency. As pehe prior study of Gedda et al. for the l-RM process with a
COz laser sourcg35], only 40% of the laser energy is used to melt the powddrthe
substrateRoughly,60% of the laser power is wasted.

(3). Process optimization. The current process optimization is primarily conducted by the
trial-and-error experimental approach, whichhs ghl 'y expensi ve and t
numer ous S« xfperi mehteving the optiemalt ypreoc €
materi al .exMerdaeanead, optilnmisz amaynbe ediuf f er en
LPAM systems edemo wittihors aumesrt iearital c adrufei ¢ wr at

(4).Surface finish. @mponen fabrication accuracy for LREM is of i3t & & & as
reported by Mazumder et 4B6]. The surface roughness of the fabricated parts by LPF

AM is reported asY @ X ¢ 1T &[5]. However, high surface finish is necessary for
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mostindustry application. For instance, tooling parts generally requiredacs finish in
the order of Jum [37]. Therefore, posprocessing is recommended for secapplications
that further increase the cost.

(5).Process control. As reported by TdB§], utilization of constant processing parameters
may result in thermal distortion, excessive ddatiand cracking. Furthermore, the |-PF
AM process has a highly localized and dynamic thermal behavior. This may result in
undesirable microstructural features and inconsistent mechanical properties of the
fabricated parts due to the change of local prongssonditions (e.g., accumulated heat
may persist in the previous layers that increases the localized tempeldQire)
Therefore, achieving the adaptive and twaeiant processing adjusent by insitu
feedback and control responsés highly needed. However, the current riae
monitoring systems are limited to the-situ thermal/dimensional measurement (e.g.,
melt pool temperature, deposition height) by thermal/optical sensors, weited
characterization tools is applicable for-kme microstrcture monitoring. Moreover,
interaction effect betweeprocess parameters is significant for the fabrication quality;
different combinations may result in variant microstruguréccordingly process
parameters should be adjusted with refieeto other parameterglO]. Nevertheless,
time-efficient process models that are capable to provide tHmemprocess fluctuation
predction and optimize the parameters combinations inside the elospdcontrol
systems are very limited.

(6).Functionally graded matats (FGM) parts manufacturing=GM parts are featured by
heterogeneous material composition and microstructure that etgadually over the
whole part[41], which is capable to adjust the distribution of properties for achieving
designed functionf42]. However, to achieve successful FGM deposition, thetieal
processing needo consider both the materbased aspects and their natetion effect
for choosing propeparameters and the associated deposition path. Thereforénreal
control of the pocess is necessary. Hewver, it would be very challengirig measure the
reattime features due to the variant emittance of each maf88al In addition,time-
efficient process models that incorporaeilti-material properties for #situ control are

very limited
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2.2.LPB-AM process

LPB-AM setup typically consists of a higgnergy laser sourcegcanning mirror module (ctrol

the scanning positionpowder supply systema@tomatic dispenser powder bed with a feed
piston, a build piston and recoatérand an inert gas filled machining chamber as shown in
Figure 2-5. In the LPBAM process, the laser beam is guidiedmelt the thin layer metallic
powder ( fip tTt&[43]) based on the predefinedasmning patterns in a layby-layer
approach. Once a layetaning is done, the build platforwill be lowered down by ontayer
thickness. Subsequently, a fresh powder layer will be spread evenly on the top build surface by
means of a recoater/rollard the process will repeat itself until the whole part is completed.
Generally, fiber lasawith p8t ¥ p8t ¢ awavelengths and hundreds of watts power are used in
the LPFAM process[44]. Inert gasi.e., nitrogen and argons utilized to fill the internal
chamber to avoid oxation. To reduce the residual stress and fabrication defects (e.g., cracks),

the internal chamber is generally preheated to a fixed temperature of roughly 353 K.

canning

S
-\

?owder bed

Fabricated
object

Recoater Laser beam

Powder supply
system

Build piston
Figure2-5. Schematic of LPBAM setup.

LPB-AM can be roughly clarified as partial melting (binder material is liquefied while the
structural material remains solid) and full melting with refereto the nature of the fusion
process. The former one is also named as selective laser sinteriBp & the later onis
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called selective laser melting (SLM)riven by the high mechanical property requirement of the
fabricated components from industry, this thesis focuses on the full melting process-AM,PB

which can generallproducenear full deise parts.
2.2.1.Physical Aspects and Process Parameters of LPEV

The LPBAM processncludes a sequential heating and melting of the powder material and a
fast solidification of the melted powder. This proces®lvesa numberof physical phenomena
that happe on quite different length and time scales. For the length scale spaphemmena
areranging fromcentimetersof the final parts shrinkage to the micrometers ofléser beam

and particle interaction (e.gabsorption, scattering)nlthe time scalscanningthe phenomena
cover hours of overall thermal cycleduring the fabrication to the milliseconds of melt pool
formation and solidificatiof45]. Understanding these physical phenomena and identifying their
interplay and relations with the governing process parameters are crucial for sugoagsful

fabrication.

Major physical phenomena and the corresponding process parameters are $figune 216 by
following the general process chain of the LRB| process. As seen, the physical events mainly
occur in the laser beam and powder bed interaction stage, incluiag dbsorption, laser
penetration, scattering, thermal radiation, thermal convection, evaporation and rapid
solidification. Some of these phenomena are related with each other and are affected by the
process parameters. For instance, the amount of laserpaivity was affected by the laser
penetration depth, which is further governed by the process parameters, i.e., particle size, powder

bed porosity and laser wavelen@dié].

In addition,to achieve a higher degree of fabrication quality, variant processing parameters are
widely used for different fabrication zones in the LHARI process. Taking the EOS machine
system as an example, the major body of the fabricated parts may be set with the hatching
parameters, while the edge part may be applied with the contouring parametefsicaty thas

a lower laser power and smaller scanning speed compared to the hatching parameters.
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Figure2-6. Major physical phenomena and the main process parameters in th&NIPpBocess
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2.2.2.Application and Challenges of LPBAM

LPB-AM is finding critical applications in multidisciplinary areas, i.e. dental sector, aerospace
and automotive industrigd7], makingfull-density complexshaped metal parts. Especially, the
extremely high cooling rate ($61® K/s) of the LPBAM process can lead to much finer grain

size and superior strength of the fabricated parts as compared with traditionally manufactured
courterparts[48]. However, the cost to run the LBV process is typically much higher than

that of the conventional manufacturing processes. Therefore, theAMPB currently limited to

the fabrication of hig-valueparts.

Figure2-7. Application examples of LPBM. (a) Partial hip replacement. Reproduced with permission
from [49]. Copyright © 2017 Elsevier Ltd. (b) Complskaped tubes (Source: Courtesy of MBltiale
Additive Manufactunng Laboratory, University of Waterloo). (c) Cellular lattice structures (Source:

Courtesy of MultiScale Additive Manufacturing Laboratory, University of Waterloo)

As summarized by Yap et gb0], LPB-AM has been utilized for dental prosthe$&%] and

body implantgd52], which can be customized to meet the customers' individual requirement. In
addition, LPBAM has been usedtproduce the cooling channgdB3] and complexshaped
tubes owing to the high freedom of design advantage. MoreoverAMPBas been expanded to
make complex lattice structures (e.g., celllddtice structure$54]) for weight reduction. The
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examples of the fabricated parts for the application of body ingplemmplexshaped tubesna

complex lattice structures apeesented ifrigure2-7 (a), (b) and (c), respectively.

Although the LPBAM process has been widely used for producing full dense and nestraypet

metal parts, there are still many challenges for 1&\Bto be fully adopted by the industry

(1).Cost of powder material. The size, shape and surface finish of the metallic particle play
significant roles in the mechanical property (e.g., density) of the fabricated components
by LPB-AM [55]. However, the cost for the metallic powder with proper morphology
and dimension is relatively high. The spheroidized titaniumdsswnay range in the
price from$260 to$450 per kilogram, other powder material such as Niobium is even
higher, roughly$1200 per kilogranj56]. Despite thdact thatun-melted powder can be
reused, some particles among themasited feedstock may be partially sintered, creating
nonspherical or satellithke particles. In addition, oxides and soot may be formed that
further propagate chemical impurities in the feedstock. All these phenomena may induce
porosity and increase thargace roughnessf the fabricated componerit/,58]

(2).Process optimization. Similar to the EfAM process, the curremirocess optimization is
predominantly conducted by the treahderror experimental approach in the LABI
process. Howeveas r eported byreradrei mosee fhhan 0B
could affect the ftAaM.r iTchaetrieofnorgeu,aliitt ymiignhtL P
to run the expehiemepts mabr paokesisi pgiwvamegpe
ma t e Mareaver, the large dimensional anché mismatches between the fabrication
features (laser beam and layer thickness are in the ordep af ¢ scanning speed is of
x paji [59]) and the final fabricated parts (o @ @ in dimension and p '@ 6 i
fabrication time) significantly increase the computational cost of the-AMBmodels.
Especially for the high fidelity and mulghysics models, the extremely high
computational cost bans their application for process optimization.

(3).Build volume and builaate. Owing to the limited volume of both powder supply system
(e.qg., powder bed) and inner fabrication chargbgre maximum part size of LRPBM
fabrication is reported astatd ¢ Yard o ¢ @ a [5]. In addition, adaser bears
have a relatively smallspot size O rt¢ T din diameter) and layer thickness are

generally setri the small range of¢ 1t 11 &, the processing rate of the LB/
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process is relatively low. Moreover, to avoid ink@yer or intertrack porosities,

additional remelting of adjacent tracks/layers will be required in the 1ANB process.

Therefore, consgative proces parameters are adopted fiuather lower down the build
rate. The build rate of LRBM is aroundu ¢ T &j Q5] and it typically takes hours
or days for largesized component fabricatidoy LPB-AM.

(4).Energy efficiency. As per to the case study of Migl@@], the energy efficiency of a
180W laser beam ranges from 5% to 11% for stainless steel powder fabrication in the
LPB-AM process. Depending oprocessing parameters apdwder materials, energy
efficienciesof the LPBAM process araround 2%~ 20%. The reflection loss is around
50% ~ 60% for metallic powdematerial; roughly20% ~ 30% energy is utilized for the
re-melting of surrounding layend heating of the substrate.

(5).Multi-material manufacturing. Currently, LPSM is limited for shglematerial
processing thahinders its application in FGM parts manufacturing. Unlike the blown
powder feeding in the LRAM process, the LPBAM process utizes the dispensdike
powder bed to feed the powder in a lapgrayer approach. It will be a great challenge
for the present recoater to uniformly allocate thétirroaterials powder mixture torm
a homogenous layer. Furthermore, the current powatsfcling system is not adaptable
for multi-material powder mixtures. Neverthelessesearch for redesigning the whole
process chain of LPBM to achieve the muktmaterial processing is ongoif@l].

(6).In-processsensing and controlnisitu processnonitoring and robust control akeghly
needed for the LPM procesgo improve the part quality and reproducibility. However,
a large numbeof difficulties exist forin-process sensing and control in the LRB
process. @rrent predominant Hprocess sensing approashare limitedo monitor the
in-situ electromagnetic signatures (e.g., electromagnetic emission) of the melhgool a
the surrounding HAZ, which ahallenged by the data manageniddi. With refeence
to the fast laser scanning speedp(d j i) and the laser focusing areaft¢ Tt Tt din
diameter), sensos should have a high sampling frequency and resolution, which
significantly increase the cost of the sensor system. In addition, the computational
efficiency of the existingnodels allowdor off-line optimization or feedforward control
only [62], prohibiting the feedback control dation. While off-line optimizatiors and

feedforward contr@ can promote the fabricatiomguality, these methods may not
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guarantee a defefitee fabrication due to the unpredictable process perturbations.
Advanced modebased feedback control allows for intelligent alteratiohprocessing
parameters with refenceto the measured isitu process signaturegtoviding process
perturbations to improveprocess reliability and repeatabili)20]. However, time
efficient processnodels of LPBAM are very limited.

2.3.ProcessModeling

Process modeling has been a quite active research field for botAMRRd LPB-AM, ranging
from local physical evestmodeling ofthe regionaldomain (e.g., laser and powder stream
interaction inLPFAM, laser beam penetration over the powder bed under-AMB to the
whole process modeling throughout thlole processphysicaldomain. Roughly, the prosse
modeling can beategorizecsnumerical, analytical and empirical/statistical.

2.3.1.Process Moddhg of LPF-AM

In the LPFAM process the laser beanis attenuated by the powder stremand interastwith
substrate/prior laysrto formmelt pook. Meanwhile, the heated powder will be deposited into

the melt pool andhe liquid melt pool will solidify apidly and form new features over the
substrate/prior layersAll these physical events willaffect the molten pool emperature
distribution, solidification characteristicand the dimension accura@f the layerdeposits

leading toa quite unstableprodiction in both fabrication qualt and dimensional accuracy
Therefore, these process attributes should be controlled and optimized for a steady process

production.

Numerical modeling has been provenaccurately simulate the powder flux distributif@3],
laser particle interaction procef4], melt pool formation65], clad layer geometr{66,67],
temperature, velocity and thermal stress fields distribution oveLRfeAM process[68,69]
However, the model accuracy afuch numerical modelgienerally relies on thdine
discretization or moving mesh, significanthcreasing the complexity of process modeling an

the computational cost

Empirical/statistical models developdihsed on thexperimental data have been extensively

used for process optimization and controLPFAM. Fathi et al[70] developed a sliding mode
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controller for closedoop control based on a parametric Hammerstein model. Hjuhbuilt a
generalized predictive controller based on a state space model for predictive control of the melt
pool temperature. Jin et dlf2] achieved offine shape deformation control by extending the
established Bayesian models from Qiang et[&B]. Despite these excellent successes, the
accuracy of the empiricatatistical models will be directly affected by the corresponding
evaluation approaches or experimemahditions, and the models may provide broadly similar

but not exactly equal resulf§]. In addition, only limited numbers of process variables are taken
into consideration in these models, but research from Qi and MazJ@teshows that the
fabricated part characteristics may be strongly affected by aroudiffdr2ntfactorsin the LPF

AM process

Analytical modeling is a classic way for understanding the physics of the pi{6¢essd has

been utilized for process optimization and process control inAMF Picasso et al[75]
established a simple but realisticagrical model for LPFAM. Powder attenuation effect for the

laser beam was accounted with simplergetry intersecting ratio. éhted powder engy was

added together withaker beam energy as the heat source to calculate the substrate temperature
field. With the relative simplicity, their model can produce immediate results about scanning
speed, powder feed rate and catchmentieficy. Fathi et al[76] developed a mathematical
model of LPFAM to predict the melt pool depth, dilution and the temperature field with given
values of clad height and clad width. They built the mathematical top surface of the melt pool
with parabolic equation and solved the heat conduction in substrate to predict the tamperat
field based on an infinite moving point heat source. Shengfeng pt7alproposed a similar
analytical model to predict the cladding height and catchment efficiency with assuming the melt
pool to be a flat plane on substrate. Experimental results show that the catchment efficiency has
the same varying trend \itthe nozzle angle. Xinyong et §¥8] developed a maé&matical

model to estimate the catchment efficiency based on mass conservation and kinematic equations,
but no consideration was paid to the interaction effect between the laser beam and the particles.
Kaplan and Grobott{79] developed an analytical process model to estimate the substrate
temperature and the clad geometry based on the process and energy balancds.was
pointedout that the process powder catchment and laser energy distribution are influenced by the
powder flux distributionDoumanidis and Kwak80] established an analytical model for clad

geometry and melt pool temperature estimation by sequentially solving the mass and energy
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balance anthe thermal conduction in the substrathe built model is successfully incorporated
into the online closedlioop control. Tan et a[81] established an analytical model to estimate
the clad layer geometry based on thelina temperature measurementhie melt pool was
fitted as an ellipse and the pder catchment efficiency was calculated directly as melt pool and
the powder stream area ratio. They also considered the powder flux distribution in clad height
prediction andndicate that the model can be potentially used feliranfeedback control. @n

et al. [82] developed a multivariable analytical model to predict the steady state melt pool
temperature and the singi@ck dimension.Based on the developed model, a feedback
linearization control for the melt pool height and temperature was achibi@e. recently,
Jianyi et al[83] extended the abovengjletrack model built by Qian et gi82] to a multilayer
model by considering the resial heat from the prior layers, where the varying initial
temperature model for the following layers was solved by the -gteasly-state Rosenthal's

solution with a dummy moving heat point source.
2.3.2.Process Modeling of LPBAM

Currently, the majority of the LPBM process modeling is focused on the mattale
modeling [45] that couples the muiphysics of the process through a variety of numerical
metlods (such as FinitElementMethod (FEM))[84]. Nevertheless, there is a considerable
dimensional mismatch between the fabrication features (i.e. the dimension of powdezspasticl
tens of micrometers) and the fabricated part (tens to hundreds of millimeters). This dimensional
mismatch demands an extremely fine discretization of the processing domain to enable the
calculation convergence of the highly dynamic mphysics by nmerical methods.
Consequently, extremely high computational cost is required for these numerical models,
inhibiting their application in process optimization and online control. For example, the
calculation for a 90 um length simulation by ANSYS softwaith a 3.2GHz and 8GB of RAM
computer took 3763 hours in tof8b].

