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Abstract

Additive Manufacturing (AM, widely known as 3D printing, is a transformative method to
industrial manufacturinghelping increatinglighter, strongersmarter partsral systemsAs one
of the mostmportantand commercially availableM processed,aser Powdebed Fusior{LPBF)
canrealizegeometrically complex metallic parts by selectively melting layers of metallic pewder

It is being used extensively in many fieldsuch as medical, aerautical etc.

As AM provides new design opportunitiégpology optimization is ideal fokM, specifically
LPBF, because itan bedeployedto design higkperformance structureand fully exploit the
fabrication freedom provided BYM. However, there are still some challengégrinting parts in
LPBF, suchas porosity creation low surface quality, residual stress, and deformatidrich
impedeits widespread use in industrial applicatiofsese challenges cée controlledby better
understanding the influence of the process parameters used in the LPBF.p¥evestheless,
relying exclusively on experimental efforts is expensive and-tiomsumingThereforethe LPBF
process modelinganhelpin understanthg the effects othe process parameteos the printed
part quality Furthermore LPBF modeling can be coupled with topology optimization to produce

parts with lower asuilt deformation.

In this work, a coupledtopologyoptimizationand processimulationsystemis proposedo
deal with the challenges amdilize the opportunities othe LPBFprocessThis systeminvolves
two majoraspectsFirsty, a 3dimensional heat transfer modeldevelopedo study the effect of
process parameters on printed LPBF parts. The simulegguits show good agreement with
experimental measuremeni$e averaged error of melt pool width and depth are 2.9% and 7.3%,
respectively Secondly, an Inherent Strain Method$M)-based topology optimization model
proposedo reduce the deformation LPBF partsA parallekcomputing framework of this model
is used to optimize the support structueseduce thasbuilt and aftercut deflectionf printed

parts.Experimental results show the framework can reduce the part deforrodtear 60% ad
IX



also material usagef over 50% compared to commercial support structuBesides, te ISM
modelhas alsdeen employeth predictng thedeflectionsof printed parts, and when compared
to experimental resultgxcellent agreemers observedaverage %o error) Lastly, the parallel

computing frameworkan achieve consideratdenulationacceleration
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Chapterl.l nt roducti on

1.1 Motivations

Additive manufacturing (AM) also known as 3Dprinting, rapid prototyping, and rapid
manufacturingl], is a class of advanced manufacturiilyl has several unique capabilities (free
form fabrication, multiscale design, muhinaterial manufacturing, and functional structursj t
enable designers to maximize product performance through size, shape, and topology
optimizations subject to the capabilities of AM technolof2¢sAs one of the mosmportantAM
processesl.aser Powdebed FusionLPBF) is widely used to producgeometrically complex
metallic parts[3]. There is a growing number of applications in many different areas, especially

medical[4] and aeronauticdb, 6] industriesfor reducing weight and improving performance

Moreover in recent years, a wide range of alloys has been empioyeginufacturing various
componentshroughthe LPBF procesdn LPBF, athreedimensonal model is manufacturday
selectively melting layers anetallicpowder.Each layer consistsf line tracks deposited tightly
contiguous to each otheFhe shape of elhdayer is the crossectionof the original CAD model.
Thus,unlike traditional manufacturing processeBBF makes products directly from the digital

models without the need to determine the sequence and the tools of fabrication.

As LPBF provides new adggn opportunities, topology optimization is ideal for LPBF because
it can be used to design higlerformance structuresd can fully exploit the fabrication freedom
provided by AM. Moreover,dpology optimization can reversehelp to mitigate the limitéons
of the AM proces$y considering manufacturing constraints in the structdesign stagesuch
ascompensatinghe deformationof final AM parts and trimming down the residual stre§so,
not only can the product structure be optimized, but &klssupport structures can be topologically
optimized.LPBF partsare usually printeavith a supportstructure that connects the part to the

substrate. Support structure playgiéical role in three aspectsirst, supporting the weight of the

1



overhang fatures second, dissipating thedar heat to prevent overheatiniird, anchoring the
printing part on the substrate to prevent unexpected deflections due to the residual stresses induced
by the laser scannin@i 10]. Thus, by optimizing the topologies of the support structures, the

residual stresses and deformations can be reduced.

Even though LPBF has many advantagés widespreadindustrial applicationsand its
adoption to serial producticere impededby several limitations, such #ack of fusion keyhole
collapse porosity[11], balling [12], and low surface qualitjl3], which can cause failure in
printed partsMoreover,residual stress another critical barrier leading to tfeglure of the final
products due to high thermal gradieaitsl cooling rat§l4i 16]. Besidesmany process parameters
such as laser power, scanning speed, exposure time, layer thickness, hatch distance, scanning
pattern, and powdgropertiesare involved in LPBF17] and can influence thguality of printed
parts[9,18,19] Theuncertainty othequality of thefinal producthasbeen regardedsan obstacle
to LPBF applicationsTherefore better understanding the effects lué process parameters in the

LPBF processs critical [20].
The main motivations of this work are as follows,

1. Thefirst motivationfor this workis to build numerical modelsf LPBF. For addressing the
challenges properly selectingorocess parameteiis necessarysince these defects are
significantly influenced by the process parametéhe sole deployment of tri@nderror
experiments taletemine the process parameters is very costly and tooesuming21].

There will be a large number of coupon samples with different combinations of process
parameters, such as laser power, scanning speed, powder layer thickness, hatch spacing,
preheatingemperature, and scanning patterfiserefore, numerical modebf the LPBF

process are bedeveloped andhvestigated.

2. Thesecondnotivationfor this work is to investigate the new design opportunities provided

by combining topology optimizatiowith LPBF. Combining topology optimization with



LPBF can have multiple advantages. reducing the volume of support structures needed,
compensating for thdeformationof final AM parts and so onAs an example, support

topology optimization for LPBKs propmsedfor reducing deformations of LPBF parts.

3. The third motivatiorfor this workis to propos a system to integratke first and second
motivationseamlesslyTo date, most commercial software of structural desget fully
considering the LPBF procgsTherefore, aoupled topology optimizatioand process

simulationsystemis beneficial forcombining topology optimization withPBF.

1.2 Objectives

The main ainof this research is to build up a preliminagstemof design and optimization
for LPBF. This system camhelp structuraldesigners take full advantage Id?BF by providing
information aboutmelt-pool behavior, reslual stresses, deformatignand structuraltopology
optimization

In order toachieve thigjoal, the objectives of this work are:

1. Build up apreliminary systenof design and optimization f&M.

2. Developa computationally efficienheatsourcemodel forpredictingthe geometries of

melt pook inLPBF and validate with experimental results.