The cal c udeattemety hightfor theerealistic mufthysics and mukiscale modeling of

the LPBAM process. Therefore, recent research works lhagee n  f o ¢ wempwatiomal t h e
reduction models, rangingfrom ef fecti ve approximati on n
empirical/statistical modeling to analytical or sesmnialytical modeling. For the f f ect i v e
approxi mation numer-iiciafi o rmoedd | aunngit fr cardneey M ettydeantr
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reduction emoydeult iils zweidd t o repl ace tkée [Bt6cali z
examined the predicted shape distortions of
sour ceunitfroarcnke d h e at-u msiofuarrcnee da nhde alta yseaour c e . |t
good correlation was reachetdefertbhheephedicte
et .[&) devel oped a novel t her mal circuit net wo
di st orti onuruisfi mrgmead | haeyaetr i nput . forTehch supehlayerma | c
was reduced from 14 hour s ifnourt etshef osrt anhdea rrd TFCE
sacrificing 15% of accuracy. It should be men
features of the melt pool may n dheinbremats@nst ant
the melt pool size afidjacent san track wereclearly observed in the study of Lues al. [88].
Eventhesheat source reduction models can provide
pastale shape distortionege larcget pbledi ¢dtoiront he
| ocalized ther mal and mechanical features. T
process optisnmtalagd i comarodac tpearritst i ¢ st,hé upgr ed igdtti a
|l ocali zed featlr ssizleg. mmcamekredptemper ature a
the tdaorcsailerted t her mal and mechanical feature

for process control

Empirical/statistical modeling of the LPBM process has attractedsearchers' attention due to
difficulties for mathematically modeling the stochastic physical phenomena (e.g., stochastic
powder bed, denudation and spatter) that occur in the-AMBprocess. The datdriven
predictive modeling techniques (e.g., artificr@dural networks, genetic algorithm and logistic
regression) has been widely applied in the empirical/statistical modeling. Park and [[&filyen

et al. built an artificial neural network to optimize the process parameters for achieving desirable
density and surface roughness. Lukeal. [90] built the regression model of the LB
process usingesponse surface method and further optimized the process by the genetic
algorithm to produce void free parts. In addition, Gustval.[91] and Chandrik§92] utilized

the Gaussian processased surrogate modeling with daténing techniques to reduaeodel
computational cost and optimize the process. However, owing to the expedatebased
nature, these empirical/statistical mizdenay have limitations for variant LPBM machine

systems as well asrious type ometallic powder material. Moreover, these models may not be
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applicable for reatme | ocal i zed thermaltud eaempesat(wr.a, ,

prediction.

Resarch on analytical modeling of the LFA/ process has been increasing due to its relatively

low computational cost. Mohanty and Hafte8] built a pseudanalytical model t@stimate the
thermal field. They utilized several existing modeling techniques to accelerate the model
calculation in an innovative way. The convective melt pool dynamics were replaced by a high
equivalent thermal conductivity and only heat conduction wassidered in their model.
Equivalent boundary temperature was used for each domain by averaging the temperature of
adjacent domains. The temperature at the center discontinuous domain was solved with the
analytical Rosenthal's solution. It was found ttreg calculation time for the thermal solution
phase was improved from 18 to 4 seconds by their psanalgtical model compared to the
FEM-based model with the same 400 elements. The calculation time for each finite element cell
was aroung T8 i. Forslum et al. [17] provided a timeefficient thermal field slotion for the
LPB-AM process with piecewise constant parameters. The thermal solution was calculated
analytically by the quadrature scheme, in which agateulated lookup table was utilized for
solving the heat conduction equations. Far & T @ & domain scanning with 32481 nodes,

their research showed a total of 683 seconds for the thermal field calculation, which is roughly a
calculation time of 1 i for each node. Yangt al.[93] developed a sera@nalytical thermal

model for the LPBAM process. Numerical discretization was utilized to decompose the thermal
boundary domain. The laser beam area with a steep thermal gradient was solved by the analytical
Green's function, while the complimentary donsaimere solved by finite differences with a
coarse discretization. Subsequently, the thermal solution was calculated by summing up the
transient temperature solutions of the point sources based on the superposition principle. It was
shown that the computatial time for 20 tracks scanning in a domajn (¢ ¢ & & , with cell

sizet® & &) is 16.5 seconds, which is aba@ub dr i for each single cell.

InarecentstudySt e uebtendl@.hr i ched the analytical 8heat ¢
function wi-thpdredgretr amatereal i ptriopedbdbymaiamdge
showed compartahbolsee roefsud alsvetdo by numeri cal me t
orders of | ower computational cost. Their res

for single point i s-id@dreuwad 1b0alts e@ls cupsnipgugt eharth pll ma
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potenti al t o bse twt itlhiezreoda hft of re bAdVbeh blier? Br t h e |
cruci al physical pacosilaysee. p.bspowdevi bgil

were not considered in their calculations
2.3.3.Governing equationsand boundary conditionsof analytical thermal modeling

To achieve the objective of tiredficient process modeling for both the LHAM and LPBAM
process, the thesis focuses on the analytical modd#fhiaty can beutilized for fast process

optimization and potentially be used feattime processontrol.

Accordingd t he Four i P4],adhe heatéransfan OothlthelkFAM and LPBAM
procesan be expressed as,

QY "oy &TT—J 0 (2-1)
where™Qis the thermalconductivity, “Ythe temperaturé, the densityg the thermal capacify
the scanning speedthe time and is thegeneratedeatper unit volumeln both the LPFAM
and LPBAM process, the majority of the laser energy is absorbed by the sahsim layers to
form the melt pool through heat conductidihe volume head can be ignored while neglecting
the heat dissipation or phase transformafié2]. Accordingly, Equatior(2-1) can be snplified

asthe heat conduction equati{8b],

WY LAY LAY e e
Tw To

Here a homogeneous thermal conductvil® Q "Q TQis assumed Therefore, 6r an
instantaneousheat sourca)] & over the seminfinite homogeneousy 5 A space
domain the transient temperature ri¥eY & of point X= (x, y, z) for time moment can be
solved ag95]:

t o
VYO 00 G G ofd y N oSPSReAr QAT
tnom (2-3)
j n
oM . Qon =,
T | (0] T| (0]
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where| Q" @ is the thermal diffusivity antdDd i s t he Gr eBha bosndasyo | ut i c

condition for above Equatiqi2-3) is:

L0 10T 0D imAT 6T AAGD (24)
To 16 1a "

2.4.Particle concentrationtechniques

Currently, the highly active techniques for srrglle particle concentration or separation might
be clarified as (1) aerodynamics concentrafiipt, (2) acoustic concentratidd6] or separation
[97], and (3)magnetic concentration (e.g., ferromagnetic nanopart{®@89€9) or magnetic
separation (e.g., ferromagnetic partifl®0,101]and nonmagnetiparticles[102]). Magnetic
techniqueshave been tiracting the attention of researchelue to its fast response and non

contact nature.

To the best of nenedf thedeibped kagmeticlteehtigues, ieeenutilized

for the relatively largesized (submillimeter) particle concentratias used in the LPAM
processHowever,one of the magnetic separation technighe,eddy current separatiqeCS)

[103], has been successfulgppliedfor nonmagetic largesized (ranging from submillimeter

[104] to millimeter [105]) particle separation Basically, ECS utilizes the induced circulating

eddy currents to exert the magnetic force on the conducting paiti€lé$ The generated
magnetic force has a specific direction that deflects the particles towards to the magnetic field
strength decreasing directidnstead of being used for partideparationthe induced magnetic

force may be utilized for particle concentratitny usinga proper magnetic system setup.
possible realization of this idea is to build a magnetic concentration generator, which can provide
a nonuniform magnetic field wih high radial gradient by a coaxial arrangem@nmice particles

travel through the concentration generator, the motion opéngcle will be driven byadial

magnetic force towards to the powder stream center axis.

However, relatively little is known garding thedevelopment of this kind of magnetic
concentration generatdn principle,ECSdevices that have been used to separate particles with
the repulsive magnetic force may be good references. The developed magnetic devices for
particle separationra summarized imable 2-1. These devices amategorized ashree types

based on the corresponding magnetic sources. With considering continuous powsler fleav
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feedng procesof LPFAM, the pulsed electromagnet source may not be applicable forepowd
stream concentration. Therefore, this thesis explores the particle concentration with both the

other two magnetic soursgpermanent magnet amigh frequency electrongaetsources

Table2-1. Developed eddy current separation systems

Magnetic source Developed systems Features
Permanent Vertical eddy current separator Simple construction with economic operation;
magnet [107], Rotating dis¢103] or Particle size ranget va & in diameter.

drum[102] separator

High frequency  Electrodynamic sortin§L05] Complex construction with high energy

electromagnet consumption; Particle size ramgyeyx & in
diameter.

Pulsed Pulsed &ctrodynamic separatioi Complex construction with high energy

electromagnet [104] consumption; Potentially applicable for particl

with size as smallsg ' télin diameter.

2.5.Summary

The review in this chapter shows that both the 44\Fand LPBAM procesgshave attracted
multiple industries to embrace their features for metallic parts fabrication. However, significant
challenges still exist that hindéreir wider adoption by industnAs summarizedthe LPFAM
process is challenged by low powder catchment, low energy efficiencyctinsiming and
highly cost process optimization, low surface finish, limited process control arediaioie FGM
partsfabrication.Likewise the LPBAM process is troubletly the high cost of powder material,
time-consuming and highly cost process optimization, limited build volume, low build rate, low
energy efficiency, hardly achievable muttiaterial manufacturing artie limited insitu sensing

and control.

To accelerate process optimization and improve process reliability through process control, a
time-efficient process model is highly needed. Nevertheless, the majority of current @evelop
numerical models tends tdilize the fine discretization or expensive moving mesh refinement,
leading to an extremely high computational cost. By contrast, the built empirical/statistical
models can be time effiade However the statistical nature limits their application f@rious

AM systems and powder materials.
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Analytical modeling does not requirefiae mesh and cahe easily used to integrate lump

mgor physical phenomena intehole process modeling by building their relationships in a-time
efficient approach, whiclsimore specifically suitable for tirefficient process optimization and
reattime process controlHowever, based on the review wonkiost of thebuilt analytical
modelsfor the LPFAM processhave decoupled the mass and energy flagvsred the changes

of the laser power absorptivity due to the varying of clad geometry (Brewster effect), and
calculated the molten pool limits only based upon laser power s@sceresult, those models
may have different prediction accurady.addition, the developed alytical modelsare limited

for singletrack modeling and ignored the heat accumulation effect during the-tracki and
multi-layer scanning. The accumulated heat from the prior layers/tracks may not be completely
dissipated by heat conduction before tiext layer/track applied due to the high scanning rate.
Therefore, the following layers/tracks may form on a locally preheated zone with a higher initial
temperature compared withat of the prior layers/tracks, leading mortuniform melt pool

geometrig and different wetting conditions.

Likewise, few of the developed analytical models of the {ANB process have considered the
different melting regimes (e.g., heat conduction, keyhole and balling) in theAMPBrocess,

which are accompanied by variousygics phenomena. It was reported by Jingjing .€ftLaB]

that the mechanical and microstructural propertidsRiB-AM fabricated parts depentighly on

the melting mode. The microstructure of the6Al-4V samples consisted of acicularphase

and a typical hierarchical structure of martensite under conduction mode, whisnd|

lamellae were the main constituent phases in keyhole regime. The experimental study of Ting et
al. [109] showed that the fabricated AL7050 samples were characterized with varying surface
morphology, defects and microstructure under different melting modes. Therefore, the melting

regime as ady factor should be taken into consideration in the18RBprocess modelling.

Moreover, to narrow down the powder stream divergence and improve paatdement in the
LPFAM process,general particle concentration techniques were summarized as aerodynamic
concentration, acoustic concentration and magnetic concentraiontilize the norcontact
magnetic technige for particle concentratioof the diverging powder stream in LRAM, the

propermagnetic system setupamely thenagnetic concentration geagor,should be explored.
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As outlined in the review, thpermanent magnet and the high frequency electromagnet may

work as the magnetic source in the proposed concentration generator.
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Chapter 3. Analytically Coupling the Heat and Mass Flovgin LPF-AM”

3.1.Introduction

In the LPFAM process, pwder stream interactwith laser beam and attenuatéhe beam
intensity, while the heated powder particles impinge into the meltgmtbng mass and energy

to melt pool andform effective deposition. IAthese interactions affechelt pool temperature
distribution and thdinal shape of the alsuilt deposits This chapter addressesrathematical
modulethat analytically couples the moving laser beam with Gaussian energy distribution, the
powder stream and the semfinite substrée together, while considering the attenuated laser
power intensity distribution, the heated powder spatial distribution and the melt pool 3D shape
variation. The particles concentration on transverse plane is modeled with Gaussian distribution
based on gpal measurementSubsequengl a powder catchment module developed with

considering both the 3D melt pool shape and the powder stream spatial distribution.
3.2.Theory

A mathematicamodulefor coupling the heat and mass flows in the tAM processhas bee

developed in thishaptemwith the following assumptions:

(1) Lateral nozzle has a perfect circular outlet.

(2) Gaspowder flow is assumeds a steady state flow and tbiéect of the gravity and drag
force are considered negligible. Therefore, the powder stisanduced witha uniform
velocity in transverse direction which is assumed to be the same as the gas velocity near
the nozzle outlet.

(3) Convection and radiation losses in the powdexash was not considered apalticles are
assumed aisothermal with spérical geometry110].

(4) Powder particles, impinging onto the moltgool, are considered effectively added to and

mixed with the liquid flow on melt pool surface. It is required that the adhesion"@rce

" A similar version of this chapter was published as:

Huang, Yuze, Mir Behrad iKamesee, and Ehsan Toyserk&nComprehensive Analytical Model for Laser Riew
fed Additive Manufacturing. Additive Manufacturing 12 (2016): 909.
https://doi.org/10.1016/j.addma.2016.07.001
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is bigger thanthe repelling forcEO('O j 'O p) between the melt pool surface and the
impinging particle. Ln [111] calculated the ratio ofad / Fr =100 for stainless steel in
coaxial LPFAM, which testifies that the powder is effectively melted and attached onto
the molten pool surface. The liquid phases will tHenrapidly mixed and become
homogeneous due to the strong convection currents generated by the thermal gnadients o
melt pool surface (Marangoni convection/effdtt),112]

(5) Thermaphysical properties for both powder and substrate are considered to be
temperature independent. Average values over the tempevatiagon wereassumedn

the model.

3.2.1.Powder spatial distribution

The schematic othe LPF-AM processis shown inFigure 3-1. The laser beam scans in the
positive ydirection with the process velocity Origin of coordinaes is fixed at the center of
laser beam spot oa substrate. Feedingozzle has an inclined gie s and distancéOwith

respet to the substrate planeaker beam andpowder streasiinteract with each other after

point0.

Scanning
Direction Powder Stream
—_—

Laser Beam

Clad

Substrate | Remelted Zone

Figure3-1. Schematic diagram for laser powded additive manufacturing

Powder concentration mode in transverse direction was identified with Gaussian distribution by
Lin [113] with both optical techniques and the theory of particles diffusion and convection in
gaseous medium based on Fuchs's aerosols laminar flow. Optical luminance experimental
analysis of Pinkerton's resehard114] verified that the particles stream have Gaussian
concentration profiles in the transverse plane. YHridp] and Gangxiarf116] also built the

powder stream concentration with a Gaussian model and the model predicted values were
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consistent with the exgsimental results. In this chapiéine powder concentratiahstributions in

the transverse plane were expressed by the powder stream luminance distributions. Based on
Mie theory [112,117] the luminance of the powder stream is proportiotmal particles
concentration. Thereforethe luminance distribution in the image expresses the particles
concentration distribution within ghpowder stream. The powder stream images were taken by a
Canon EOS 60D camera (Canopopoadi28 tens (Pertaggeamn) wi
Dresden Germany). The powder stream luminance was measured by grayscale intensity with
MATLAB Image-Processig Software, in which the RGB images were converted to grayscale
images. As the Inconel 625 powder stream grayscale image shadwguire 3-2, the powder
concentration has Gaussian diaition in transverse plane under variadistancesfrom the

nozzle outlet

T T T T T

s Measurad Intensity, 7=-8[mm]

|| = Mezsured Intensity, 7=-12[oam]

55 | | === Measurad Intensity, z=-16[mm)]
== = Gaussian Fit, 7=-8[mm)]
| == = Gaussian Fit, 7=-12[mm]

= = Gassian Fit, 7=-16[mm]

2 z' =-8[mm]

8

Grayscale intensity

7' =12[mm]

'z =16[mm]

]

Figure3-2. Inconel 6250wder stream grayscale intensity distribution measurement (a) Grayscale image
with transversal lines (b) Measured grayscale intensity distribution with Gaussian fitting results on
transversal linesx v "Fa Qe ERHQ ¢® QUG QI ™ dq .