3. Investigate thecomputationalapproachedor acelerating thepartlevel simulation to
predict deformation andesidual stresses LPBF partsand validate with experimental

results

4. Propose aigh-performanceopology optimization framework fosupport structures in

order to reducdeformatios of LPBFpartsand validatehemwith experiments



1.3 Outline

The organizabn of the thesis is as follow€hapter 2 is the literature revievf LPBF process
simulation,topology optimizationand attemptsto couplethem togetherChapter 3 illustrates
modules ofa design and optimizatiosystem, including the mathematical model of topology
optimization, mesfsmoothing techniques,performance simulatignand the LPBF process
simulation. Chapter 4explains the fundamentals of the LPBF process simulation. Chapter 5
presents 8-dimensional heatransfer finite elment model for LPBFwhile Chapter 6 uses the
proposed model to study the effect of layer thickness in LPBF. Chapter 7 presenBthe
process simulatignincluding meltpool modeliy, actuallaserscan simlation, and two
accelerated simulaticapproaches (domaiactivation and inhererdtrain methods)n Chapter 8,

a topology optimization parallgomputing frameworkis developedfor designing support
structures in order to minimize the deformation of ERrts Chapter 9resentgonclusions and

the futurework.

A graphical summary of thiaesisis shownin Figurel.1.

|Chapter 1 Introduction |

Chapter 2 Literature review

Heat transfer: Chapter 5, Chapter 6
Chapter 3 Design, Chapter 4 Fundamentals for LPBF | p b |

optimization, and process simulation |Thermomechanica|: Chapter 7 |
simulation system for
AM Chapter 8 Topology optimization combined with LPBF process simulation

Chapter 9 Conclusions and future work |

Figure 1.1. The graphical view of the thesis organization.



Chapter2.Li t er atvureew R

This chapteipresents the literature review bPBF. In addition the numerical modelingf
LPBF hasbeen reviewedrFurthermorefopology optimizatiorand theadvantagesf combinng

topology optimizatiorwith LPBF havealsobeeninvestgated

2.1 LPBF

LPBFis able tofabricategeometricallycomplex.fully functional metallic structuresypically
without any pre opostprocessingteps[1,22 24]. Figure2.1 shows a schematic of a classical
LPBF AM process. The systemypically includes a fabrication platform, a laser systeng a

powderdelivery platform.

"— < Scanning system
! | Powder
Laser reservoir
Recoater
Fabrication powder Part being
bed fabricated

| &

L. | neg

Power overflow Powder bed Power delivery
piston piston

Figure 2.1. Schemaic of the LPBF additive manufacturing.

During LPBF, ahigh-power laseiselectivelyscans ovemeal powderto form a solidified
metal layer while fusing it with thpreviouslybuilt layers. This process is repeated to crédate
final part. LPBF has been investigated sinttee 1980sand has become commercialized by many
companies, such as EOS GmbHe(any), Renishaw (British), Concept Laser GmbH (Germany),

SLM Solutions(Germany), Phenix System (Franca)d so on



Many innovative structures are now achievable throuBBF, such as sensor holders in
commercial jet engine$5], and the hinge bracket. Ithe medical field, because of its
manufacturing flexibility, customized bone reparations, joint implants, and dental crowns have

been realizefl25i 27]. Figure2.2 provides several representative parts madeRBF.

"B S

Figure 2.2. Several complex parts made by LPBF, (a) a sensor holder in a commercial jet engjg
(b) dental aowns [25], (c) a hip implant in titanium [27].

2.2 LPBF0 shallenges and opportunities

2.2.1 Challenges:printed part defects,residual stress, and deformation

AlthoughLPBF seems a freéorm manufacturing technique, it still has sevdiraltations that

prevent it from widely industrial applicatiofi32].
2.2.1.1 Defects

Porosity in LPBHs mainly caisedby threereasonsas shown irFigure2.3: a) anover large
energy input mayncur keyhole mode melting, arah unstablekeyhole may collapse and trap
vapor to form voidg428]. b) an over low energy input may lead @adack of fusion, leaving the
particleby-paricle gap voids in a printed pd#9]. c) theballing effed may also induce porosities
[30]. Second high surface roughness is another defect in LPBF. Process parameters influence the
surface roughness ah LPBF part and the surface roughness cobéimprovedoy optimizing
process paramete31]. Third, overheating irtheoverhang geometriasay lead to théailure of

printing [32], as shown irFigure 2.4. Fourth delaminationand crackscaused by high thermal
6



stressesgeteriorate the fatigue performance and fracture resistance of a print¢83p24i, as

depicted m Figure2.5.

Slice A Track §

o
Q

‘ ' Q
Figure 2.3. Porosity defects in LPBF, akeyhole porosity[28], b) lack of fusion porosity[29], c) the
balling effect[30].

150

20 200

Figure 2.5. Delamination andcracksin LPBF parts, a) delamination [33], b) crack from the
subdrate [34].

2.2.1.2 Residual stresssand deformation in LPBF

Origin of residual stresssin LPBF



Residual stresseme definedas stresses which remainnraterialand at equilibrium with its
surroundings affr manufacturing, heat treatment, and other alterations whenever a material

undergoesonuniform plastic deformatiowithin one par{35].

Residualstresses in LPBF are frequentlguilt up in LPBF componentf22,36] They are
caused by rapid laser scanning duethte thermaistressinduced plastic deformation and the
thermal shrinkage of the solidified melt pd8I7]. The residual stressin LPBF can be very

compicated e.g. oscillatingresidual stress¢88].
Influence of residual stress

Residual streses can lead to severely geometrical deformatlmformation of cracks or
even failure of the printing parf{84], as shown irFigure 2.6. In addition residual stresses can
cause fatigue properties of LPBF parts dramatically |§8&#0] Therefore, residual stressem

significantly hampethe industrialapplications of LPBHF9].

Defective positions

Substrate

25 mm

A

0,5 mm Spreading

Figure 2.6. Distortion and failure of twin cantilevers made byLPBF [14].

Measuremenof residual stresseand deformation

The residual sesses are locked in a materisd its measurements are indirect. Measuring
residual stresseis more complicatedthan measuring stresses induced by external loads. For
deriving the externally induced stress, the strains are first deanddtresses arcalculated based
on the strains. The strairsgse measuredhy comparing the loading and unloading situations.
However, for residual stresses, they cannot be removed and then loaded so that the straras are

difficult to be obtained. Typically, there eatwo categories for measuring residual stresses,
8



destructive and nedestructive methods. Destructive methadslude the splitting method,
sectioning method, layer removal method, the {ubiking method,the deephole method,the

slitting method,and the contour method[41]. They hawe also namedelaxation measurement
methodswhose basic idea is to remove avegyortion of material containinmgsidual stresses and

then to derive the strains by comparing geometry before andtadt@moval.On the other hand,

the nondestructive methods mainly consist of diffraction methodsay diffraction, synchrotron
X-ray, neutron diffraction), and other methods (magnetic, ultrasonic, thermoelastic, photoelastic,

and indentation41].