Thereafter powder spatial mass concentratiShhoh and number concentration

¢ whoh) can be derived as

FXiy,3)= expg 20+ ) (3-1)

voriz) e ri@)i
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: _, 2m e 2(x°+y?) 3.2
n(xi,y,2) 1\mexpg Ty (3-2

whered is the powder feed raté, the average mass for each partiole, "Q“i the average
powder velocity (based on assumption"@he gas flow ratd, the nozzle internal radiusnd

i a is the effectie radius of powder stream reachipgQ of the peak concentration value of
the powder stream cent¢t16]. Based on the measurememnd derivatios elaboratedn

AppendixA, the effective radius of powder stream carekpressed as

r(zi=r, z tang, z € (3-3)
where—is the effective divergence angle. Considering the coordinates transformation from
WWa towwa

Xi= X
yi=(y -H/tan/ )sin/ & H)cos (34
zi=(y -H/tanj )cos; € H)sin,

Accordingly,the powder massoncentrationn w wepordinates will be derived as
2 e 2@ +[(y -H/tanj )sinj & H)cos A g
> expe > \
vort@) g r(2) t (3-5)
r(z)= {(y H/tary )cosj @ HIsin} tan g +

rxy,z)=

3.2.2.Laser beam and powder stream interaction

The laser beam and consequently its power intensity is attenuated by the powder stream during
their interaction[110,112] The total attenuation is a sum effect of scattering and absorption,
which is alsonamed as extinction. This chapteses a Gaussian TklMmode laser power with
intensity distribution agl1],

~

e ¢ L ., CW
Oy N — (3-6)
[13 'Y q r] 'Y q

wherel is the laser powety & is the effective radius of the laser beam at a dista¥ie
a & from the beam waist positiod with 'Y radius for the laser beam and -faid

divergence angle-.'Y & is expressed d41],

Ya v 1—a & (3-7)

33



The laser power intensity that is attenuated by powder streamQuithistancecould be
calcul ated ba¢§lég2dl7pn Mi ed theory

Q0 , Ot duiQa (38)
where'Oafuhi is the laser intensity at poindfudt , ,, the extinction cross section of a sphere
particle (0 “i ),0 the extinct coefficient, and is the mean radius of the particles.

¢ ofudr can becalculated by,

€ 28 +[(y -H /tary )sinj & H)cos} 8

2 2 eXp; 2
v,mp r*(z) g r(z)

(3-9)

n(x,y,z)=

In the LPFAM process, as the particle size is much bigger than the laser wavelength, it is
reasonable to assume that the extinction coeffialent p [112,118] and most of the
attenuated laser energy is absorbed by the parfqieation(3-8) is derived from the firsbrder
approxi mation of Mieds theory, which calcul at
laser beam travels through the powder stream and is validgthen_ o 1 1112]. In this

study, the average particle radigs 1 ¢ & laser wavelengtis_  p8t ¢ & Therefore

the condition of the firsto r der appr o x i ma tisisatisiiedoWe sibulde pdiat out h e o r
that this criterion is only considered when the scattering is included for total attenuated power
calculation. Bt in the LPFAM process,i is normally much larger than , the powder

absorption is the predominant attenuation typeer&éfore Equation(3-8) can be directly used

based on Lambeieer law without considering this conditif$8,113,114]

As shown inFigure 3-1, the powder stream and laser beam will be interacted with each other
after point P. The attenuated laser beam intend®yfili) may be calculated with the

integration ofEquation(3-8) over the interaction length inaxis as

e z,(%Y)
L.y, 2)= I(x y,2)expe 5 fj n(x,y,z)dz (3-10)
g

whered oflJ is the upper surface of the powder stream, whicipproximated with the powder

stream top boundary lire U,

z,(y)=K+(y K/tary ) tan(j § K=H+r, sin/jtan ,g >J (3-12)
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The powder absorbs energy from the laser beam during their interaction, and the absorbed
energy increasdbe particles temperature. Based on assumption 3, the temperature inéféfent

for time intervalYd 'Qj 0 i "Q#ollows the energy balance equation,

bl(x,y,2) PiOX =, prg r oD (3-12

wheref is the powder laser absorptivity, the material specific heat capacity, &ndis the
average particle density. Integrating Equalti8+12) over the interaction lggih in z-axis allows

the particle temperatuf® ¢t to be calculated as,

Tp(x’ y’2): '!; +L

4siry v,C, flp

2,(y)
N L&Y, z)d% (313

whered & & w is the symmetrical line o « aboutz-axis, and’Y is the ambient
temperatureThe path of integration fromto o & is used to approximate the particle traveling

distance component in the laser beam transverse direction.

As particles imping®nto the melt pookheydrawenergy o increase theienthalpy to that of the
melt pool in a short timg118]. Therefore the heated powder energy intensi® aflLhl is
expressed as a negative energy source. It should be noted that thepheated daadd sitive
energy to the melt pool.Hereforethe negative energy source defining here is used to couple the
powder mas$low with the melt pool under the consideration of melt pool energy variation due

to the added powder.

O &L Q¢ efthy Y ety Y (3-14)
3.2.3.Thermal conduction on substrate

On substrate surface, the coming energy from the attenuated laseiChédaui) and heated

powder flux’O ofithJ are summed up and treated as a bulk heating source. Thus, the resultant
energy source intensit® iU,
gl PG Qi (319

For a moving heat source on a sénfinite work-piece surface, the temperature fieYdith)

could be expressed bd®¥ed on Rosenthal s equat
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x R)2a

- v(
Txy.2)-T, R e = R A (3-16)

20k

whereP. is the laser beam powdtthe thermal conductivityl) the thermal diffusivity, and is

the process velocity. While considering the resultant energy intensity distribution, the
temperature field in substrate is derived by integrating Equéid®) over the laser beam area

based on superposition principle.

x=r_(2) r=Ji7@) - R
T2 S A e 8 b ) &0 BT, X T)

2PK e i " (3-17)

s el 'Rh 2] hg R s/(x % (y h)2+2?

wherdg is theprocesdaser power absorptivity.

To approach the reality, the latent heat of fusion, thecamllary phenomena (Marangoni effect)
and the varying laser power absorptivity (Brewster effect) are taking into consideration with the

following approximations.

The effect of latent heat of fusian on thermal field is considered with increasing the specific

heat as,

A

T~ o o _1
~ Y wh Y 'Y (3-19)

where thé'Yand"Yare the liquidus and solidus temperature, respectively. In the cas¥ that

"Y, the temperature averagexdis used. The Brewster effect that describes the plane inclination

angle effect on the absorption of polarized laser power is presenfed] by
f n fmp @n (3-19

wheren is the inclination angl¢, 1t thelaser power absorptivity for a flat plane abdis the
Brewster effect coefficient depends on the material. For the sake of simplification, the inclination

angle is approximated based on the clad héigrid laser beam diamet@ras,
nooweE QO (3-20)

The Marangoni flow is counted by modifying the thermal conductivity with a correction factor
‘ as[67],
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Y QY hUY Y (3-21)

3.2.4.Molten pool geometry

Molten pool projection limits on substrate surface is approximated by theligoid line.
Equation(3-17) is simplified as,
Yoo Y 3 ahuhg (3-22)
As shown inFigure 3-3, pointsA, B, C andD are located on the boundary of the molten pool,
according to Equatio(8-22), the coordinate values can be calculated as,
ie.qu’O’o) T, H.ya ©
1GYe,0.0) T, T ¥
160,%,0) T, T, %
TG(O1XC1O) =Tm TO'XC

Side View z

/ Melt Pool Top Surface
!
|
A 4 0 » ¥
\‘_-/ L

(3-23)

QO o @

Figure3-3. Schematic diagram for melt pool geometry

The projection of the melt pool on substrate plane has the boundary

Wy, & %ox xCxJe |y o=w -w | [ (3-24)
wheredtandwar e t he melt pool | e nmpdpéctivelyn Tthe beundatylof f o r
the melt pool is approximated by two half ellipses with same minor-geiiofw/ 2ZThe left
part has a major seraiis of X0 Sand the right part has major seaxis of 30 S). While
considering the melt pool top surface boundary as a parabolic curve, the melt pool top surface is

expressed d56],



_e -y 9 44X i '
h—B b q1O——), ], A (3-29)
2xy) =g =R IO (x Deboly [w.9d)

The width o6 wtchaen meel te xpaelssed as,

@
Ya’ (3-26)

F

Dividing the substrate surface into small elemental pat@hgeach patch is so small that the

w(y) =i

——)—)——>—>(-D

3.2.5.Clad geometry

powder flow density wer it is essentially uniformhe powder mas® dthat impinged ont® Y

in an elemental elapsed time can be approximated as,

Qa 7 ohuhim QWi Q¢ (3-27)
The clad height ol “drea can be calculated based on the sum of the powder impinging onto it
during thedwelling time as,

Din
1

fdamdt 3-28
r-dS On (329

hys =
Then, for any point within the melt pool boundary, the clad height can be derived as,

2siyDm ¢ 28¢+[(y -H/tay )sinj M cos] g

vropri(z=0) g r’(z =0) E (3-29)

h(x y)=lim hys =

xyi w
wherg is the largest diameter of pat€h'YBased on Equatio(8-29), the original clad height
"Q is estimated with an averagelwa over the laser beam spot boundary and the process clad
height'Q(along the laser scanning direction) is caladabver the melt pool boundamy The
clad width is approximated with the melt pool widthw as expressed by Equati{3:26).

3.2.6.Catchment efficiency

To calculate the melt pool effective area in the coming powder stream, the melt pool is

approximated by an inclined surfadé which is then projected to powder transverse plarvies
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and"Y that cutthrough the highest and lowest point of the melt pool top surface, respectively
(seeAppendix B). The particles number probability density for per unit time per unit area on

powder stream transverse plane can be expressed as,

. . nxiy,4 i 2 é 2X2+ 2
f(xl’y’z)z | +u( Y ) I _,Or 2(Zi) EX > (r Z(Zgli ) (3‘30)
A fiy.a)dgd,, T e

Subsequentlythe catchment efficiency can be derived as the integration of the particle number
probability over the melt pool projection area on the powder transverse plane. By integrating
Equation(3-30) over the effective projection aréa and0 |, the overall catchment efficiency

is derived as,
N fikiy.2)dxidy +i  feR) i )dxidy
_ 5

As
2

(3-31)

h

3.3.Numerical analysis

Attenuated laser beam intensity and #ssociatedemperature contour on substrate surface
calculated based on Equatiof¥14) - (3-21), were simulated by MATLAB software with
parameters listed in Section 3.Bigure 3-4 (a) shows the original laser beam intensity
distribution with maximum intensitp @ ™ & & . The simulation results for Inconel 625
powder streamattenuationis shown inFigure 3-4 (b). As seenthe largest attenuated laser
intensity loss is aroung Py & & . Comparedthe largest attenuation intensity loss with the
original maximum laser intensity, a maximum laser beam attenuation percentage can be

determined as4%.
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Figure3-4. Laser beam intensity distribution on the substrate surface (a) Without attenuation (b)

Attenuated laser intensity loss by the powder. X "¥a Q¢0 pnn7 ,"Q ¢® QW Q¢
I 1 aa.
With coupling the attenuated laser beam and the heated powder stream as the resultant moving
heat source, the temperature field on substrate surfazadcislated andhown inFigure 3-5.
Melt pool projection geometry on the substrate safacapproximated with two hadilipses
(the dash line shown iRigure 3-5), which fits well with the calculated melt pool temperature
1563K that identifying the solidiquid interface.
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Figure3-5. Molten pool temperature distribution on the Inconel 625 substrate suifaces (¥
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3.4.Experimental verification

Inconel 625 powder (Carpenter, Bridgeville, Pennsylvania, USA). Ni60.82%, Cr 21.4%, Mo
8.76%, Nb 3.31%, Fe 4.72%, Si 0.58% and Mn 0.41%, wt%) with padizte 45125¢& m
(Gaussian distribution) was deposited on Inconel 625 plates (McMaater Aurora, Ohio,

USA) by a LPFAM setup developed thouse. This setup includes a continuous IPG photonics
fiber laser with the maximum power of 1100 W installed in a Fadal CNC m&achhe powder

feeder purchased from Sulzer Metco was used to feed materials through a lateral nozzle. The
Inconel 625 plates had the dimensions of 75x15x5 (mm3). For both the clad and the substrate,
the thermephysical properties of Inconel 625 are coesatl to be temperature independent, and

the thermal parameters are calculated based on the mean values over the temperature range as
listed inTable3-1. Single layer degsition experiments were done to test the model with varying
process velocity and powder feed rate. Each group experiment was repeated five times and the
process parameters are listed able3-2.

To measure the LRRM powder catchment, the attached powder was evaluated by weighing the
substrate before and after deposition, the total ejected powder was calculated with the product of

the powder feed rate and deposition dinThen the experimental catchment efficiency was
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evaluated as the ratio of that attached powder weight divided by ejected powder weight. The clad

width and clad height were measured by optical microscopy.

Table3-1. Inconel 625 thermghysical propertiegl19]

Density” Thermal conductivityk Specific heat capacit@ Melting temperaturdy,
[Kg/m3] W m*K7] [J kg*K™] K]
8440 982 1)256@A 00D 4102 1)-670@0 09D 15630 290D

Table3-2. Laser metal direct deposition process parameters

Par ameters Val ues Par ameters Val ues
Scanning vel 100mMmj(s Laser power 10 Qqw
Laser wavel e 1. 0an ( Latent heat of204F5DQ@Y12
Beam wai st r 0. Mm3a) Fafri el d divergO. 02ad(
Beam wai st p19.mBn ( Argon gas feed2.&LAMin
Nozzle heigl7iHhm NozzIle angl e 60 «
Nozzle inter0.mm( Laser spot dial.dm(
Nozzle tube O0.R®@8m( Brewst ecroedfffiecc0. 0196

Correction f2.5

In this research, a combined parameter specific er@rgy j 0 ‘d11], which describes the

energy delivered by the laser power per unit feed rate area of the laser track, was used to address
the process and validate the analytical model with comparing the modeled and measured clad
dimension and catchmentfiefency. Figure 3-6 shows the single layer deposition profiles of
Inconel 625 at different specific energy. As seen, the layer profiles keep smooth with a higher
specifc energy ((a), (b) and (c)).dh the clad width and height increase with the increasing of

specific energy.
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Figure3-6. Inconel 625 single layateposition profile by LPRAM. & x "Qda Q¢ (a)O
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Figure3-7 shows that the built model successfully predicts the experimentally observedftrend
that catchment efficiency increasing with increasingcfit energy. However, it was also
noticedthat there will be great gaps between the predicted and the measured catchment value if
the laser power absorptivity is set to a stable value (30%, 40% 05 60%). On the contrary, as
the Brewster effect describes, the results match well by using varying taser absorptivity.
In this chapteran average Brewster effect coefficiehtwas calculated by adjusting the laser
power absorptivity " to mach the measured catchmesificiency based on Equatio(3-19)
and(3-20).
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Figure3-7. Model predicted antheasured catchment efficiendy. v "Qa Q¢

Figure 3-8 compares the modeled and measured clad widths, clad heights and catchment
efficiencies with varying specific energy and powder feed rate. The experimental results have
low standard deviation values, indicating an excellent repeatability and precisiomortist
matches well with the experimental results. With increasing specific energy, the clad width, melt
pool length, clad height and catchment efficiency increase as well, which is consistent with the
results in referencg81][77]. For a given condition in the LPAM process, the higher specific
energy means there is more laser power at per unit area of laser track, which enlarges the melt

pool area as well as the powder catchment.