For LPBF, several destructive methods that hlbeen usedare the holariling method
[38,42], the slitting method[38], andthe contourmethod[42,43] The nordestructive methods
employed for LPBF includes, Xray diffraction [42,44] synchrotron Xray [45], neutron
diffraction[46,47] Figure2.7 depictsan experiment of residual stress measuring for an LPBF part
by using synchrotron Xray diffraction. As for thedeformation measurement, coordinate

measuring machines (CMM) have been widely Jg&gl

650
550
450
350
250
150
50

Figure 2.7. Residual stress measuring experiment, (a) schematic representation of a bridgieaped
sample made byLPBF additive manufacturing, (b) specification ofthe mapped area bya
synchrotron, (c) and (d) residual stress maps for ffierent crystallographic planes[45].

Reduction ofesidual stresseanddeformation

Many other factors have influences on residual streisdd2BF, ncluding substrate geometry,

build orientaton, preheating othe substratg9,19]. Preheatingsubstratevas foundone of the

9



most effectivemethod to reduce the residual stres$8k Furthermore, the process parameters
(power, speed, layer thickness, scanning pattern, scanning sequence) are indicated to impact on
the residual stresses and deformation significafflyl9]. Therefore, process parameter
optimization should be criticaMoreover, posheat treatment can relieve residual stresses, which
decreasethecrackgrowth rate and improves the fatigue life of the printed 48k Even though

heat treatment was reported helpfur@aucing the residual stresiscan decrease the mechanical

properties of the printed paresg. the ductility and strengtf#9,50].

Last but not leassupport structures and part geometries can also influence the residual stresses
and deformatio9,10]. Thus, by optimizing the topologies of the support structures and printed

parts, the residual stresses and deformations can be reduced.

2.2.2 Opportunities: new designflexibilities

With AM, new desig opportunities havbeen realizedAs Roser[2] indicated that AM has
several unique capabilities (fré@rm fabrication, muitscale desig, multi-material
manufacturing, and functional structurésat enable designers to maximize product performance

through size, shape, and topology optimization subject to prabddies of AM technologies.
2.2.2.1 Topology gotimization of product structures

Topology optimization is a mathematical optimization process to find the optimal distribution
of materialin a given design domain under a couple of constraints. With topology optimization,
designercan derive higiperformance structures, which may haveédr weight, higher strength,

increased stability, and other improvements impossible to be achieved in traditional ways.

The principles of topology optimizatiowere first proposed around the beginning of the
twentieth century by Michellwho studied thetrusses desigps1]. In the 1970s, Prager and
Rozvany[52] formulated the basic principles of optimalyout theory. FiniteElement based
topology optimization was proposed by Bemelsin 1989 [53]. With many subsequent

developments, it is now well established and b@sn usedn many application$54], such as
10



acoustics, cloaking, small antennas, energy harvesting mechanismphwanics, fluidsand
structural designFigure 2.8a shows the topologically optimized ribs along the leading edge of
A380[55], andFigure2.8b displays a topologically optimized bracket that is 64% lighter than the
original designwhile reducing the maximum stress over 5{B%)]. In the structural desigtield,
lightweight designs are beneficial. For example, reducingkdogram flight mass airbus of A330

class is estimated to save 5000L of fuel during its life{i57é.

2m

3.6m

(@)

(b)
Figure 2.8. Examples of topology optimization (a) optimized ribs in the wing of Airbus A380, (b)
nacelle hinge braclet of Airbus A320.

2.2.2.2 Topology optimization of support structures

LPBF partsare usually printeavith supportstructure that connedthe part to the substrate.
Support structure plays a critical role in three aspects, first supporting the weight ofrtiengve
features, second, dissipating the laser heat to prevent overheating, and third, anchoring the printing
part on the substrate to prevent unexpected deflections due to the residual stresses induced by the

laser scanning7,8]. However, support structures could cause additional cost due to longer
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manufaturing time and substantial material waste caused by (a) volume of support structure (b)
powder trapped inside the support structure ihavastedduring part cleanup. Therefore, it is
necessary to design cesffective support structures that reduceaeitthe manufacturing time or

powder waste.

2.3 LPBF process modelingcoping with the challenges)

For addressing the challenges, process parameter optimization is neckssagjying
exclusively on experimental efforts to investigate Apelbl behaviorss expensive and tirae
consumingTherefore, LPBF process modeling has been used to investigate the LPBF process. It
can be significantly helpful not only in optimizing process parameters but also in pretheting

residual stresses and deformation

2.3.1 Analytical modeling

The analytical model of a moving heat source was first developed by Rose@Bafor
welding. Later, the point heat source model was extended to a Gaussian distributed two
dimensional heat source mo@®9,60]. For LPBF,Yang et al[61,62]proposed a seranalytical
thermal model of the LPBF process, in which the innovative point is considering the influence of
the finite dimensions of the powder bed and thsoaiated boundary conditions by an extra
complimentary temperature field which is solved by the finite difference methog.et al.[63]
proposed an analytical model including the boundary conditions by using pseudo heat sinks along
the boundaries of the simulated domain and got a good match to the experimental results in terms
of the melt pool diransions.Moreover, he residual stressduced deformations haveeen
predictedby using analytical modeksnd FEM[64,65] Even though these works gyeomising
and can give gooesults only the thermal simulation analytica] andthe mechanical simulation

in these workstsl relies onFEM. In addition asmelt pookin LPBF may not be in conduoh

12



mode only[28] and the material properties may be temperati@gendent, the analytical model

may still need morgalidations

2.3.2 Particle-level modeling

LPBF is rathercompicatedsince it includes multiple physics: photon absorption by particles
[66], heat (heat conduction, heat convection, and radiafithrextremely high heating and cooling
rateg, hydrodynamics (wetting of the powders with liquid, capillary effects, and Marangoni effect)
[67], powder particleslynamics[68], gasification,plasma (keyhole effec{69], phase change

dynamics [70], andsolid mechanics

Therefore some researchers applied partitdsel modelsfor investigating the heat flow and
mass flow in melt pool§21,69,71 74], which included several details, such@smputational
Fluid Dynamics (CFD) modelrandomly distributed particles and lasay transmitting in
particles, to simulate the madbol behaviors. Korner et dlr5,76]first considered a randomly
packed powder bed, which is twdomensional. The model studied the stochastic effect of particles,
the influence of relative density, wetting, and capillarBBF. Khairallah et al[21] developed
a multiphysics code to simulate the 3PBF process. They coupled thermal analysis with
hydrodynamics to analyze the phenomenon of PlaRsadeigh insthility. Xia et al. [77]
investigated the porosity evolution duribBBF by consideringa randomlypacked powder bed,
thermodynamics, phase transition, and interfacial force. Recently, Panwisawas [&2] al.
established a model including almost all irterédl phenomena and derived the temperature
distribution of singletrack molten zones. They found that with lasean speed increasing, the
single tracks become increasingly irregular, whglshownin Figure 2.9. Furthermorea CFD
model was built to investigate the influence of the shield gas on the microstructures of the LPBF

parts[78].
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In addition for calculating the absorption of a laser beam by powders, Boley[é®hlsed
ray-trace simulations. The relationships between absorption and powder content (material, size,
distribution, @d geometry) havbeen investigated\bsorption value can be affected by the size

distribution and geometrical arrangement of powder spheres.

However, the computational cost for such simulatiorexigptionaly high. For example, the
work done in[74] employed ALE3D (developed in Lawrence Liverpool National Laboratory)
massivelyparallel codewhich consumes on the order 100,000 GR[21], and the workn [73]
took 140 h for only 4 ms simulation of the procédsreover because of the high computational
cost they cannot be directly implemedtdor thermemechanical simulation models for
calculating the residual stresses and deftiona. Furthermore, few particteevel modek have

been useth multi-layer simulations because of its complexity.

Therefore, theffectivemodels, which wilbe dscussedh the next section, are stfficiently

used in thentermemechanicakimulations.

2.3.3 Effective modeling

Effectivemodels that employ several approximations and assumptions may be more effective
and efficient but still accurat®e predict the diransions of melt pools(g, melt pool width and
depth) which can be guaranteed by validating against the paléieé® modeling or experiments.

For simplification, instead of employing laserray tracing method in randomly distributed

particles, the het source has been usually assumed as volumetric heat source, randeise
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powder layelis presumedis homogeneous bulk materials wéttfiective powderlayer material
properties. Moreover, a valuable summary hasbeen madethat the primary modeling
consicerations may be heat source models, model dimension, material addition techniques,
thermalmechanical coupling techniques, and boundary condif&flj. Moreover, the heat source
modeling is thecritical point for the prediction of microstructures in LPBF. In order to get well
predictions of microstructures in LPBF, hesource models should fendamentabecause it

provides the thermal history which directly decides the microstructure form{g&ib@2].
2.3.3.1 Heat source modeling

In literature researchers have employed vasidieat sources. They che categorize@to
two groups based on their characteristi@mely(a) Geometrically Modified Group (GMG) and
(b) Absorptivity Profile Group (APG). In GMG, different geometries are used to mimic the actual
shape of the heat saéy, such as cylinder shaj@3], semispherd84], semiellipsoid[84,85], and
conical shap§86]. For example, the work, ii83], built up a volumetric heat source model with
the consideration of thepticalpenetratiordepth (OPD) of the laser beam into the powder bed,
where the shape of the heat source is a cylinder. BRasao et al[85] implemented the semi
ellipsoid heat source model, which was proposed firstly by Goldak ¢84jl.in the LPBF
simulation. The model showed good agreement with the experimestdisreNu et al[86]
proposeda conical shape dhe heatsource for arc welding, which is comparable to the LPBF

process, and derivegbodaccordance with experimental results

On the othehand, in APG, the powddred of LPBF is viewed as an optical medjandthe
laser beam is assumed to be absorbed gradalalhgthe depthof the powder layer. Therefore,
several absorptivity profiles hauegeen proposedsuch aghe radiationtransfer equation66],
absorptivity derived by the Monte Carlo thed [87], linearly decaying equatiof88], and
exponentially écaying equatiof89]. In APG, the heat source models2 not constraineth
specific geometries, and their general form is thatdweensional Gaussian distribution is on the

top surface while the laser beasabsorbedalong the deptlof the powder bed based on the
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absorptivity functions. Gusarov et db6] presented a mathematical approach for effectively
estimating the laser radiation scattering and absorption in powder layers and developed a
volumetric heat source based on the radiation trarnsteret al.[89] proposedheat source model,
which consists ofa Gaussian profile on theandy plane and an exponentially decaying profile
along the zdirection The effective heat source models presented in liteeature are
computationally efficient and accurate ilehbeing compared to the correspondexgerimental
results. Howeverthere is a lack of summary and comparison of them. Heat source madeling
regardeds one of thkeyfactors thatnfluencenot only the melt pool dimensions but also thermal
variables[89], e.g, the cooling rateetc Thereforea summaryand comparisons of heat sources

used in the simulations of the LPBF process are necessary.

In addition to computatioaccelerationthermal fluid dynamics, such as mass convection in
the melt pool during LPBF, cabe approximateeffectively by the anisotropically enhanced
thermal conductivity methof@0]. The anisotropically enhanced thermal conductivity method
could effectively improve the prediction precision of melt pool dimerssiblowever, its further
investigation is still critical since it maye changedrom one set of process parameters to others.
Lastly, laser absorptivity is one of the most uncertain parameters deimgimericamodeling
asdiscussed if21,66]. All the simulation models mentioned in the above literature employed
constant absorptivity, which may not be the case in reality. The laser absorption factor is influenced
not only by the powder particle size and distribution but also the angle c¢moeeidhat varies due
to the dynamic melt pool surfa¢@l]. Trapp et al[91] and Matthews et aJ]92] have studied the
absorptivity in LPBF using experimental approaches. The variation of absgrptastobserved
very large from 0.3 up to near Qcbrrespondindo different process parameters. It seems that in
some range of process parameters, the absorptivity was directly proportional to the laser power.
However, there is still a lack axplicit expressions between the absorptivity and the process

parameters. Besides, investigations on more different kinds of materials are still needed.
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BrunaRosso et al[93] proposed a globaensitivityanalysis scheme to investigate the most
influential parameters in the numerical model of LPBF and faimadithe emissivity coefficient
significantly influences the simulation output besides LPBF process parameters. This method
gives further developments of LPBF simulation models some guidance on which paameter

should be paid more attention
2.3.3.2 Powder layer thickness

Layerthickness is regarded as one of the nimgtortantparameter$31,94,95]since it can
helpto eliminate the procestefectsLi, et al.[30] investigatedhe influence of layer thickness on
the process defegtsamely pores andhe balling phenomenojwas studied qualitatively. They
found that incompatible layer thicknesdeadto excessive ballingral high porosity in printed
parts. Similarly,[96] proposed an analytical model to predict the surface roughness of final
products and found that minimizing the layer thickneskices the surface roughness of printed

parts.

Layer thickness can also influence the build rate inLfABF processsincea smallerlayer
thickness relates to more printed layéradingto more laser scannif§7]. In other words, larger
layer thicknessearevery beneficial and can significantly accelerate the manufacturing process
[98,99] However, dargerlayer thickness usually leadstimhersurface roughness, especially on
overhanging and sloped surfad&80]. Thereforeoptimizing the layer thickness corresponding

to specific materials and requiredrpperformance is essential for manufacturing LPBF parts
2.3.3.3 Thermo-mechanicalmodeling

An effective model can help to predict and understand the residesissis and deformations

in LPBF.

Caoet al [101] built up a fully coupleditermemechanicamodel for predicting deformation
andresidual stressan electron beam additive manufactured padisthe contrary theoneway

coupled hermemechanicamodel was also built to investigate the resiciiedssg4.02].
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Other properties have aldme includedin thermemechanicalmodeling. Li et al [103]
consideredhe shrinkageof the powder layer after melting in a model predictimgtemperature
and residual stress fields iiPBF. Tan et al[104] consideredh solid-statephasetransformation

(SSPT) model and showed that SSRayimprove the accuracy of the residual stress prediction.