From Figure 3-8 (a), (c) and (d), it can be seen that for a given powder feed @ate (

v "o "Q9Y, the predicted clad width, clad ight and catchment efficiency abégger thanthe
measured resultglowever, with an increase tfe specific energy, the differem gap is smaller

or disappearThe higher specific energy increases the powder catchment as well as the clad
height and its noiplanar geometrical features. With an eledaclad height at a relatively fixed

width, the wetting angle increases thhe laser power absorptiviipcreased due to Brewster
effect. The model uses an average Brewster effect coefficient to compensate the increasing
absorptivity, which is smalleihain the real tim@arying laser power absorptivity. This may be

one of the reasons for the disagreement of the measured and predicted clad height shown in

Figure3-8 (c) for a higher powder feed rat@ ( x "¥a Q¢
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Figure3-8. Experimental and model predicted results comparisoficjajad geometry, (d) catchment

efficiency

For the specific energy values ihe rangeof (p T¢Tp wdtd & ), the maximum percentage
difference for the model predicted and experimental results are 6.2% for the clad width, 7.8% for
the clad height and 6.8% for the catchment efficiency. These resuttatealne accuracy of the
model. The develped model has the potential to effectively be used for designing
comprehensive controllers for the process by incorporating into high speed hardware platform.
The model can also be expanded to nmuitzzle LPFAM setups (e.g., LENS technology from

Optome¢ by combining each single powder stream as shown in referg&ez5]
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3.5.Summary

This chapter addresses a comprehensieglule that analytically couples the laser beam, the
powder stream and theemstinfinite substrate.The powder stream concentration over the
transverse plane was measured in terms of the powder feed rate, carrier gas feed rate and the
associated feeding nozzle set up. ThereafteGaassian function was built to describe the
powde stream concentratiod powdercatchment module was alderived according to the 3D
dimension of the melt pool and the powder stream concentrafgoerimental validation
through the deposition of Inconel 625 proves the model can accurately predietdtiyggometry

and catchment efficiency in the range of specific energy that is corresponding to high clad
quality (maximum percentage difference is 6.2% for clad width, 7.8% for clad height and 6.8%

for catchment efficiency).
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Chapter 4. Magnetic Concentration of Non-ferrous Metallic Particlesin the

Gas-powder Stream of LPFAM: Mathematical Modeling and Analysis’
4.1.Introduction

A major challenge irblown powderfeedingof the LPFAM processis to deliver powder to
precse spatial point to satisfgeometric precisionHowever, the current powdefeeding
methods generally lead to a wide and divergent powder stream, resulting in low powder
catchment as well as undesirable geometric accufscyghown inFigure4-1 (a) and (b) of a
lateral LPFAM, wherethe powder stream spreads much wider than the laser beam, and the
particles that do not impinge into the laser beam area might not be effectively depgsite
solid-solid surface impact ricochgt11]. Therefore, it is dsirable to narrow down the powder
stream for improving the fabrication precisiamdgpowder catchment as shownrFigure4-1 (c)

and (f)

Currently, eddy current sepéin (ECS)has been successfully used for metallic conducting
particle deflection with a highresponse efficiency. BasicallyCS utilizes the induced
circulating currents in conductirgarticles to react back axternal applied magnetic fieddby a
magnéic force[106,121] The generated magnetic force has a specific direction that deflects the
particles towards to the magnetic field strength decreasing direction. In addition, the generated
magnetic force habeen shown to be capablea#flecing the particles with size nging from
submillimeter[104] to millimeter [105]. Therefore, with a proper magnetic system setup (e.g.,
high radial magnetic field gradient), the induced magnetic force may be utilized for particle

concentration.

A large number of eddy current separation models have been built to explore thiexc&GH
process. In the recent review work, Smith et [aR1] summarized theoretical models for

magnetic force calculation. Based on their work, the farodels can be roughly emorizedas

" A similar version of this chater was publisbdas:

Huang Yuze, Mir Behrad Khamesee and Ehsan Toyserkani. Electrodynamic ConcentratiorfefdonMetallic
Particlesin the Moving Gagpowder Stream: Mathematical Modeling and Analysis. International Journal of
Magnetics and Elémmagnetism. 52019):019.
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numerical and analytical. For the numerical models, Faraday's law was first utilized to solve the
induced electrical field by the external magnetic fiHaIdAII vectors are set as bold font in this
chapte}. Ohm's law was then used to dicttie generated eddy currehtThereafter, magnetic
forces over the particle volumed can be calculated as | L | Qb by Finite Element
Method with applying fine domain discretization or mesh. For instance, Fengjid22jlbuilt
a new numerical model of the magnetic force by a jgimiulation of COMSOL and MATLAB,
leading to an efficient calculation for the particle deflection distance. By contrast, a closed form
analytical solution of the magnetic force can be achieved under the linear magnetic field case.
The force can be approxated by the magnetic dipormomentmodel § n 4 9| [123]),
where the magnetidipole moment! is analytically solved. Ray et HI24] and Nagel[125]
reported that the analytical adels possess a high accuracyfonce calculation for systems
equipped with the timeariant electromagnetic field or the permanent magnet source.

(a) ®)

Nozzle —

Powder
stream

Powder
/ stream

Noz’z"ie

ElNozzle Concentration generator Substrate [EEE Powder stream Laser beam

Figure4-1. Powder stream of the lateral (a, b, c) and coaxial (d, e, H)AMRRPprocess. (a), (d) Diverging
powder stream image. (b), (e) Schematic of the divergent powder stream and laser beam. (c), (f)

Schematic of the concentrated powder stream and laser beam.
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Inspired by ECS technique and the associated magnetic force madislshepter proposed and
theoretically tested a new magnetic concentration approach for submillisizete nonferrous
metallic particlefocusing in LPFAM. This innovative approach has atpntial application to
generate a tightly focused powder streamthe LPFAM process improving the powder
catchment and fabrication precisioAnalytical models for the effective magnetic concentration
force as well as the parteckoncentration angleese developeith considering the skin effect.
Conceptual design of the concentration generator was proposed with three different
configurations: the doublet Halbach permanent magnet quadrupoles (eldalllathPMQs),

the doublet electromagnet quadrupol@bubletEMQs), and the linear Halbach permanent
magnet arrays (linedfalbachPM). Numerical simulations of the concentration angle for the
proposed concentration generators were conducted for pure aluminum particlagaaltisof

0T L TU'TIA
4.2.Mathematical modeling

A few ideal conditions should be assumed here to conduct this research. First, as the particles
travel through the concentration generator, the powder stream will thin out (e.g. larger diameter

& od &) and the particles will not bausstantially impeded by the presence of other particles.
Second, the particle rotation angle tends to be zero during the induced magnetic force action time,
which can be explained by the fact that the response time of the eddy currauty( i,

calculaed based on referen¢®26]) is quite small compared with that of the particle rotation

peri od. Third, the effect of the gas drag f ol
drag force on the movingarticles were calculated based on the fluid mechdgdi2g] as

elaboated inAppendixC. It was found that the magnitude of the drag force is insignificant as it

is roughlyr® P ¢ bto that of the effective magnetic force.
4.2.1.Principle of the magnetic concentration approach

The schematic diagram for the proposed concentration approach is shéigur@4-2. The
concentration generator was designed with amlaisrshape. This special arrangement provides
a magnetic field with high radial gradient that the field intensity decreased significantly from the

outer circumferential layer to the inner center region in the transversesexism.
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Concentration generator

Powder stream

Figure4-2. Schematiadiagram for the proposed magnetic concentration approach. The magnitude of the
field intensity in the transverse cressction were marked with the color bar (the scale bar shows the
relative values), deeasing from the circumferential region towards to the center region from red color to

blue color. Inner radiuis and outer radius .

According to theFaraday's law of induction, eddy current may be induced in the conducting
particles as the particles travel through the alternating magnetic||fiefdthe concentration
generator. Subsequently, the induced eddy current will react back to the apptﬂeﬂi (7]}
generating a magnetic fordbat drags the particles towatd the field intensity decreasing
direction. Therefore, the outéayer particles may be driven blyet radial magnetic force the

inner region of the powder stream.
4.2.2.Magnetic force

As the conducting particgetravelthrough the magnetic field of the concentration generaso
shown inFigure 4-3, the dominant term of the magnetic fof€eexerted on the particle can be

expressed d423],

T6 16 10 .
le; 1)
|T"T T"T T"-Ih
|T|0 1o Tol’l
ITi T 1 T in
Mmo 16 Té’)rj
wartard

(4-1)
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whereq, i andt are the coordinates in the axfaldiattangential coordinate system. Here should

be noted that the displacement current is assumed as zero in the present research, accordingly,

n || minthe above Equatiof#-1).
I
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Figure4-3. Force analysis of the moving particle in the longitudinal eszgdion when the particle

travels through the proposed concatitm generator. (a) Radial velocity of the particle keeps centrifugal

direction. (b) Radial velocity of the particle changes to centripetal direction. Initial veloctyd

divergence angle . Final velocityw and divergence angte .
The effective magnetic moment cdoe derived agl28],

2 6 4-2)

LIJL ‘
wherg  the magnetic polarization coefficientthe magnetic permeability ama -“1 is

the particle volume with radius.

The coefficient is a complex variable and can be calculatefd 28],

. g @ ® Q

Py o OElgk OEdn

., HATGEATG " 3
v O OFIE OF e

Vg cnAl @ Al @y 1

whereny 1 j1 is a coefficient and is the effective skin depthh€ induced eddy current has

a nonuniform distribution in depth icection (known as skireffect). The skin depth here
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describes the distance from the surface that the current density redpg¢é3ofothe surface
value. The conventional skin depth can be calculated as,

P
! s (4

where, is the electrical conductivity arifls the magnetic field frequencWith considering the
particleds smal ¢Q tih,ithe leffeciwe skin(depth imaykbe expressed as

[130],

1heQ v
1 1 p A@DSQ mQ U (4-5)
Therefore, the transient magjic force on the particle cdre calculated as,
e 14
1’ (0] | 06 T o)
W ‘ (4-6)
’v o 08 T )
VLT 1

Based on thabove Equationg4-3)- (4-6)), the magnetic force componepnj changes direction

as the particle passing through the magnegl fas shown irFigure 4-3. Consequently, the
time-averaged vertical forc®  will be equal to zeroln addition, when the magnetic field
frequeny is relatively low that the skin depthis comparable with the particle size, the
magnetic polarization coefficient will be nearly imaginary Subsequentlythe phase of the
induced magnetic mome#it will approximately lag the magnetic fie||dby “j ¢ and the time
averaged magnetic force applied on the particle will be equal to zero. Therefore, the time

averaged radial magnetic force applied on the particle might be approximated as,

T ® L ®
L P
O N p ¢ i 4-7)
v o T .
W W0 —h o | ®

whereQ wé—+ @ & is the couple coefficient. The couple coefficiédts derived
based on the phase delay angle 0 W& & j&® between the magnetic moment and the

external magnetic field.

52



4.2.3.Concentration angle

According to the force derivation elaborated in the above Sedtdn, it is reasonable to
assume that the particle will be only affected by the gravity fo:'ucla,l is the gravitational

acceleratiopand the concentration force (1 ;)jas it tavelsthrough the concentration generator.
Here the particle mass is calculatedias ” w and” is the particle densityThen the particle

acceleration timéfor the concentration system with lengtican be expressed as,

GOEl  QBEl Qb
o - < (4-8)

wherew ande are the initial velocity and initial divergence angle (showFRigure4-3) when

the particle enters the concentration generator, respectively. Correspondingly, the final
divergence angle and final velocity when the particle exits the concentration generator are
represented by andw, respectively.According to the momentum theorem, simultaneous
equations can be derived as,

a i @ O} -
é(-n-;T(I)é-i -"-T(f)é.i ﬂé:ifob' (#+9)
Subsequently, the concentration an¥feas the particle travelling through the magnetic field
can be solved as,

. « < h i ®ajo 0

o R oi 'm0 o (4-10)

4.3.Conceptual design of the concentration generator

To achieve themagnetization configuration othe designed annukshaped concentration
generator as discussed in SecoR. 1, two possible quadrupoleased configuration systems are
sketched out ifrigure4-4 (a) and (b), in which the PM and EM are used as the magnetic sources,
respectively. The permanemtagnetbased quadrupoles (PMQs) can access to high gradient
fields, which can reach up tomm fiy & in a typicalp ™ & bore diameter structufd31]. By
contrast, conventional electromagnetic quadrupetapscan only achieva field gradienthat is

as hidh as50 T/m due to the comparably largeerture requiremefit32]. In addition, extremely

high gradient fields can be achieved for the PMQs under a Halbach arrayucatibin[133],

which can produce ovep Tt fiy & with av & & bore diameter arrangemefit34]. To fully
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explore the Halbach array configuration, a linear Halbach PM array wesiplso investigated

in this research.

The Halbach PMQs array is consisted by 16 sections ofvfiVimagnetization orients’, w 7

p Ylin transverse plane as showrFigure4-4 (c, e). The linear Halbach PM array is composed
by 12 sections oPM with magnetization orients”,  7tin longitudinal plane as shown in
Figure4-4 (d, f). As can be seen frofhigure4-4 (e, f), bothHalbach PMQs and linear Halbach

PM arraysgeneratanagnetic field that the field intensity decreases rapidly in radial direction.

In addition, t is noticed thatthe magnitude of radidield intensity|| » Of the Halbach PMQs
arrayis nota constanin the same radial layer as showrFigure4-4 (g). By contrastthe linear
Halbach PM arraproduce a nearly constant magnitude H)Lfor a certain radial layer ahown

in Figure4-4 (h). However the Halbach PMQs array can easily be extended to an alternately N
S and $N magnetization configuration in theaxis direction by changg the magnetization of
each PMQs aay. Accordingly, a relatively small magnet period with a high field variation rate
can be achieved. Moreovdhe inconsistenﬂ ,over the radial layers the cylinder Halbach
PMQsarray maybe ameliorated by apecfic doublet Halbach PMQs arrangementjerethe
second Halbach PMs set with ar dangle differencenagnetization compared that of the
first Halbach PMQs

54



B CEE s/ 2 s

7z

S -

2,
A

ez [fffo

Top PM
Middle PM
Bottom PM
2
1.8
1.6
1.4
1.2
1
0.8
0.6
0.4
0.2
Unit, T
. 1.4
4 1.2
\ 1
b 0.8
. 0.6
; 0.4
; 0.2
Unit, T Unit, T

(&) ®
Figure4-4. Schematic illustration of the proposed magnetic concentration systems. (a) Permanent

magnetbased quadrupoles. (b) Electromagnased quadrupoles. 3D view of the quarter segment (c),
magnetic intensity norm (e) and inner region (i ) radial intensitydistribution (g) of Halbach PMQs
array. 3D view of the quarter segment (d), magnetic intensity norm (f) and inner riegian)(radial
magnetic intensitglistribution (h) oflinear Halbach PM array. The blue and red arrows represent the
magnetic fieldirection.
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In sum, the magnetic concentration generator may be built with these three configurations: the
doublet Halbach permanent magnet quadrupoles (dedbleachPMQs) the doublet
electromagnet quadrupoles (doublEMQs) and thelinear Halbach peranent magnet arrays
(linearHalbachPM). The doubletHalbachPMQs are arranged with alternately SNand $N
magnetization cdiguration in zaxis directionand the magnetizationf quadrupolesorients

with T dangle difference in horizontal plane within each pair of the doublet quadrupoles.
4.4.Numerical results and discussion

The available neodymium N52 magnets with residual magnetic flux density TL.4%e
incorporated into the designed douldlbachPMQs. As he nozzle diameter of the powder
feeding process is typically smaller thadn & [34], the Halbach PMQs is built with inner radius
i ¢ a, outer radius p 1 & and thicknes¥O pa a. Thereafter the period_ of the
designed doubldtalbachPMQs may be evaluated by ¢O and field frequenciQcan be
calculated a¥2 &y _when the particle passing the system with velowitffhe magnetic field
distribution of the proposed Halba&MQs was isnulated by COMSOL Multiphysi&software
and the averaged flux density ( T@4) and gradient! (0 jT 1 x T 4f&) over the radis
zone pa & i ¢a &) were used to evaluate the concentration angle. A strongritelasity
of 0.5 T and high gradient &0 T/m[132] were assumed for the Efuadupoleconfiguration.
Process parameters of the numerical calculdtorthe designeddoubletHalbachPMQs and
EM-quadrupols are listed as Group 1 and Group 2 Table 4-1, respectively. Spherical
aluminum particles werasedin the numerical calculation and the material properties are listed
in Table4-2.

Table4-1. Process parameters

No Concentration system length Initial velocity ¢ Initial divergence angle
(mm) (m/s) (degree)

Groupl 6 2 10

Group2 6 2 10

Table4-2. Material properties of the aluminum partii€7]

Electrical conductivity (S/m) Density Kg/nt) Permeability (H/m)
3.5E+7 2700 1. 256665ET 6
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of particle diameter to skin depth and (b) Phase delay angle.

Figure4-5 (a) showshe ratio of particle diameter to the skin depth increases with the increasing
of the magnetic field frequency as well as the particle size. Baseitieophysical model
developed in Sectiod.2 low ratios of particlediameter to the skin deptkead to high phase
delay angles, which is clearlpbservedin Figure 4-5 (b). As seen, the delay angle is
approximately equal toj ¢ at the low field frequency case and decreases with the increasing of

the field frequeng as well as thearticle size.