Importantly, studies have shown that scanning strategies influence the residual stresses in the
LPBF parts[105,106] Therefore,many researchers have paid attentiorstudyingscanning
strategies for the sake of reduchegidualstreses Mugwagwa et al[107] found that by changing
the scanning sequence of islands in the chessboard scanning patteesjdhal stresseand
deformationwere significantly reducedBhardwaj et al[108] found the laser scanning strategies
influencethetexture physicaJandmechanical properties of thesersinteredoarts. The rotational
scanning stratedyelped to form preferential microstructure due to the heat flux becoming uniform.
Ramos et al[109] proposed atnterestingscannng method by using a distance function, whose
main idea is tespreadthe heat throughout the region that a lower gradient temperature and
deformation couldbe expectedAli et al. [50] found that escanning is not feasible for LPBF parts,
due to the increased build time and the detrimental effesatual stressdmiild-up and as well

as mechanical properties of the printed parts.

Advanced computing techniques have employed in the LPBF process modeling. Denlinger et
al. [110] proposed a thredimensional no#inear thermaelastoeplasticfinite element model for
LPBF, where adaptive mesh was employed. The moddidesvalidatethy comparing with the
experimental deformation$\Neiva et al[111] developed a parallel finite element framework,
named FEMPARAM, for metal additive manufacturing at the pscale The alaptivemesh was

incorporated into the framewaqgraswell. A maximumof 19 times speedupas achieved

In the future, numerical models could use the following experimental data as validating
referencesBrown et al.[46] investigated theesidual stressdaa additive manufactured samples
by usingthe neutrondiffraction method. They found that the stresses before and after support

removal are considerably different, whitdicates the cutting sequence of the support structure
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could lead to different deflectiontevkulich et al.[42] investigated the influence of process
parameters and substratenditiors on the evolution ofesidual stressea LPBF through three
different measurement tewiques, Xray diffraction, holedrilling, and contowmethod. The
findings are interesting that the residual stessere reduced by increasing laser power,
decreasing scan speed, dm&ht treatinghe substrate before printinghan et al[47] provided a
benchmark geometry for residual stress measurements through three different methods, neutron
diffraction, synchronized XRD, and contour methodThe residual stress easurements by

synchronizedXRD and contour method matched well.

2.3.4 Part-level modeling

Even though understanding physics in melt pools should be necessaessamdigl the
dimensiors of the models inthe abovestudiesaresmall (1 mm), compared to an Apart (16
cm). The mr-level simulation should include the deposition process of multiple layéuss, it
may be unmanageable to use those methods to deal withlaehrsimulation. Therefore, fast
computation methods for paevel analysis are stittritical, especially for topology optimization

because of its inherently iterative character.

For acceleration, an analytical model was proposeMénceliset al. [33] for studyingthe
residual stresses ilPBF, which hada goodqualitative coherence with the experimeMsreover,
reseachers have been trying to accelerate the simulation by akngerheat sourcee.g. a vector,

a layer, or a domain of melting material is deposited @tna. This methods namedas the
equivalenheat flux domain method. On the other hand, an etgnvenechanical method has also
been proposedn which a whole layer of material with some specified inherent stimiadded
each time. This methodoes notneed a heat transfer simulation so that the simulation can be
furtheracceleratedBesides, svaal othertechniques and methods are employed, such as the birth

and death methodndthe adaptive mesh technique
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2.3.4.1 Equivalent heat flux domain method

The technique of birthanddeasts ui t abl e f or d e sddingprocedurgin AMG6 s
which rew elementsare activatedt thedesiredtime. Matsumoto et al112,113]may be the first
researchers toalculate the distribution of temperature and stress in one single layEBia
Robert et al[114] may bethefirst researchers to propose altitlayer simulation model dfPBF
using the element birth and death methaa.et al.[115] employed tk birth-anddeathtechnique
to simulate the temperature distribution during cladding composite coatings. Zhagld6hl.
investigatedthe themal behavior of a singlpass multlayer rapid prototyping by FEM and
experiments. Kolossov et l.17] developed a thermal model of selective laser sintering, which
was comparable with experimental resuikanget al [118] investigated the influence of the

different dmensions of the activated domainsa domairby-domain activation method.

Computational efficiency malge improvedby usingthe adaptivemeshtechnique, in which
meshis automatically adjusteduring the simulation process. Zeng et[&lL9] researched the
adaptivemesh method fotPBF, which enabled the mesh in melt pools aedtaffectedzones
to be refinedwhile the remaining padf beingcoarser. Thus, they reduced the comporai cost
and derived acceptable accuracy compared with a unifioermesh model. Moreover, further
accelerated modeling could owe to further assumptions and numerical techniques. Keller et al.
[120] built a partlevel simulation folLPBF by implementing the heat flux on a slice of a part at
once instead of thactuatscanprocess, which could decrease the calculation time, as illustrated
inFigure210. | n Sei d d121,123] four heatidpat madels fér calculation temperature
distribution in theLPBF process havéeen explainedeparately. Paulakis et al[123,124]
compared computational reduction modeds thermal and mechanical analysis of ttleRBF

process, which were lasbeat input volumédy-volume, layetby-layer, and vecteby-vector.
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Figure 2.10. Boundary conditions and thermal loads of layetby-layer heat input model[120].
Chiumenti et al. [125] employed the element bifdnddeath technique to simulate the
temperature distributions in LPBF. Three differsiaes of thedomainfor activating are useand
they are hatclby-hatch, layeiby-layer, and reduced hatdly-hatch. Trermal couples were
embelded in the printed part when the printing was stoppetfway in order to validate the
temperature distribution. The temperature from simulated results and experiments have a good

agreement. However, the résal stress distributioshouldbe furthervalidated.
2.3.4.2 Equivalent mechanical layer method

Similar to the equivalent heat flux domain method, researchers also investigatecnsing
equivalenmechanical layer method to achieve the part level simulation of LPBF, in which a whole
layer of material with some specified inherent strains or initial stresselslecht each timeThe
initial residual stress method and théerentstrain method caaccelerate paievel modeling
because onlglasticmodeling is needed to estimateformation andresidual stressegven the
initial local stress or inherent strain. Their similar ideology is that mechanical results of a
mesoscale analysise importednto a macrescale part due to the comparable mechanical history
in melt pools. Li et alf126] built a multiscale model with the idea of initial residual stress, in order
to fast predict pardeformationin LPBF, which included microscale, mesoscale, aratroscale
simulation. Keller et al[127] used the concept of inherent strain to build a fast simulation model
for predictingdeformationand residual stressesf AM parts, which may havbeen usedn a
commercial softwar&imufact additive®nd Additive Work®. A partlevel simulation proved a

similar trend ofdeformationas the experiments did, whichpresenteéh Figure2.11.
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Figure 2.11. Comparison of the deformation of a cantilever specimen between the results of
simulation and those ofexperiments[127].