Figure4-6 further explains the calculation results showrrigure4-5. As can be seen irigure

4-5, with the increasing of the magnetic field frequency, the magnitude of polarization
coefficient real par€ increases and the magnitude of imaginary @aitcreases first and then
decreases. Accordingly, the phase delay angle decrdagase@-5 (b)) and the corresponding
couple coefficient increases with an increase of the field frequency. Gresré¢tie magnetic
force rises with the increasing of the magnetic field frequency. However, for thessreall
particles with radius  p 1114 the magnetic force will be quite weak even with an extremely
high frequency (e.gp- ( )J which is due to théact that the smaize particles will lead to a

low ratio of particle dimeter to skin depth and a largkase delay angle (shownkimgure4-5).

This phenomenon magiso be explained by the theory that the induced eddy currents are

restricted by the lack of space or high resisti{i§5].
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Figure4-6. Polarization coefficients, phase delay arsgiad couple coefficiestfor aluminum particles

over the magnetic field frequendy. o T'mA

According to the results as shownHigure4-5 andFigure4-6, it is reasonable to derive that the
effective magnetic force will be wersmall for the inearHalbachPM configuration due to the
relatively low field frequency. Therefgrethe powder stream may not be effectively
deflected/concentrated by the linddalbachPM configuration. An experimental case study
(shown inAppendixD) was also conducted to verify this conclusilmthe following part of this
research,hte concentration angles for the configurations wlibubletHalbachPMQs and EM

guadrupolesvere calculatedndera wide range of magnetic field frequency
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Figure4-7. Magnetic fieldsimulationof the concentration generator unétalbachPMQs configuration.
(a) Magnetization configuration 3D view with magnetic field intensity norm (T), the red arrows represent
the magnetic field direction. (b) Magnetic field intensﬂtyZD distribution in the transverse cressction

(& ). (c) Magnetic field intensit)“ , variation along— 1 anda 1 (d) Magnetidield gradient

161 ivariation along— tandd 71t iInnerradius ¢ & @, outer radius  p T Q.

Figure4-7 shows the simulated magnetic field for the proposed amnshiaiged HalachPMQs
by COMSOL Multiphysic8 software. The magnetization configuration is clearly shown in
Figure 4-7 (a) andthe induced radial flux intensitH/,within the inner regioni( i) of the
Halbach PMQs is shown iRigure4-7 (b). As seen, the radial magnetic fighdensityincreases
from the center layer to the circumferential layer within the Halbach PMQs inner régjone
4-7 (c¢) andFigure 4-7 (d) show the magnitude ch,and gradierft6 jT irise towards to the

outer crcumference along the radius, respectivélyerefore, it can be derived that the magnetic
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concentration forcavill be much larger for the particles in the outer layer of the powdemstrea
than that in the inner layer. This is a desirable force distribution patitece the owdr layer

particles have a larggivergenceand are expected to be exerted a high magoencentration
force
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Figure4-8. Simulated (a) force and (b) concentration angle of the concentration generator with-doublet
HalbachPMQs configurationgalculatedc) force and (d) concentration angle of the concentration

generator with doubleEMQs configuration.

Figure 4-8 presens the calculated magnetic forces and the concentratngtes over a wide
range of particle size for the proposed concentration generators. All simulation results shown in

Figure 4-8 (a-d) indicate that the effective magnetic force and the concentration angle increase
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with the enlarging of the field frequency as well as the increasing of the particle size. From
Figure 4-8 (ab), it can be seen that the doubtglbachPMQs configuration cannot be
effectively used for smablize particle v 'Y o v T & concentrationand the maximum
concentration angle is smaller thaer largesize particlesd¢ v TY v TTTTQ. The reason

may be attributed to the relatively low field frequency that the induced skin depth is comparable
with respect to the particle size. Based on the process parameters listabtlerd-1, the
equivalent magnetic field frequency of the doultlelbachPMQs configuration is calculated as
small asp "Q"0By contrast, the EMjuadrupole configuration can be easily set with a-tegke|
frequency, with is capable to deliver large magnetic force and concentration angles as shown in
Figure 4-8 (c-d). A numerical simulatiorfor magnetic forces on amluminum particle wh a

radius of'Y o mTdawas run in the ANSYS Maxwell V16 software as elaborated in
AppendixE. An averagednagnetic forcef @ 11 Owas achieved under the frequencyaf 'O

This result isapproximate tahe analytical calculation as shownRigure4-8 (c). However, for
particles witha radiusof 'Y  p m Tt & the magnetic force will be insufficient under high
frequency (e.gp - ( Vas illustrated irFigure4-8 (c). The reason may be explained by the fact
that the smalkize particles will lead to a low ratio of diameter/skin depth and a large phase
delay angle as shown in igure4-5.

4.5. Summary

In this chaptera new magnetic approach that utilizes the induced magnetic foroerderrous

metalic particles concentration ithe gaspowder stream of LRAM was investigated The
effective magnetic concentration foscm the proposed configuratierwereexplored and an
analytical concentration angle model was developed with considering the skin é&ffeee
differentconceptual designs of the proposed concentration genemrateranalyzed. It was found

that the particle size has a strong effect on the effective concentration force as well as the
concentration angle. For a specific particle size, the magnetic field frequency should be large
enough thathe induced skin deptls much smaller than the particle size to achieve an effective

concentration.

Both the numerical calculation and the experimental case stuoly that the proposed PM

basedconfigurations (doublelalbachPMQs and lineaHalbachPM) cannot be effectively
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used to concentrate the aluminum particles with diametep 1 1t T due to the low induced
magnetic field variation frequency. But the numerical calculation shows that the proposed
doublet EMQs concentrationwith high frequency is capable to concentrate particles with
radiusof i p v'Td It was found that particles with of 300° &can be concentrated with

more than % angle vaiation at the frequency &00kHz
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Chapter 5. Comprehensive AnalyticalModel of the LPF-AM Process
5.1.Introduction

In this chaptera newcomprehensivenodelng of the LPFAM procesghatrangesfrom single

track to multitrack and multlayer depositionis built. For the multitrack and multiayer
scanning, the @umulated temperature field &lded to the initial temperature field of the
following layers/tracks to quantitatively describe the accuradldteat effect. Subsequently
dynamic thermal field of the multrack and multlayer deposition can be builtnd the
corresponding heating/cooling rate and geometry profile can be estirratsddition, powder

mass distribution is incorporated into the transient thermal fildule based on the built heat

and mass flow coupling model developedGhapter 3 Additionally, the model considers the
melt pool shape variation as the liquid melt pool bead spreading on the solid surface, in which an
i s ot hwettingigade is assumed and a dynamic contact angle is solved based on the Hoffman
Voinov-Tanner law[136].

5.2.Model formulation
5.2.1.Thermal field

In the singletrack deposition of the LRAM process, each point along the laser scanning path
will experience a thermal cycle, in which the transient temperature may range from the ambient
temperature to a high temperature (e.g., melting temperatureYhandcooling down. To
guantify this thermal cycle mathematically, the temperature distribution in time and space
domain should be solved. The solution for the temperature rise of an instantaneous point heat
source in the senrinfinite homogeneous solid wittemperature independent propertias been
presented in Equatiof2-3). The solution is derived from Green's function with the absence of
convective and radiative heat flow, which has been validated in the context of additive

manufacturing process modeling and shows a good agreement with the experiment

" A similar version of this chapter was published as:

Huang, Yuze, Mir Behrad lKamesee, and Ehsan ToyserkakiNew Physicsbased Model for Laser Directed
Energy Deposition (Powdded Additive Manufacturing): From Singleackto Multi-track and Multilayer. Optics
& Laser Technology 109 (2019): 5&99.https://doi.org/10.1016/j.optlastec.2018.08.015
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[17,76,93,137] Research studig85,138] showed that the heat lost amount by radiation and
convection is negligible in the comparison tattbf the heat conduction. Thus, the heat radiation

and convection effecre not considered in this chapter

Based orEquation(2-3), for a moving heat source (movingeedd h) ) with an arbitrary power
intensity distribution that is releasedra®d (16 Q('Qd from timet Tmtot o, the
temperature rise of the interest paint ofudty in the moving heat source coordinate may be
derived with summing up éhintegration of the instantaneous point source over the whole

specific heat source zone as,

Y'Y &

where, Fshi are the coordinates in the moving coordinate system.

In the multitrack and multlayer deposition, the residual heat from prior layers/tracks may
induce a higher initial temperature for the following layers/tracks. To count for the heat
accumulation effect, the accumulated temperature field from priorskngaks are added to an
adaptive initial temperature field for the following layers/tracks. The accumulated temperature
field may be estimated based on the cooling effect of prior layers/tracks. As the residual heat still
acts on the prior layers/tracksrfsome time, the input heat source cannot be switched off for the
cooling effect simulation when the laser beam moves to the following layers/t&8&{sThus,

the imaginary moving heat source thed8s,137,139]may be adopted to approximate the
cooling effect of prior layers/tracks, iwhich the prior layers/tracks cooling patterns are
extended on the time domain by assuming the corresponding imaginary heat spyreéf (
move continuously in prior layers/tracks with their initial powgr ( 1} ) and original direction

after the dposition ending timed() as shown irFigure5-1.
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Figure5-1. Schematic diagram for the cooling effect simulation by using the imaginary moving heat

sources. (a) Active heat soungeandr) , (b) Active heat sourcg , 3 andn .

Similarly, in the case that the laser beam is turned off for a dwell time andutesuccessively

on the following layers/tracks, the transient cooling solutions of prior layers/tracks may be
estimated by activating the imaginary negative heat soufcgat(the dwell starting time

(shown inFigure5-2 (b)). Here has to be noted that the magnitude of the heat sources are equal
to each othery 1 1 and the dwell starting time is the same time moment of the
deposition endingrme 0 0 . Therefore, the adaptive initial temperatlyeof the interest

pointdd  cfuhx at time momenbmay be estimated as,
Yoom YYah o YYad o Y (5-2)

where’Yi s the initial temperature. I n the <case
lasers/tracks and runs successively on the following layers/tracks (it is recommended in-the LPF
AM process to improve the @ecess efficiency), the adaptive initial temperature of following
layers/tracks can be easily calculated based on the EquatR)nby setting the second term
Y'Y 0 T

In the multilayer and multitrack deposition as shown kigure5-2 (track hatch spac®, layer
thicknessQ and track lengtl®), a lefthanded coordinatexiUiU is built to be moving together

with the laser heat source with its origin located at the laser beam center. The laser is switched
on at timed and moving with a speadalong the yaxis. Under the lateral feeding cagbge

powder feeding nozzle is assumed to rotate 180 degrees at each time that the laser beam changes
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scanning directionThus, the adaptive initial temperatuté, for the interest point

ofthU of ¢ ®track andy 8Qlayer at time momenimay be derived as,

Yy QD
. Yh ¢ phtx P
1P R . .
I'p YY o 0o e 1058
I’ o el O w ¢ "Q0hdu Yh
o Yo oy
h
b p & & M a p
Iv f “e, i a s
I’ Y'Y who 0 . e e .
o o @ il a Q0 YR
i Y o o (5-3)
Vi € & plp a
LY B Yy oo o . .
v - ® o € QHWU 1QpQ
I’ YY oo 0 j
Y R y
¥ Y'Y who o e e
(3 e w w & QO0hdu Yh
Uy . Y oo 0 j
R
i p & & Ip a «a

where'Gand Qlenote the track and layer scanning index, respectiveljie deposition starting
time of the’QBtrack andQBlayer,o 0 0] U the starting dwell time of th€Gtrack

and’Qfayer, ¢ the total track number in each deposition layer andithe is the toal

layer number during the muttiiack and multlayer deposition.

With considering the high cooling rate of the LRM process, two aspects should be improved

for the calculation of the above adaptive initial temperatdge . On one hand, the resal

heat amount of the prior layers/tracks may decrease to a very tiny value as the laser beam scans
over the following layers/tracks, it might be desirable to discard such small accumulated
temperature calculation for some prior layers/tracks with mtspethe setting toleranc& (Y

"YO 0). On the other hand, the transient temperature value at the time momeani U that

the heat source scans over one laser beam radimgght be set as the saturation temperature

“Y ;. Thus, the aabtive initial temperaturéy ; can be expressed as,

. Yu RYn  Yi oo, s o
Y eiye v BOYR o YYeRYjo oty (5-4)
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Figure5-2. Schematic diagram for muitrack and multlayer deposition. (a) Top view, (b) Sid&w, (c)

Laser scanning patterrafilhU left-handed coordinate.

The laser beam with Gaussian Tkivhode is used in theesearchand its intensity distribution

"0cfitiU is described in Equation(8-6) and(3-7). In the LPFAM process, the laser beam will

be attenuated by the powder stream before it reaches the substrate surface, and the powder that
impinges into the melt pool will draw energy immediately from the melt pool to increase its
enthalpy. As the attenuatdaser power were mainly used for heating the powder stream, the
total energy that added into the melt pool may be approximated by the sum of the energy of the
original laser beam and the unheated powder stream. The enthalpy exchange for the particles that
strikes the melt pool may be considered as a local surface pfdd&$sand hence the mass

source of the powder stream might be expressed as a negative heat source,
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Ol G Q& eftfy Y Y (5-5)

where” ofudtr the powder stream concentratian, "G “i the particle velocity "Qis the
powdercarrying gas feed ratendi is thenozzle inner radius) andis the nozzle inclination
angle. The derivation fdr afuhx are elaborateih Section3.2.1, which are formulated with
considering the powder stream properties (powder feedirapwwder divergence angleand

feeding nozzldeightO ).

Accordingly, the mass and heat flows of the process might be analytically coupled together with
the equivalent resultant heat flix ofith)  "Oahli) O oflhU . Thereafterthe temperature
rise may be calculated by the followimtegration based on Edian (5-1),

Y'Y oo

O, h-hx , ‘ Y
@*“ o t ! 1o f

T

Y @ w vt - U

Equation(5-6) can be further simplified aselow and the derivation is given AppendixF,

Y'Y 6o
0j o ® o U o
” * “C N — 'Q T!T J T 'Q(br] c- \ T “
ANV il Y ¢ o °¢ Y ¢ ot © o T (57
wa Y Y] ot _ .. cw W 01Hi Q& . o
- : Qwn - S :
i g o 7 i g o f 11 o %

In consequence, the temperature field for&h@track andx dQayer at time momenrimay be
derived as,

Yoo YYoh o Yy QD (5-8)
To improve the model fidelity, the effect of latent heat of fusiBrewster effect on the process
laser absorptivity and the Marangoni flow effect were considered as described in Equations

(3-18)-(3-21).
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5.2.2.Clad geometry

The integral in Equatiofs-7) doesnot have a closetbrm solution. Hbwever, it can be edgi

solved with numerical calculation. Then the melt pool dimension (e.g., widtlengtha and
depthQ ) is estimated based on the sdlglid interface boundary. Accordingly, the clad width

0 is estimated by the melt pool width, and the claightQ is derived based on the mass
balance over the melt pool area. Experimental results of the reg@d@}lshow that the shape
of the clad track can be approximated by the parabolic function with a high accuracy. With
assuming the crossection boundary of the clad to be a parabstiape, the clad height can be
derived as,

oui QE

A1)

, " ofud QY (5-9)
cL U
whereSis the melt pool projection area on the substrate plane. However, the shape of the liquid
melt pool will be varied as it is spreading on the solid surface before the contact line is settled.
The surface tension will act on the phase triple point to mioeghase line in such a way that

the dynamic contact angletends to a final wetting angle as shown irFigure5-3.

Figure5-3. Schematic diagram for the dynamic contact angle variation

The original droplet contact angle can be estimated as 0 @& 1Qj 0 8With the
isothermal spreading assumptiothe spreading bekisor of the liquid droplet before contact line
being arrestedan be expressed basedHwifmanVoinov-Tanner law136,141]

-1 0 | (5-10

where' the liquid metal viscosity) the contact line spreading velocity, the liquidvapor

interfacial tension andis usually approximated as a universal constant with a value of 0.013
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[141]. Although the realistic molten metal droplet wetting ima-ins ot her mal confi
[142], thei s ot hwestting assumption here may not spoil the validity of the proposed model

since the temperature variation may be negligible during the tiny time of liquid bead spreading.

Based on Youngo6s equatdaobe derivechdd36le qui | i bri um an

AEN rr_r (5-12)

in whichf and’ represent the sohdapor and solidiquid interfacial energy, respectively.

In the LPFAM process, the composition of the clad material and the substrate are almost the
same or be very similar to each other. Thus, the interfacial energy between the clad nucleus and
the solid substrate or prior layer will have the relationship as tmtwhile the interfacial

energies [ [2]. Therefore, the equilibrium wetting angle should tend to zerd( m).

As the radially outward ntoi on of the contact | ine 1s driven

the contact line acceleration may be approximated as,

LT 08l ogio
00 5 (5-12

With combing Equationés-10) and(5-11) to Equation(5-12), the dynamic contact angle can be

derived as,
b ST A s o~ ma‘ (‘) B tryy Y H
| O ¢oO A Ia}E,T 0W@ Wd jo (5-13

As proposed by Stefano and Aii41], the contact line will be settled less than,,; in which

Q.. " U Jg X s the inerl oscillation time scale. Therefore, tfiaal wetting angle
| may be approximated by Equati¢s-13) with 6 0Q ., With assuming the liquid cla®y
has a parabolic boundary at the beginning and then forms a parabolic section as the contact line

is settled,, an area conservation function can be derived as,

Y20 267 (5-14)
(o) o)

whereb and™Qare the final clad width and height, respectively. Based on Eqd.9)1&he final

clad width and height can be calculated as,
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With assuming the renelt zone on the substrate has a parabolic geometry with™area
¢0 Qj g, then the geometry dilution may be estimated by the ratio of the clad area te the re

melt area in the crossection plane as,

QQa o0 —8{»:—65 (5-16)
The single track shape may be estimated by the parabolic functigdclis & o ®
OOO MO0 with the coefficientsd ¢ T ,0w mand®®w 'Q which can b
calculated based on Equati(Bt15). It should be noted that the clad widthand heightQwere

calculated based on the transient thermal field in the moving laser coordinate as shunein

5-2 and thus they should be a function of the tinee positionw 0 0

For the multitrack deposition, the overlapping tracks will be deposited successively with an
overlapping rati®d 'Y 'O 'O j O that is defined based on the hatch space. As the surface
tension will lead to different cladding angles for the following tracks, the fmattk overlapping
profile cannot be directly predicted based on the addition of each individual pfpfisAlso,

the residual heat frorte prior tracks deposition may still keep a relatively high value during the
following tracks deposition, the thermal patterns of the following tracks will not stay constant.
Therefore, the following tracks geometry (e.g., width, height) cannot be asssn@donstant
value. Inspired by the recursive overlapping profile model proposed by V. Oceli{Bt@).a

new dynamic multtrack profile model was developed based on the transient temperature field
presented in Section 2.1.
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Figure5-4. Schematic diagram for the derivation of the dynamic ritdtik profile model

As shown inFigure5-4, theQ track shape may be calculated with the parabolic fun&fon

O® o & and the coefficientsd o i may be derived by solving the following

equations,
. Q0 "Q 0
""Q 0 T
¢L Q (5-17)
"QQ w Q Qw

Vi
The above multtrack shape model may also be easily extended to simulate thdayeftand

multi-track profle with assuming the new layer is deposited on the top surface of the first track
by moving a hatch space distance.

5.3. Materials and experimental procedure

In this study, the water atomized pure iron powder (Rio Tinto, Melbourne, Australia) was
deposited orthe sandblasted cold rolled 1018 steel substrate (75 x 15 *¥)Jmna LPFAM

setup developed ihouse. This setup includes a continuous IPG photonics fiber laser with the
maximum power of 1100 W that is installed in a Fadal CNC machine. The powder feeder
purchased from Sulzer Metco is used to feed materials through a lateral nozzle. The particle
morphology was measured by the scanning electron microscope and is sheguréd-5 (a).

The powder size distribution was measured by the CAMSIZER X2 (Retsch Technology, Haan,
Germany) and is illustrated igure5-5 (b). As can be seen, the particle has an average size of

30° d&in diameter. The thermphysical properties of the iron powder are considered to be
temperature independent, and the thermal parameters are averaged over the temperature range as

shown inTable5-1. Experiments were done to test the built model with sitayté, multilayer
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thin wall structure and muHayer/multitrack structure with the same track length of 30 mm.
The experimental prass parameters are listedliable5-2.
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Figure5-5. Pure iron powder characteristics and sifigdek transverse crosection view. (a) Powder

morphology, (b) Particle size distribution, (c) Transverse esestion with large dilution.

The samples of the singteack deposition were crosectioned, moued, polished and etched
with nitric/hydrochloric solutions (2% Nital). Then the clad width, heightimedt area and
wetting angle were measured by a laser microscopeX®BOK (Keyence, Itasca, USA) as
shown inFigure5-5 (c) with a transverse crosection view. The clad heights of the thall
structures and the 3D profiles of the deposited atattk and multlayer structures were
measured by alBoptical scanner (AICON, Meersburg, Germany).
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Table5-1. Particle thermalphysical parametef§43]

Melting Temperature Density” 0 "4 Thermal conductivityQ Specific heato

You Gj & G 0

1811 (1538 ) 7870 (253 )-7035 80.4(253 )-34.6 447.31 (25 )-822.1
(1538 ) (1538 ) (1538 )

Table5-2. Process parameteiiar iron powder deposition by LREM. (The viscosity and the surface
tension were cited from referendet3))

Parameters Values Par ameters Val ues
Proces® spe 2, G8ji Laser Opower , 4290 @
Fafri el d—anglO0. CAd[ Brewster effid'e 0. 0196
Beam wai ¥t 0. &% Laser absorfpt 0.6
Beam wai sb 13.84 Carrying das 2.8pa Q¢
NozzI|l e®©Oheig 8, dad NozzI|l e+ angle, uvn
Nozzle intie 0. dd Track 0O ength, 30a4aa
Correcti‘on 2.[567] Track ha©ch s 0. Z&
Viscosity, 0. 0 0cBkBa d Depositio® th o0.8&a
Powder faeed 2, 4 [g/ mi Powder dive+g o&
Ambient té&m29&] [ Surface tensi 1.88 [ N/

5.4.Results and discussion

In this section, sufficient details are provided to use the proposed model for thermal field,
heating/cooling rates, melt pool dimensions, raler/track initial temperature andad
geometry prediction. The model was verifiedsi ng t he measurements
i nc | usthgletrgck, multilayer thinrwall structures and muitack/multilayer patch

structures.
5.4.1.Thermal field prediction

Figure5-6 shows the temperature calculation results for different points (illustratédune5-6
(a)) along the laser scanning path of a sktglek. The thermal cycle patterns of the points along
the laser beam scanning path are clearly showhigare 5-6 (b) andFigure 5-6 (c) when

different process speeds are used for simulation.
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Figure5-6. Transientemperature and heating/cooling rate of a sitiglek scanning. (a)
Schematic diagram of the interest points on the single tieftkandedcoordinate(b), (c)
Transient thermal cycle for points (Qy,z=0.2) and peak temperaturg(iblack solid line) for
the moving points (0, y, z=0.2) that just under the laser béamy 0(d) Transient thermal
cycle for point B (0.2, 12, z=0.2). (e) Heating/cooling rate for poip{®2, 12, z=0.2). Laser
power 700 W, powder feed rate 2 g/min, nozzle height 10 mm and.§, y.=1.8, ¥3:=6,

Ypa=12. Length unit is mm.
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As it can be seen, the peak temperatures for the rest pbthts along the scanning path reach a
steady state just after the laser source onset, which may be explained with the energy balance
that the energy input rate is equal to the energy dissipatiorFigtee5-6 (d) illustrates that the

peak temperature decreases with increasing process speed, which may be attributed to the fact
that energy input per unit time decreases with the increasing of theirsgapeedrigure5-6 (e)

shows the heating/cooling rates with different process speeds. Accordtigute5-6 (e), at a
constant laser power and powder feed rate, the maximum of heating/cooling rates increases with
the increasing of the process speed, which is consistent with the resultsteraeré[144,145]

As the thermal field (e.g., cooling rate) has a strong effect on the microstructure formation
[146,147] and residual stressg448], this developed model may be used to control the

mechanical properties by predicting the thermal field based on the process parameters.

Figure5-7 (a) andFigure5-7 (b) show the schematic diagram for the adaptive initial temperature
calculation in the mullayer singletrack and the singlayer multitack depositin process,
respectively The scanningpath follows the parallel pattern that is shownFigure 5-2. As
illustrated in the model theory of Section 2, the initial adaptive temperature &blkhneing
layers/tracks may be computed by summing up the accumulated temperature field from prior
layers/tracks with a distance of layer thickn€ssr hatch space hatch spa@ein each iterative
computation. The predicted adaptive initial tempeegifor the multlayer thinwall structure
deposition along the track length are showkigure5-7 (c, d, e, i, k) and the anticipated initial
tempeature for the multirack single layer deposition are illustratedrigure5-7 (f, g, h, j). As

the laser scanning start point of the second lagek(tis the end point of the first layer/track, the

initial temperature of the second layer/track rises up instantly and gradually decreases as the laser
beam passed, which is in accordance with the eplaadys t at e Rosent hal 0s
solution in[83].
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Figure5-7. Adaptive initial temperature simulation for meiliyer/track deposition. Schematic diagrams

for the adaptive initial temperature calculation of (a) sigdek and multiayer thinwall structure and
(b) singlelayer and multitrack structure. Calculadeadaptive initial temperature of (c, d, e, i, k) thiall
structure and (f, g, h, j) singlayer and multitrack structure. Layer thickness 0.31 mm, hatch space 0.98
mm with 30% overlapping ratio, laser power 650 W, scanning speed 3 mm/s, powdetdeéed/nain,
nozzle height 8 mm and track length 30 mm. The points position that were used for the initial temperature
calculation of multlayer @0 mufd & 'Q ) and multitrack © ¢ &0 fudit ) were marked with

color balls in (a) and (b), resptévely.

CompareFigure 5-7 (c) with Figure 5-7 (d), it can be seen that a larger adaptive initial
temperature will be achieved for a shorter track length (scanning distance) in thdraicigknd
multi-layer deposition. And the initial temperature will be reduced with adding anlaytr

dwell ime (shown inFigure5-7 (e)). The results ifrigure5-7 (f, g, h) show a same trend in the
singlelayer and multitrack deposition with that of the mulayer deposition. The reason may

be attributed to the fact that larger scanning path or-layer/track dwell time will increase the
cooling tme of the prior layers/tracks before the next heat loading comes and lead to a slighter
retained heat. By increasing the layers/tracks numbers, a larger initial temperature will be
achieved as shown iRigure 5-7 (i, j, k) due to a higher amount of heat loading. And one
solution to lessen the accumulated heat effect is to add anlapesftrack dwell time as
exhibited inFigure5-7 (e, h, k).
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Figure5-8 A comparisorof the model calculatechulti-layerinitial temperatures in current research and
prior research of Li et al83].(a) Calculated initial temperatures @iyler 2 and layer 57. (lReference
modelresults with60 layers. (cCurrent research adel results with 60 layer$he thermaimechanical
properties of the powder material and the associated process parameters were based eANhe LPF
deposition of Ti6ALT 4V in the research work of Li et 483].
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Figure5-8 compares the initial temperaturémst werecalculated by the current model with that
predicted by the model &f et al.[83]. As observed fronfrigure5-8 (a)-(c), the predicted initial
temperature of current research show higher temperature gaduel larger ooling rates than
that calculated by the model of Li et al. Tin@jorreason may be caused by the fact that a quasi
steadyst at e Rosenthal s solution was wused in

t h o

steadythermal featureat timeo© Ho. By conta st , a transient Greenos

applied in the current research, being abledtrulatethe transient thermal variations in the
LPFAM process.Another factor that may contribute these differences is the omission of the

feeding powder and #ir associated concentration distribution in the built model of Li et al.
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Figure5-9. Melt pool thermal field distribution at the time momeat (07¢0) that the laser beam moves

to a halftrack length. (a) Peak temperature field in xy plane (substrate surface plane), (b) Temperature
field in yz plane (longitudinal crossection), (¢) Temperature field in xz plane (transverse @@st$on).
Process speed 6 mm/s, track length 30, haser power 600 W, powder feed rate 2 g/min, nozzle height

10 mm. The melt pool boundary is indicated by the black dash line (T=1811 k).

Figure5-9 illustrates the calculated melt pool temperature distribution. The melt pool boundary
is identified with the liquigsolid isotherm and the melt pool dimension is labeled with width
lengtha and deptiQ . Up to now, it is still challenging forng sensing technology to measure

the temperature field in the melt pool depth direction, thus thdime@lmelt pool depth cannot
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easily be measured or validated. By contrast, the built model can efficiently be used to predict
the temperature field in thi#gansverse crossection Figure 5-9 (c)) and longitudinal cross

section Figure5-9 (b)) for estimating the melt pool gth during the LPFAM process.
5.4.2.Clad geometry verification

Figure 5-10 shows the calculated powder stream concentration based on refi@€haed the
correspondingpredicted singlérack profile. As shown in Figure 5-10 (a), the pwder
concentration is not distributed evenly over the substrate surface, instead, it is denser in the
center of the powder stream and inclines toward the powder feeding direction, resulting4n a non
uniform clad height distribution over the melt pool. Téfere, it is essential to consider the
powder concentration distribution in clad geometry predictibgure 5-10 (b) shows that the
predicted singlérack height varies over the transverse csEsgion, which is in consistent with

the measured track profile as showrrigure5-10 (c).

~N

Powder concentration [Kg/m3]
o

0.18 ‘

Height h [mm]

(®)

()

Figure5-10. Powder stream concentration and siAg#ek profile. (a) Powder stream
concentration, (b) Predicted singlack profile, (c) Measured singteack profile. Process

speed 2 mm/s, powder feed rate 2 g/min, nozzle height 10 mm and laser power 550 W.
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Figure 5-11 compares the model predicted clad width, height, dilution and wetting angle with
that of the experimental measurements. Two combined specifiogyer@alance terms

O 0jvO andO 0 &0 were used to address the process and compare the modeled
and measured clad dimension and dilution. The energy@emapresents the energy limit for
continuous laser deposition a@d describes thenergy limit needed to melt the powdéd],

which are two important engy limits for building the proper process parameters window. As
seen, the model predicted results match well with that of the experiments, and the model

prediction accuracy is extensively improved with considering the liquid melt pool spreading
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Figure5-11 Singletrack dimension and dilution. (a) Clad width, (b) Clad height, (c) Dilution, (d)
Wetting angle. Theory 1 and theory 2 represents the calculation without anwbwdtdering the liquid

melt pool spreading, respectively.

81



Figure5-11 (a, b) show that the clad width and height increase with incre@sjnghichmay be
explained by the fact that the energy input at per unit area of laser track is intensified as
increasingO , thus the melt pool area as well as the powder catchment are magnified. It can also
be seen that at a const&nt the clad width and abl height increase with enlarging the powder
feed rate. The slight increase of the clad width is quite interesting. One reason may be attributed
to the fact that the process laser absorptivity rises up due to the Brewster effect when a higher

powder feedate is employed.

)

Process speed v[mm/s]
o

12857 15000 17143
Specific energy E,, [J/(g- mm)]

Figure5-12. Transverse crossection view for dilution variation with varying specific energy balange E
Powder feed rate 2 g/.min and nozzl e

Figure5-11 (c) andFigure5-12 both show thiathe dilution percentage rises with enlarglng,
which is in accordance with the truth that a higBemrepresents a greater energy level for larger
amount of powder melting. As shown kigure5-12, the higheiO is characterized by a larger
re-melt zone and therefore induced a higher value of dilution. Besides, a threshold exists for the
'O Dbefore dilution occurs, which is consistent with the referd@dé Theefore, the energy
balance tern©O may be used as a reference threshold for dilution control or prediEtgure

5-11 (c) andFigure5-12 also indicate that the dilution rises with the increasing of the process
speed at a constabt value, but the dilution increasing rate decreases with taegemg of the
process speed, which is in agreement with the experimental respiy.ilsince the dilution is

an extremely important quality index that indicating the level of the-lay@r bonding and
composition[149], a proper dilution percentage should be kept (normally betweern3008) to

ensure good layer integrity and pore free depositici®]. It would be beneficial to use the
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proposed model for theldiion prediction and controFigure5-11 (d) shows the laser power

has a mildly negative effect on the clad wetting angle, whereas the powdeateedads a large
positive effect on the wetting angle, which agrees well with the conclusions in the literature
[150,151]

Figure5-13 compares the model predicted height with the experimental measurement of a multi
layer thinwall build. The nodel height is calculated by accumulating all the prior sthgley e r s 6
height. It can be observed frdagure5-13 (b) that the measured and forecasted height along the
track length match well with each other, especially at the two ends of the track. Both the
measured and predicted results show that the clad height is larger at the two end points than that
of the restpoints along the track. This two humps phenomenon agrees with the experimental
results in referencf83] and may be attributed to the higher initial temperature at tharbeg

points of each layer than that of rest points along the track, which can be clearly Bepmen

5-7 (c) andFigure5-7 (d).
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Figure5-13. Dynamic clad height along the track length of the malter thin wall structure. (a) Side

view, (b) Measured and predicted clad heighla s e r power 650 W, scanning
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Figure5-14. Measured and predict&D profiles and the associated transverse esesfion
contours of the mukltirack/layerbuilds. (a) Measured 3D, (b) predicted 3D and (c) the
transverse crossection (at y=15 mm) contours for alager and ningrack patch structure
build, hatch space 0.58 mm with 58.6% overlapping. (d) Measured 3D, (e) predicted 3D and (f)
the transverse osssection (at y=15 mm) contours for thrlager and sixtrack patch structure
build. Layer thickness 0.31 mm, laser power 65Qré¢k length 30 mmscanning speed 3 mm/s,

powder feed rate 2 g/minamdo z z1 e hei ght 8 mm.