Most recently, Siewert et aJ128] did a comprehensive validation for thgherentstrain
method, in whichboth the residual stresses and deformation are validated by experifrieggts
found that even though theherentstrain method has some simplificatiprediableprediction of

residual stresses and deformations can still be achieved.
2.3.4.3 Other methods

Besides the above method, Peng ef1&9] proposedaninnovative method that is a thermal
circuit network model. In that model, the part and support structuees dividedinto the so-
called thermal circuit element. The conductive heat transfer is interpreted bybgyayer
addition ofthermal circuitelemens, so that the FEM thermal modeling cha replacedThis
methodresults in two orders of magnitude acceleration compared to the FEM thermal modeling

while sacrificing less than 15% accuracy.

2.3.5 Software and parallel computing

Several computationaloftware and codes habeen usedn the numerical modeling of the

LPBF process. Thegre summarizeth Table2.1.
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Table 2.1. Available software for the LPBF process simulation.

Name

Description

References

3DSim®

SimufactAdditive®

ESI®

Additive Works®

Netfabl®

Ansys®

Abaqus®

Comsol®

MSC®

ALE3D

Diablo

Comet

CUBES®

Deal.ll

One of the first software for LPBF. Developedthg
groupof Prof. StuckerAcquiredby Ansys in 2017
MSC software. Mainly based otie inherent strain
method.

France based company. Partitdegel simulation.

CEO Keller isthefirst to propose to usthe inherent
strain method in LPBF.
Strong mesh operation ability. Acquired by Autodes

APDL. Before acquiring 3DSim, users built the LPE
modek by themselvedHigh-Performance Computing
(HPC) enabled.

Strong mechanical analysis ability. Users built 1
LPBF models by themselves.

Strong multiphysics simulation ability. Particlevel
and parlevel are also enabled. Users built the LP
models by themselvesligh-Performance Computing
(HPC) enabled.

Commercial software. The most cited papenirthe
journal Additive Manufacturing used this software.
Particlelevel model by Lawrence Livermore Nation
Laboratory Fluid dynamics. High-Performance
Computing (HPC) enabled.
Thermemechanicasimulation for LPBFoy Lawrence
Livermore National LaboratoryFluid dynamics.

FE software developed at the International Center
Numerical Methods in Engindag (CIMNE). Needan
exclusiveagreement taise.

Developed byPan Computing LLC. Then it is no
acquired by Autodesi

Opensource codeStrong ability in the adaptivemesh
that is necessary for the LPBF process simulat

High-Performance Computing (HPC) enabled.

https://www.ansys.com/products/structur
/additivemanufacturing
https://www.mscsoftware.com/product/si
ufactadditive
https://www.esigroup.com/software
solutions/virtualmanufacturing/additive
manufacturing

https://additive.works
https://lwww.autodesk.com/products/netf:
b/overview

[103,104,130]

[19,101,102,1311133]

[78,134]

[37,110]

[21,74]

[135]

[136]. http://www.cimne.upc.edu

[137]

[85,93,138,139]
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2.4. Topology gotimization for LPBF (embracing theopportunities)

LPBF enables new design flexibilities, among which topology optimizati@m isportant
one. In this literature review, two aspects will be paid attention to, the topology optimization for

LPBF product structures and topology optimizafionLPBF support structures.

2.4.1 Topology optimization for LPBF product structures

AM can make the complex geometries obtained through topology optimization. Topologically
optimized structures such as the nacelle hinge bracket mentioned above, bridg@sceeros
components, have been achieved by AMIO 142]. Moreover, an optimized heat sink or internal
cooling channels have been fabricajedi3,144] Compliant mechanisms withultiple materials
designed by topology optimization cdre obtainedoy AM [145,146] In the medical field,
continuous advances in both topology optimizatimd AM make it possible to create scaffolds,
which can balance mechanical function with mass transport to aid biological delivery and tissue

regeneratiofl47i 149], asshown inFigure2.12a andb. Furthermore, with AM, many innovative

structures, such as st r u[@S0Juhasbsen realizet, asnskowrain i v e

Figure2.12c.

(a) (b)
Figure 2.12. Innovative structures, (a) (b)scaffold lattice structure[149], (c) negati ve
ratio structure [150].

In addition topology optimization can reversehelp to mitigate the limitations of the AM

procesdy considering manufacturing constraints in the structdesign stage. Those constraints
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canbe expressetly penalty functions and cdre combinedwvith the structuralresponse int@

singleobjective function. With the objective function, topology optimization can be carried out.
2.4.1.1 Minimum f eature size control

For AM technologies, the minimum feature size control is dependent on the printing methods.
For LPBF, there s usually a limitation of the minimum feature size. For instance, if a printed part
is too small, it will be broken by thecoaterin addition the LPBF minimum feature sizes also
determinedby the melt pool sizeThe successful method tke so-called robust formulation
[151,152] for warranting minimum feature size in densiigsed toplogy optimization. This
methods basean implicit geometric constraints. Another method based on geometric constraints
was proposed by Zheet al [153], which explicitly addedonstraintof minimum feature size to
the original design problem. These two approacheguarantee a minimum length géor both
the solid and the void phase, and th@imum feature sizean be different fothe two phases

which is beneficial for LPBF.
2.4.1.2 Cavity constraint

For LPBF, enclosed voids in a design shdddccarefully avoidedtherwise, powder material
will be trappedn the enclosed voidsthe approach for excluding the internal voids has been
achieved by a cavityconstraid¢ fivi rt ual temperature met hodo
this cavity constrainfl54,155] where a virtual heat source is set up within the void ,fesidia
restrictionis enforcedon the maximum temperature. Isolated voids would consequently lead to
heat accumulation and increasing maximtemperature, and therefore, voids are punisimed

eliminatedby the added constraint.
2.4.1.3 Overhang constraints

For reducing the volume of support structures, maximum-ssgiport angle (maximum
overhang angle) cdme regarde@s the manufacturing congtra Violation of such constraing

quantifiedthroughthe useof a penalty function, whicke combinedwith the original objective
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functions in a singl@ew objective functiontherefore the problem can be solved asommon
topology optimization probla [146,156] The result of a beamesign problem with 45 deg
overhang constrains depictedin Figure 2.13, which does not need support structures during

manufacturing.

Figure 2.13. Topology optimization result ofthe MBB beam problem with 45 deg overhang
constraint [146].

2.4.1.4 Deformation compensation

Topology optimization can be usetb consider the deformation during the LPBF
manufacturing process. Allaire et §l57] developed a layer by layer therratastic model for
AM and incorporated it inttopology optimizationin order tominimizethe deformation and stress
caused by the laser heat during the LPBF process. The optimization begins with an initial design
thatis obtainedfrom a complianceninimization problem. Compared to the initial design, the

optimized result has less stress and deformation.

2.4.2 Topology optimizationfor LPBF support structures

LPBF partsare usually printedvith asupportstructure that connects the part to the substrate.
Support structuieplaya critical role in three aspects;st supporting the weight of the overhang
features, second, dissipating the laser heat to prevent overheating, and third, anchoring the printing
part on the substrate to preveneupected deflections dueresidual stress induced by the laser
energy{7,8]. However, support structures could cause aatthdi cost due to longer manufacturing
time and substantial material waste caused by (a) volume of support structure (b) powder trapped
inside the support structure thetwastedduring part cleanup. Therefore, it is necessary to design

costeffective supprt structures that reduce either the manufacturing time or powder waste.
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Most of the current LPBF manufacturirsgconductedby using the support structures available
in the current commercial LPBF software. However, the typesvailablesupports are tited
and rely on techniciansd experience. Mgreover
dissipating heat and anchoring parts to prevent unexpected deflections, are still not avVagable.

support structures ne¢al considethese aspés during design as it mighdil printing.

Designof an effective support structure depends on its ability to produce parts without any in
process errorg/hile also using the least amount of powder to produce those supports. Topology
optimization is comranly used as an effective approach to design-payfiormance structures for
various objectives such as minimum compliameducing stressematerial usagetc [158/ 163].
Topology optimization usually generates geometrically complex parts, which napasgy
optimization an ideal approach for tlesignof AM parts and support structur¢$40,164 166].

In this regardreseachers have used topology optimization to reduce support structures in LPBF
for producing selsupporting parts by using overhatmnstraintsSeveralapproache have been
proposed in theliterature to employ overhangconstraintsto print selfsupported parts

[156,167,168]

It is not possible taompletelyremove support structures for all geometegscantileversin
addition as mentiaoed previously, the functionalities of these supports should be included in the
support structure design. Topology optimization for optimizing the support structuredragsed
in designing thes#ypes of supports. For the heat dissipation functional#izpu et al [169]
proposed a transient heat transfer based suppodiwge optimization technique for LPBF for
improving the heat dissipation performance of suppgautires. On the other harfdr reducing
the part deflections and residual stresses through the support topology optimikatiopology
optimizationfor the LPBF supports design requires not only the topology optimization framework
but also anodelingapproach that simulates the response of optimized pamtghis purpose, a
fast computational techniqualled the Inherent Strain Method (ISM)70] hasbeen usedbr the

fast prediction of deformationsand residual stress in LPBF parts[126,127,171] A few
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researchers have proposed ISM modelgheoptimizationof support structures by usinghouse
and commerciadoftware[172 174). Cheng et a[173] proposed atressbasedpproach to reduce
the maximunresidual stressesused during LPBF printing. Bartsehal [174] developed two
stepapproach for support structure design in LPBF by linking the ISM simulatigmiphyor

with topology optimization in Comsdl

Besides incorporating the required functionalities into the support topolagyipation, a
high resolution ofdesigndomairs is required to avoid erroneous resyltg5]. In this regard
employing highperformance parallel computing provides the most efficient solution. Aage et al.
[176] first developed a parallel and easyuse platform for largscale topology optimization
based on the solid isotropic material wigenalization (SIMP) method and successfully
implemented it into a gigaoxel structural degn [177]. Liu et al.[175] realized a fully parallel
parametrized level set method and applied it for up to 7 million elements. Mezzad|{l&8&l.

first proposed a highesolutiongravity-basedopology optimization of AM support structures.

Despite the prospect shown in the above topotqiymization for LPBF product and support
structurestopology optimization folLPBF is yet fully mature.Work presented ihe literature
provides insight into solutions for topology optimization, ISividparallel computing. However,
there is still amgor gap between the higherformance computing topology optimization
framework and support structure design in considerasiomechanical loads induced by the
residual stresses produced during LPBF. Moreovecabse of the character of optimization
algoithms, optimization may not converge talaargeometry with manufacturing constraints.
Therefore, efficient and intelligent software is essential to extract the results of topology
optimization; otherwise, pogirocessing may cost much tinj&,179] Secondly, structural
performance may beery sensitivdo the dimensional accuracy of the finished pE80]. Thus an
active area of research is reducing the sensitivity of topologically optimized structures to
manufacturing defec{d81]. Thirdly, mathematicallgxpressing manufacturing constraints would

be challenging, since that requires a comprehensive understanding of the AM processnpla, ex
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for the LPBF process, melpool behavior, residual stress, addformationare still under
investigation, since.PBF has some very complicated physical phenom@n20,21,182,183]

Most importantly fast simulation of the AM process, especially pavel simulation, should be
critical, because topology optimization requires many times of such simulation. If it is not fast

enough, topology optimization will become extremely tioogsuming.

2.5. Summary

In this chapter, several aspects of design for LIRB¥e reviewedincluding LPBF andits
challenges and opportunitieBhe challengescludedefectsin LPBF parts, residual stresand
deformation in LPBF. The LPBF process modeling, which is for dealitigthe challenges, has
been reviewed. The opportunitiesludemainly the freeform fabrication, which can be achieved
by topology optimization. Topology optimizain for LPBF, which utilizesthe opportunities
provided by LPBF, has also been reveeiv
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3.1 Introduction

In this chapter, a system of design, optimization, and simulation for AMbwillustrated
Under the background of industry 4.0, automation and data exchange will be pervabiee in
marufacturing industry. AM as one of the most automatic manufacturing metritdslay an
increasingly significant roleSmoothworkflow for AM from design to manufacturinghould be
beneficial, which hasdrawmma ny gi ant ¢ o mguehmas Slemé®, andtAl@in® i o n
[184,185] since itcanrealize highperformance products, acceler#te upgradingof products,
and reduce R&D expenses. The workflow of this desigmanufacturingprocess will be
investigatedwhich includes topology optimizatioppstprocessingperformance simulation, and
manuacturing process simulation. The focus willdrethe first three ste@nd leave the last one

to the next chapter

3.2 The g/stem

A design, optimizationand simulation systemconsistingof topology optimization post
processing performance test, and manufacturing simulatizas been developgeds shown in
Figure3.1. At thebeginningonedefinesa design domain with sesad baundary conditions. Then
onecanstat to do topology optimization with definembjective and constraint functions. After
multiple iterdions, a converged structure dam obtainedAs shownin Figure 3.1, theresuls of
topology gtimization arevery rough full of small blocks due tohe inherent characteristiof
topology optimizationThus postprocessingo extract and refine the resuighould be essential.
The resuls directly can be modified througbeveral enhanced CAD malés[186]. Also, during

an optimization, onemay only consider a portiorof the original parffor efficiency based on
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symmetries, sdhiat part recous should alsdoe includedduringthe postprocessingAfter that,it
is neeckd to do a performancesimulationto verify that the topologichl optimized parts have
satisfied design requiremenBefore doing the performansemulation oneprobably neeslto
convert the facet geometriebtained fronthe postprocessnto solid geometries omestes The
last but not leasbefore throvng the CAD file to a printerthe manufacturing simulatioshould
be conductedh orderto check the manufacturability, including whethes grart will fail during

themanufacturingprocessecause othermaldeformationand residual stress

Topology
Optimization Post Processing

(Geometry refinement)

Performance FEM
ManUftg Simulation (Static, dynamic, fatigue...)
(Micro, Meso, Macro)

Figure 3.1. The schematicdiagram of the design, optimization and simulation workflow.