Figure 5-14 shows the measured and predicted 3D profile and the associated transverse cross
section contours of the muttiack/layer builds, in which the build 3D profiles were simulated

based on the litt dynamic multitracklayer profile model. Here has to be pointed out that the
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scanning pattern for bothigure 5-13 and Figure 5-14 all follow the parallel scanning path as

shown inFigure5-2.

As observed, the predicted dynamic heightFigure 5-14 (b) and(e) match well with the
measured results iRigure 5-14 (a) and(d), respectively. It is interesting to notice the realistic

top surface waviness shown kiigure 5-14 (b) and(e), which indcates that the built dynamic
model may be used for final surface waviness predictiogure 5-14 (c) and(f) depict the
transverse crossection contours at the hdthdk length planey=15 mm). The theory predicted
contours are shown with the blue lines where each blue line describes one prior track contour and
their accumulating combination was used to represent the final contour of thdayentirack

builds. As seenthe theoretical calculated contours have a comparably larger height than that of
the experiment measurements, which may be attributed to the ignorance of the heat convection
and radiation in the theory model that induced a larger melt pool as welligisea tleposition

rate. The thermal field will increase significantly due to the heat accumulation effect in the multi
layer/track deposition, which may lead to a more pronounced convection and radiation at the
high level of temperature field condition. &uldition, the evaporation effect is neglected in the
built model, which may not be so dominant in the low level thermal field situation, but is
expected to play a more important role at the high level temperature case and lead to a

considerable mass lossdha lower clad height.
5.4.3.Sensitivity analysis

The sensitivity analysis was conducted by varying the values of process parameters and material
properties and investigating their effect on the clad heigtile 5-3 shows the mean values and
the corresponding values with variation of
was calculated with position located in the Hedick length transverse cressction, and only

one parameter was modified with keepthg other parameters equal to the mean values in each

single calculation.

As shown inFigure5-15 (a) and (b), the effects of the process paramatetsnaterial properties
on the clad height show similar patterns for both the sitigtek and multiayer thirwall builds.
It can be seen that the powder feed rate has the largest positive effect on the clad height,

followed by the laser absorptivity ardser power, whereas the process speed has the largest
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negative effect on the clad height, followed by the powder density and thermal conductivity.
Therefore, choosing proper process parameter values for a specific powder material will be

crucial for theclad height control.

Table5-3. Process parameters and material properties for sensitivity analysis

Parameter -10% Mean 10%
Laser power, [W] 585 650 715
Process speed, [mm/s] 2.7 3 3.3
Powder feed ratg¢g/min] 1.8 2 2.2
Laser absorptivity 0.54 0.6 0.66
Density, ‘Qn 6707.25 7452.5 8197.75
Thermal 51.75 57.50 63.25
conductivity, j &
Specific energy(j 0 ") 571.24 634.71 698.18
1L_ao.cf'er power f‘;%ffer power
10% 10%
Specific heat Process speed Specific heat 5% Process speed
Thermal Powder feed Thermal Powder feed
conductivity rate conductivity rate
Density Absorptivity Density Absorptivity
==@==Negative 10% ==@=©ean ==de="Positive 10% == Negative 10% ==@==)can ==ge=Positive 10%
(a) (b)

Figure5-15. Sensitivity analysis of process parameters and material properties effect on the clad height.
(a) Singletrack, (b) Ninelayer thinwall structure.

5.5.Summary
In the LPFAM process, the heat accumulation and the melt pool bpeghding clearly play
important roles in the thermal field distribution and final clad dimension during the-layéti

multi-track deposition. Both the thermal field and the clad dimension are essential factors for the

final fabri cat eubperfyandintégsity. Tihes chapenbuilt ap h y shiacss d
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pr ocess mo dhe tesidual hreat and meltlpool bead spreading were incorporated into
the model for temperature field calculation and the final clad geometry prediction. Experimental
validaion of singletrack deposition shows a high level of agreemandifferent levels of
specific energy and powder feed rdtulti-track/layer experiments demonstrate that the model

can accurately predict the dynamic height as well as the simple patcturgtr8D profile. The
discrepancies between the experimental and model predicted results may be caused by the
deviation of the powder feeding, ignorance of the heat convection and the unavoidable oxidation
during the process. Sensitivity analysis shows tifia process parameters as well as the powder
material properties play important roles in the final clad dimension.

The simulations of the thermal field and thebas i | t gedmpedrys wetesruih on a MP
computer with Intél Core’™ i7-6700 CPU (3.4GHgz The calculation code was programmed by
Matlald® R2017b with a built adaptive quadrature algorithm. The integral calculation tolerance is

setasYO 0 p 1 and the drop out temperature rise tolerance is satta® p 1 0.

For a track lengtlof 30 mm, the simulation for the transient temperature of the moving point or a
fixed point in an 80 layers thiwall structure or an 80 tracks patch (singlger and multirack)

took 0.2 s, the simulation for the thermal history of a moving or a fieétt in an80 layers thin

wall structure or an 80 tracks patch (sinlgiger and multitrack) took 36 s. The simulation for
the dynamic height or 3D profile of the designed Aaeers thinwall structure took 12 s, the
simulation for the dynamic 3D profile of thesigned ningracks and singkayer patch took 90

s, the simulation time for the dynamic 3D profile of the designedracks and thretayers
patch took 150 s.
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Chapter 6. Comprehensive Analytical Modelof the LPB-AM Process
6.1.Introduction

The LPB-AM processinvolves a large numbepf process parameters, i.éaser power, laser
beam size, scanning speedydr thickness, stripe width, stripe overlap and hatch space
Improperparameter setting may lead to a varietydefects[152], i.e., lack of fusion, porosity
and severehiermal stressThose defects cateteriorag thefabrication quality andéhducesevere
distortionin the final partsIn addition, keeping the optimized scanning parameiees the
completemanufacturingorocessof LPB-AM may not guarantee a defdote fabrication due to
the process perturbations (e.g., local geometry variation, heat accumulation and disturbances in
the work environment). Krutbt al.[153] observed warped contouasid dross formatiom the
fabrication process of LRBM with fixed optimized parameters. Those defects vegnebuted

to a largealternation of loal geometrical features thgteatly change$ocal heat conduction.

St e ueba. [62] showed common disturbacesin the multi-track scanningpf LPB-AM under
fixed process parameters. Tbemmondisturbancesre attributed toexcess heat accumulation
inducing nortuniform melt poas and excessivevoids in the depositsMoreover, thedefects
formedin the LPBAM process significantly increassnecessary poegirocessing costor the
fabricated part§l54].

Procesgelated defects can be identified with repeaggderiments and may be eliminatey

processing optimizatioBy contrastthe effect ofprocess perturbations may be negdigdeat

time process adjustments witbedback controbnly [20]. Re s e arlsave demonstr at
great potadhsiidlae dback cLoP& Mporlo dogissst hg advanced
l ine monitoring sryadiemitst o(nes,2d tyr mme k t[ difbdbdlhay ern
roughnledseslwi t h hi gh sampling rate. These moni i

recemtew work of GfrasSsp and Col osi mo

" A similar version of this chapter will be submittad:

Huang Yuze, Hamed Asgari, Zhang Zhidong, Mohammad Ansari, Mir Behrad Khamesee, Ehsan Toyserkani.
Process Modeling and OptimizatiohLaser Powdebed Fusion Additive Manufacturing: Formulation, Verification

ard Multi-Objective Optimization
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Considering the issues discussed above, a-diffident process model diPB-AM is highly

needed for optimizing the press parameters, providing the parameter perturbations and

stabilizing the controller in the feedback control of tlRB-AM processTo dat e, unf ort
there is a |Iimited number of high efficiency
onine ther mal or di memBMpnatedxesatmras saf fitdbiee
Jasetn [20lar gued that t he model craltchudmttiloe ¢ am

frequency (16 i k Hzbreosdead tfheece dibna P8 Mc omh iroH iod ar

prnimif or the calculation rate.

Moreover, few of the aboveentioned effective approximation models have considered
different melting regimes®f the LPB-AM process, which are accompanied by various physics
phenomena. According to Gunenthiratral [158], theLPB-AM process can be subdivided into

four differentiable regimes (shown iRigure 6-1) depending upon the process parameters:
unstable balling regime; stable heat conduction regime; stable keyhole regime (moderate
vaporization with stable keyhole) and unstable humping (perifadimation of humps and
valleys) regime with severe vaporization. The balling regime has been reported to be due to the
lack of melting, whereas the humping regime is attributed to the lateral surface tension that is
induced by the severe vapor recoil ptesesand provokes the periodic melt pool shrinkddgs].
Furthermore, it was reported by Jingjieg al. [108] that the mechanical and microstuuetl
properties of LPB-AM fabricated parts depended highly on the melting mode. The
microstructure of the T6AI-4V samples consisted of acicularphase and a typical hierarchical
structure of martensite under conduction mode, while and| lamellae were the main
constituent phases in keyhole regime. The experimental study ofeTialg[109] showed that

the fabricated AL7050 samples were characterized with varying surface morphology, defects and
microstructure under different melting modes. Therefore, the melting regime, as a key facto

should be taken into consideration in ttieB-AM process model development.
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Volumetric energy density (VED)
Figure6-1. Melting regimes of th& PB-AM process under the varying volumetric energy density

Trappet al.[160] reported that threshador different melting modes cannot be simply defined

as the peak temperaturé the melt pool (e.g., boiling temperature for keyhole mode). The
complex physical phenomena such as surface wetting, evaporation and hydrodynamic flows
should also be considered for the model based thresholds. Instead of the complphymsiasi
modeling King et al. [161] experimetally measured that the threshold for the keyhole mode
wasYg'Q o1 1 for steel materials in a singteack scanning. This was successfully
verified in the mesoscopic numerical modeling.BB-AM by Khairallahet al [162]. Therefore,

to simply the model, this research follows their experimental method to measure the thresholds

for the transition mode at the first step.

As the photas that compose the laser beam penetrate deeply into the powder bed and repetitive
reflection and absorption take place between the particles, the classical ray tracing jhé#jod

has been widely used to simulate the laser energy transitioRBrAM process. Nevertheless,

in the ray tracing method, each single particle constitutes a separate geometry that induces a
large calculabn cost. Instead of the ray tracing method, the laser beam energy may be
represented by a volumetric heat source as suggested by &maitlj163] and Husseiret al.

[164]. Therefore, in the presechapter a volumetric heasource with a dynamic penetration

depth under different melting regimes is innovatively proposed and utilized. Under the heat
conduction regime, the penetration depth is calculated from Laiinbertlaw, whereas in the

keyhole case, the melt pool deptltédculated based on analytical model of the keyhole depth.
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Additionally, in theLPB-AM process, the laser beam will heat and melt the randomly packed
powder bed with a quite different thermophysical properties compared to that of the bulk
material. Khairdhh and AndersofiLl65] found that the thermophysical properties of the powder
bed may significantly affect the melt pool stability and thermal distribution. To reduce the
computational cost while keem a high fidelity of the model, they suggested to use t
homogeneous models together with incorporating the effective thermophysical properties of the
fine scale powder bed. Moreover, Denlingsral. [166] reported that the magnitude of the
calculated temperature field could be overestimated by 30 % if neglecting the powder bed
property. By contrast, the error of prediction accuracy can be reduced to 11% by using an

effective themal model of the powder bed.

|l nspired by the above excell eatfireisemtr ctho wpm &
anal ytical m o gtaspdingenosgh physics fidelityv o tben useful in the LRAR

process optimization and control. Ihet unstable balling and humping regimes, ksfzmped

surface and large undercuts may be induced, which deteriorate the deposited layer surface and
decrease the quality of the fabricated parts. These unstable regimes can be avoided at the
parameter settingtage by identifying an appropriate process window. Therefore, in this chapter,

the model mainly considers the stable melting modes of theANBthe heat conduction, the

transition and the stable keyhole modelse powder bed is treated as a homogenewegium

with effective thermophysical properties derived from the randomly packed fine scale powder

bed. Singlegrack and multiayer multitrack scanning experiments with stainless steel (S} 17

PH powders are then conducted to validate the model.
6.2.Model description

The major processing parameters L&TB-AM are laser poweb , laser beam diamet&,
scanning path, scanning speedtripe widthO , hatch spac® and layer thicknes§,as shown
in Figure 6-2. These operating parameters along with the powder bed properties should be

studied together to build the physiocased_PB-AM process model.
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Figure6-2. LPB-AM major operating parameters with the typicatibectional zigzag scanning pattern

6.2.1.Powder bed properties

The powder bed is treated as a homogeneous medium with effective thermophysical properties
derived from the randomly packed fine scale powded.bThe stochastic powder bed is
generated by following the random packing rain model, which was elaborated in the references
[167,168] The patrticle size distribution is simulated with the measured data that are described in
the following Section6.3. Accordingly, the packing porosity of the powder bed can be

calculated as,

3 ® (6-1)

wherew is the powder bed volume, the"Q particle radius andl is the total particle number

within the volumew .

Considering the porous nature of the powder bed, the effective powder bed density at
tempeature T can be approximated by the weighted aggregate density of the powder and gas
mixture [169]:

” "Y p ° ” "Y ° ” (6—2)

where” ,” and” are the density of the powder bed, bulk powder material and the

argon gas, respectively.
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Similarly, the heat capacity of the powder bed at temperdWoen be calculated by the
weighted volumetric capacity of the bulk and gas mixf6és):

YR poe Y& Yot B (6-3)

whereQ) © and® are the specific heat of the powder bed, bulk powder material and the

argon gas, respectively.

As the values of density and heat capacity of the argon gas are relatively small with respect to
those of the bulk metallic material, the gas property may not be taken into account in the above
Equations(6-2), (6-3). Subsequently, the temperatuméependent powder bed densityand

heat capacityjcan be calculated based on Equati@g), (6-3) as:

o - T (6-4)
and
o of (6-5)
where the”[ and of are the temperature averaged density (averaged over the

temperature range shownTrable6-1) and heat capacity of the powder material, respectively.

Multiple studieg170,171]have shown that the thermal conductivity of the powder®stdys at
a significantly bw value ( ™8 @] & "Q for the powder solidus statéy “Y but increases
rapidly at the melting temperatupé . Ali et al.[172] reported that the value @ "Y Y may

be around 1% of the bulk powder materidd value. Therefore, the temperature

independent thermal conductivity of the powder T#@n be approximated as:
T 0 Y (6-6)

Previous study by Alexandet al. [173] also reported that thinermal conductivity could be

considered at the melting point where most of the energy was deposited.
6.2.2.Volumetric heat source

The heat source profile of the laser beam with s&Mode is characterized with a Gaussian
distribution in the transverse planehi§ was verified in several research wof&S,162] and

showed a good agreement with experimental results. For the heat source profile over the vertical
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plane,which describes the laser beam penetration into the porous powder bed with scattering and
absorption, is not yet fully understoti74]. To simplify the hat source modeling, a similar
Gaussian distribution is utilized to represent the heat source profile in the vertical direction.
Meanwhile, a dynamic penetration def@h is incorporated into the heat source model to
describe the effective heat source énsion in the vertical direction under different melting

regimes.

In the heat conduction regime, the penetration d€pthf the heat source can be calculated as

the depth that the laser intensity fallspjoQ 1@ xof the initial density by following the
LambertBeer law:
‘Qwnt Q MQwnph QO 1Q 67)
Q TQh Q0O Q
wherel is the optical extinction coefficient of a porous metallic powder bed. It should be
noticed thatwhen the penetration depfd is larger than the layer thickness in the heat
conduction mode, the layer thickness is used to represent the penetration depth. The optical
extinction coefficient is expressed by Gusareval.[46,175]as:
op
_ 6-8
I e (6-8)

whereOis the averaged particle diameter.

In the keyhole mode, the penetration depth is expressed by the keyholgl@épth

10 o b 1iv 6.9
CAQY i (6-9)

where”Y is the boiling temperaturg, the laser absorptivityi, the keyhole radius and
B " f§is the effective thermal diffusivity of the powder bed. The keyhole radius is approximated
by the half of the laser beam radius i j ¢, wherel  'Qj ¢ is the laser beam radius. For

steel materials, the boiling temperature is considered &odugnd 3273 K[161].

In the transition mode that occurs between the heat conduction and keyhole regimes, the
averaged depth of heat conduction and keyhole regimes is used. Therefore, the penetration depth
of the heat source is presented as:
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Moreover, the volumetric heat source carekpressed as:

i Vg 0 ow ® od

Ao MY g gpl® . (6-11)
i Q “ I/lu | Q

which is similar to the @@ whidekadgnamecihéat sowscei d al

penetration depth is applied here. In addition, based-siurabsorptivity measurements of the
stainless steel powders as reported by Tretppl. [160], the absorptivity values vary greatly
under the different melting regimes in thBB-AM process. It wasound that the absorptivity

was kept roughly around 0.5 at the heat conduction regime and increased to around 0.6 at the
early stage of keyhole regime. Therefore, different absorptivity values of 0.5, 0.55 and 0.6 are

assumed for the heat conduction mddmsition mode and stable keyhole mode, respectively.

The threshold for the mode transitions in siAgéek scanning is identified by the normalized

enthalpyY'Q "Q as reported ifil61]:

~

N40) @l 10 S o .
e~ ———nh Q Y Y JY (6-12)
Q 1 Y Ui
where YO is the absorbed energy densit®) the melting enthalpy and Y
ko) YT Y “Y is the thermal diffusivity of the powder material at the

melting temperature. The coefficiept in Equation(6-12) is used to establish consistency in

the calculation bY"Owith that of prior workg§161,173]based on the built heat source.

In the multitrack scanning,he accumulated heat may enhatioe absorbed energy density by
an incremenyO:

yo Y o Y O'Y Y (6-13)
where’Y is the dynamic initial temperature determined by the accumulated heat and is given by
Equation (6-17) in Section6.2.3
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Correspondingly, the threshold of normalized enthalpy in the +mattk scanningmay be
reduced compared to that of singlack scannig due to the accumulated heBile decrement of

the normalized enthalpy threshold may be expressed as:

o

yo Y o Y O"'Yy Y

However, as the temperature increméit “Y induced by heat accumulation is less than the

(6-14)

melting temperature’Y  "Y Y, thedecrement Y'Oj "Q should be smallXOj 'Q p).
6.2.3.Thermal modeling

As described in &ction 6.2.1 the properties of the stochastic packed powder bed may be
homogenized by the temperatunelependent effective thermophysical propetti&herefore,
based on Equation®-3) and(2-4) of thermal conduction, the transteemperature rise for the
proposed volumetric heat source (Sectah 2 over the seminfinite homogeneous powder bed

can be calculated as:

yvo < £a%a%90  or o w o
| , : j
Appl2 2 2 5 0 (6-15)
i Q ™ o ¥
w VT W w Lt W a a
Nown - —
1 o ¢t
Equation(6-15) can be further simplified as:
Y'Y Qo (p'/ioT‘U_ P35 ‘p — 0
" pg o t i pLo T Q
(6-16)
00 ow LT W (o0} ot
"Hre T 1 pro T 0

The above solution of Equatidie-16) is similar to the hemispherical heat source solution of

Nguyen et al. [178] by setting the dimension of the heat source -Haxiz as the dynamic
penetration dept . However, here the top boundarym{d 1) is set as O—" 1. In

other words, it is assumed that there is no heat transfer across tle&urfa. Therefore, all
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the laser power will flow into the regian Tand the temperature rise sholld doubled as

shown in Equatioi(6-15).

In the LPB-AM process, the nterlayer recoating time is roughlp 4 [179], which is
significantly larger than the laser spot irradiation time. Robettsl. [180] found that the
temperature of the previously deposited layers almost reached the ambient temperature due to the
ample time for heat dissipation before the following layers were deposited. Therefore, the
accumulated heat between the iftgrers are ignored irhé present research. However, for the
multi-track scanning, Luist al.[88] argued that the melt pool size of the following tracks would

be increased due to the accumulation of heat. To consider the heat accumulatioim éfiec
multi-track scanning, an adaptive initial temperatiftes incorporated into the model based on

the Equation(5-2). Thereafter, the transient temperati¥ed® of the interest poink=(x, v, 2)

for ¢ @track at time momenican be computed as:

" YO YR o0 YYD o0 Q ER p

>
1o

YR G 0 YYom o o oo & 0 Y
Uy
. = (6-17)
. o 0
Fovem o IV P 5 P 5
o "y pgo t 1 pLo T 1
oy .0 w0t o ad ,
Q® - - - — Q
Cp d pg o T i pgo t Q T

where"(denotes the scanning track indéX,is the ambient temperature. and0 are the

deposition starting time and laser scanning speed dffdteack, respectively.

Considering the high cooling rate in théB-AM process, the transient temperature value
"Yi  YYOhjo  "Yat the time momend i j U, when the laser beam passe® beam

radius, is set as the saturation value for the adaptive initial tempéepatyiy.

In addition, ignoring the melt pool dynamics may result in unrealistic predictions of melt pool
tempeature values and melt pool size. However, the prevailing Computational Fluid
Dynamic(CFD) modeling is extremely computationally expensive. To simply the model while
keeping reasonable accuracy, the thermocapillary convection (Marangoni flow) effect on the

thermal field is compensated by enlarging the thermal conductivj§ras

97



T O Q Y (6-18)
where' o® is the correction coefficient.

Moreover, it has been shown that the radiative and convective heat losses are insignificant
compared to the heat conductifiB0]. Therefore, the dnt loss induced by convection and

radiation are not included in the present model.
6.2.4.Melt pool and track dimensional modeling

As the heated particles are fully melt by the laser beam ilLBBAM process, the pores
between the particles in the powder belll me largely removed and forms a liquid melt pool, the
formed melt pool will then cool down, solidify and finally reach the ambient temperature as
shown inFigure6-3. The associated shrinkage occurs in the process may be summarized as three
stageq181]: stage , powder layer to liquid metal; stage liquid metal to solidified metal at
melting temperature; stage, solidified metal cools to ambient temperature. Dai and $hagj
reported that there was quite small changes in the temperature distribution ofttheaheith

and without considering the volume shrinkage. Therefore, the melt pool dimensions (e.g., width
0 , and deptiQ ) may be estimated with the solidquid interface boundary by solving the
thermal field solution of Equatiof®-17) as illustrated in th&igure6-14 of Section6.4.

i Powder consolidation zone

Track height

i2: Powderlayer [ Liquid meltpool 77/ Solidified bead

Figure6-3. Schematic of the typical transverse crssstion of the singlrack with considering the
shrinkage.

Paulet al.[183] found that the volume shrinkage mainly occurred in the building direction (track

height direction) at stage a n d .dhewn gmorted that the volume shrinkage ratio was
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equivalent to the initial powder bed porogsity Therefore, it is reasonable to assume that the
shrinkage only takes effect in the building direction by a shrinkage ratio of powder bed porosity

e at the stage  estage . By contrast, an insignificant v
building direction at stage . Subsequently, the final track heigbiat ambient temperature may

be calculated based on the mass conservation as:
0O p «Q (6-19
The final track lengtld and track widthw at ambient temperature can be approximated as,

0Y 0 oY
0"y ® Y

oYY (6-20)

where0 Y andw "Y are the solidified track length and track width at the melting
temperatur e i n |s tisdhg Enear thermalexpansian ttaefficeemt.\Based on the
above assumption in the sthYicankbae gtmatd with the an
initial scanning vector lengthh and thew “Y can be approximated by the liquid melt pool

width 0

Thereafter, under the stable heat conduction and stable keyhole melting regime, thieagikgle

dimension may be approximated by the parabolic fands,
. 10
Since the track widthy is derived from the melt pool width , which is calculated based on

the transient thermal fieltf & , the track width is a function of positiom 0 O

In the multitrack scanning, the overlapping tracks are formed continuously with a distance of
the hatch spac®. It is known that a relatively large hatch space (larger than the track width)
may result in poor interlayer overlapping and a discontinuous structure. However, it was also
reported that a consecutive reduction in the height of the deposited tracksbmigiduced
through substrate denudation when the hatch space was equal to or less than the track width
[184]. Therefore, the hatch space and the substrate denudation effect should be jointly considered
in the geometric modeling of the multack structures. Based on the recursive overlapping
profile model (derived irSectiom 5.2.2, the dimension of the track is approximated by the

parabolic function in the presecttapter
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6.3. Materials and experimental procedure
6.3.1.Powder material

Gas atomied stainless steel (SS)-47PH powder (EOS GmbH, Minchen, Germany) was
utilized in this research. The morphology of the powder particles was investigated using a Zeiss
LEO FESEM 1530scanning electron microscoffeEM) as shown irfrigure 6-4 (a). It can be

seen that most particles exhibit a spherical or near spherical morphology while other particles
with irregularshaped morphology can also be identified. The particle size disbribwas
determined by the CAMSIZER X2 (Retsch Technology, Haan, Germany) and is shBignria

6-4 (b). It is seen that the particle size distribution can be fitted ®aussian disbution with

mean value of 48um and standard deviation of 1@m. The temperature dependent
thermophysical properties of the SSAPH powder material are tabulatediable6-1.

0.5

I Measurement

Gaussian fit

0.4r

S DA

s o T SRR N
S % 2 B "2
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S ol B St e oy

»,
e, VT,

0 20 40 60 80 100
Particle size [um]
(b)

Figure6-4. SS 174 PH powder characteristics (a) Powder morphology (b) Particle size distribution with

Gaussian fit

Table6-1. SS 174PH powder thermgbhysical parametef485,186]

Mel ting Densi ty Ther mal con Specific he
t empe T4tk " QL& Qowj a oy QW
1693 7800(3FI2GK) (111.5(-3IBKBH7:426( 4K 9

6.3.2.Experimental processing

Experiments were carried out on the EOS M290 additive manufacturing machine under the

argon atmosphere. The machine unitizes a continuous wave ytterbium (YB) fiber laser with
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TEMoo mode and a maximum power of 400 W. The internal chamber was preheated to a fixed

temperature of 353 K to minimize residual stress and reduce defects in the fabricated samples.

To validate the built model, both singi@ck and multi-layer multi-track sanples were
fabricated. The singleacks were directly built on a mild carbon steel substrate (dimension of
¢udrd cudatd v T a) with a track length of 20 mm, whereas tinelti-layer multi

track samples were fabricated by following @ i8ter-layerrotation scanning strategy (shown in
Figure6-5) with a supporting structure of 5 mm thickness. As can be seenFigure6-5, the
parallel stripes run across the whole length of each layer by following theagigcanning
pattern. Here has to be noticed that the track width (3.05 mm) is the sum ofghenstith (3

mm) and stripe overlap (50m). The major processing parameters are listGthbie6-2.

]

gl _{' ////// Layer 2
T T '

—

- Stripe overlap

Building direction

Figure6-5. Schematic of the rotated scanning strategy irL®B-AM process. The stripes (green arrow

solid-line) rotate counterclockwise by ®the following each new layer compared to the previous ones.

Table6-2. Processing parameters for SSAPH powder in the selective laser melting process

Parameters Val ues Parameters Val ues

Scanning speoemwmmpontCorrecti‘on fac3.5

Laser power, pxXmgmg¢gn Ambi eemper atur 353

Hatch space, 100 Ther mal expdrfdpt pm ajav [ 5¢
Laser beam d100 Laser absorptiO.5, 0.6
Stripe width3 Singtack | engt20

Stripe overl 50 Layer thicknes2040

The singletrack samples were crassctioned in the midditrack length plane and etched with 5%

Nital solution after grinding and polishing. For the mtidéick multilayer samples, the side face,
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i.e. the face parallel to the building direction, was ground and polished using conventional
metallography methods. The mirflike surface of these samples was then etched using a
solution of 75% hydrochloric acid and 25% nitric acid. The melt pool dimes®f all samples

were measured by Olympus optical microscope (OM) and laser microscop€M¥K. The

measured melt pool data of singtack samples were published in the referefit®g,188]

Figure6-6. Powder bed porosity measurement.lfaages of thdabricated bllow cylindrical cup artifact

(Bottom up. (b) Powder mass measurement.

Four hollow cup artifactsHigure 6-6 (a)) were fabricated at different powder bed locations.
Thereatfter, the porosityf the powder bedvas indirectly measured through geometry and mass
measurements of ¢hprinted hollow cup artifactssiiown inFigure 6-6 (b)) according to the
methods elaborated in referend89]. The dimensional features of the hollow cups, diameter

‘© and heightO , were measured by a digital caliper. The mass of the cups, fiiked w
powder 0 ) and no powderY ), were measured by the standard scale (Sartorius Secura 225D,
Gottingen, Germany). The powder bed porosity was then calculated based on the measured data

from each cup artifact as:

3 P » (6-22)

The final powder bed porosityere averaged based on thg artifacts measurement data.
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6.4.Results and discussion
6.4.1.Powder bed porosity

Figure6-7 shows the simulated 3D profile of the powder bed according to the stochastic packing
rain model, as described in Sectiér2.1 The particle size distribution follows the fitted
Gaussian distribution based on the measurements, as illustrated in $egtiBarticles with
different sizes together with voids among the powder bed particles can be &egura®-7. It

should be noted that the positiand the exact size of the individual particles may vary from run

to run. Due to this randomness, three runs with same volumeT{ad o mTa ¢ MO

were conducted to predict the porosity level of the powder bed. The measured (experimental)
and simuated (predicted) values of the powder bed porosity level are listeabie6-3. A good
agreement (3.1% error percentage) is observed between tketsnaf results.

Figure6-7. Simulated 3D profile of the stochastic packing SSIPH powder bed. The size distribution
of the particles were modeled with Gaussian distribution as measured in $e@tiqaverage particle
diameter 48m, standard deviation 12n).

Table6-3. Measured and simulated powdmed porosity with SS 14PH particle

SS 174 PH Measured porosity Predicted porosity Difference (%)

m8 Y @18t q T TP T T 3.1%
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6.4.2.Utility of the normalized enthalpy to set the melting mode thresholds

Figure6-8 depicts the melt pool geometry variation with respect to the normalized enthalpy. The
parameter values for the calciiden of normalized enthalpy aggven inTable6-4. As seerfrom

Figure 6-8, the melt pool depth is smaller than the melt poaf-width at arelatively low
normalized enthalpye.g., 22.36) This is a typical malt pool shape under theeat conduction

mode With an increase in the normalized enthalpy, the melt pool depth increases significantly
and the melting regime changeghetransition modeind keyhole modesequentially Generally,

the keyhole regime can be identified from the melt pool shape that the depth is larger than the half
width [161].

Transition mode Rl ! Keyhole mode ¥
835 . (195 W, 600 mm/s)
Yy bl

Heat conduction mode [ “&
{ (170 W, 1200 mm/s) 8

25.82 36.27
Normalized enthalpy

Figure6-8. Transverse crossection profile of singlérack under varying normalized enthalpy. |48
layer thickness.

Table6-4. Parameter values for normalized enthalpy calculation

SS 174 Absorptivity Laser beamadius  Melting enthalpy Thermal diffusivity (T=Tv)
PH [um] [/ [m?s]
0.55 50 1.02x10° 5.216x1¢

However, once the normalized enthalpy reaches a very high value (e.g., 40.93, as shown in
Figure6-9 (c)), an unstable keyhole/humping melting mode with a super large melt pool depth is
observed. In addition, the unstable humping features with periodic humps and valleys can be
clearly noticedn Figure6-9 (a, b) at this high normalized enthalpy case. According to the prior
study ofGunenthiramet al[158,159] the formation of the unstable keyhole/humping mode may
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be attributed to the severe metal vaporization at the high normalized enthalpy case, which

induces the strong lateral surface tension and provokes the periodic melt pool shrinkage.

Figure6-9. Top view of the singlerack (a)the associated 3D track height profile @md (c) transverse
crosssedion undernormalizedenthalpy (40.93). Laser powder 220W, scanning speed 600 mm/s, layer

thickness 40 pum.

Figure 6-10 (a-f) shows the variations of the measured melt pool depth over the laser power,
scanning speed and normalized enthalpy under different layer thicknesses of théraigle
experiments. It is observed that the variation in the melt pool depth showsdarrpgtterns over

the varying laser powefF{gure6-10 a, b) or scanning speeHigure6-10 c, d). By contrast, the

melt pool depth collapses to a single line in the plot of melt pool depth vs. normalized enthalpy
as shown inFigure 6-10 (e, f). This is onsistent with the results reported by prior references
[161,173]

Furthermore, as it is seen kigure6-10 (e, f), the melting regime changes gradually from the
heat conduction to the keyhole mode (depicted by the variations of the circle symbols from
vacant to solid) with an increase of the normalized enthalpy, which agrees well with the melt
pool crosssection observations shownkigure6-8. As can be seen, the melting regime (mode)

is heat conduction when the normalized enthalpy is smaller than 24. A tnansggion from

heat conduction to keyhofeode is seen over the range;of ¢ YOnce the normalized enthalpy
exceeds the value of 28, a full keyhole melting mode is obtained. Therefore, the thresholds for
the melting regime transiting from conduction to transition mode and changing from transition
mode to keyhole mode may be ideietf with the normalized enthalpies ¥t Q ¢ tand

YO 'Q ¢ Y respectively. The observed keyhole mode threshol¥@fQ ¢ yis also
consistent with the reported value 6 'Q o 1 t [161] for singletrack fabrication of

steel powder material in thd°B-AM process.
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