3.3 Topology gotimization

Structural optimizatiorcan be dividedinto three levels according to the different types of
design variables: size optimization, shape optimization, and topology optimization, which is
demonstrated ifrigure 3.2 [54]. In Size optimization designeranmay want to find the optimal
dimensions such as thickness and caEsgion area. The goal of shape optimization is to find the
optimal shape of geometrical features in a design domain, such eézomiia circulahole into

an elliptical shapefor the sake of lower stress concentrati@n the other hand, topology
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optimization will optimize the number atigelocatiors of those geometrical features in tresin

domain, so that it ialso calledcconceptual design.

Figure 3.2. lllustration of the three levels of optimization, (a) size optimization, (b) shape
optimization, and (c) topologyoptimization [54].

For topology optimizationa commonly used objective is to nmmize the compliance, which
is equal to maximizing global stiffness. Consider the elastic domain shdviguire3.3, in which
some locations have been fixed with material and witbid. The feasibledesign domain is.
The boumlary conditionsare fixeddisplacemeniiy, load boundaryi: and body forcé. Moreover,
it is assumd that the volume fraction of material in tfeasibledesign domain is|. Topology
optimization is to choose the optimal distributiomudterialinthefea s i bl e desi gn do me
those prescribed boundary conditions and conss&rdihe minimum compliance probleocanbe

expressed mathematicallythe following form.

minimize: E=fj f W ;ﬁucﬂf)

ul Uy
subjectto: d P@ F %ED. L)e ). el W + f voOwW f\ﬁscg 0 (3.1)
(; 2 ijkl ki w G \ .

"viu

j i V\éub :h w
where E canbe regardeds the potential energy of loadsis the solution forthe displacement
vector of the domainwhile v is any displacement vector of the domadihis the space of
displacement fieldsd is thevariation ofthetotal potential energpf the whole domain( is the
coordinatesvithin a Cartesian reference franf. (() is the tensor of elasticity constaf.and
G are strain tensors.subis thesubdomairof the feasiblelomaing , based on the vol
d.
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- Area with fixed material
D
NS

Figure 3.3. Schematicboundary conditions of topology optimization.

Area with fixed void

Whenemployingthe Finite Element Method (FEM) to solve the problem showkaq{3.1),

onecanget the discrete form &q.(3.1) asfollows.

minimize: F'u
subjectto: K g u=F

V(x)< # Vg
X ¢x 0X, j E..,n

(3.2)

whereF is the load vectow is displacement vectoK(x) is the stiffnessnatrix. x is thevector of
design variables, iwhichx; represents the existence of materighigj"" elementx; is 1, meaning
that there is material in the element, whilés 0, meaning no materidh addition x; is setto a
minimd positive numbeclose to On order to avoid numerical erroand x; is usually 1.V(X) is

the volume ofusedmaterial.

More generdy, a structural topology optimation problem could b the following form.

minimize: f, (x)

subjectto: f & X 0,i =1,. m (3.3
x¢x ¢, j E..,n

wherex = (X1, €xg)' is the vector of design variabldg(x) is the objective function, which usually

is the compliance of structuref(x) O 0 ar efore;mdetthe aolume o weight

limitations of structures.x, and X; are given lower and upper bounds of the design variables.

How to find the solution for theptimization problem ifeq(3.3) is one of thé&eypoints.Most

optimizationalgorithms need to do iterations before firgithe optimal solutionit is necessario
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introducea famous and widely used optimization algorithm in the fieldpbkogy optimizatiod

Method of Moving Asymptotes (MMA]187].

The objective and constraint functions may usuallyniygicit functions, so MMA uses the
information of the current K" iteration (k = 0, 1to reluildéekplicit functions for
approximating original functionsvhichis expresseth Eq(3.4). The information includesub
limits of the variablex, which areL;® and U;®, point positionx®), function valuedi(x®), and
gradientgofi/px; atx = x¥. In addition k is the iteration No., and whenist equal to zero, ineans
oneussesthe initial point to build explicit functions. The valuelkadepends on how many iterations
are needed to get the optimal solutibf®) and Y® are known asmoving asymptotesvhich are

normally changethetween iterations.
®) w 24 P g¥ 0O
£ (x)=r, ?1% (k) ,8| &1...m
J ]

where

o F U X7 R i g g0 >

10, it (W /w @
R . 3.4
o T (3:4)
i | .
oo -0 0 o xpif fip @ <
& p_<k> G
(00 = f (x00) . A o P ] ;
i (X)) ,a:‘;?J x‘(k g
X ¢ « g9 xg j 1.7,n
Therefore the equivalentoptimization problem oEq.(3.3) canbewritten asgq.(3.5).
. N
C£00 ()= p (0 5 <
minimize: f™ (X)=T, *O_.l@fk) x x -I® 8
subjectto: x, ¢ LI <« WX x¢, j 1=n (3.5)

£09.(x) = 00 2a p 9
; X) =F. +—
i i -*a-l%g iJ(k) X )S _Lj(k 8

Then the problentanbe solved byhe Lagrangiarmultiplier method, shown i&q.(3.6).
Lo, xR 000 &41900 3 AL x)- g Y0) (36)
i=1 i %
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wherea= (ax, €an)', 3= (31, é3y)’,d=(ch, €édy)" are nonrnegative Lagrange multipliers for the

different constraints iq.(3.5).

As discussed above, through stgpstep iterationsthe optimal solution may b&und
however, this process may neawany repetitions. This inherently iterative charactertoé
topology optimization process dlid require fast simulation in each iteration; otherwise, the total
computationaltime could be unacceptabl&herefore, if the AM processis taken into
consideratioa during topology optimization, thecomputationaltime of the AM-process
simulation shouldbe fast enough. Several accelerated simulation metbothe AM processwill

be discusseth Chapter 7

3.4. Mesh gnoothing

During topology optimization, optimization algorithms decide the distribution of material and
void. Sinee the design domain h&gendiscretizedinto finite elementsthe boundary between
materialand normaterialmay become toothedsahown inFigure 3.4a. Thus,sucha resultof
topology optimizatiorwith rough surfacesould notbe manufacturedr simulated easilyThe

result needs tbe expresseith a more practicable CAD model.

Commonly, two methods cadeal withthis problem. One is to draw thesult in a CAD
software manually based on the topology optimization. Howevenethedeling process will
significantly depenan the experience of operators. Besides, it is a toorsuming process. The
other method is to empl@computer to exact the result automatically basedaisosurfacef
the topologically optimizedesuls. In this way, itis possible to obtaismoother surfacszompare
totheoriginal result Thus, in this workthe second nthodis usedo extractheresultsof topology

optimization.The extracted isosurface of the ressitiepictedn Figure3.4b.
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Figure 3.4. A topology optimization result, (a) original rough surface (b) extractedsmooth
isosurface

Then one can build the whole structure based tre one quarter obtained frotopology
optimization, shown irFigure 3.5a. It is necessaryo mentionthat productsf the isosurface
extraction are 2Bacetmeshes. Frornrigure3.5b, onecansee that the facet mesictludesliong
ard thin elementswhich will lead toill 3D elemens when conveed to a solid mestior the

following FEM simulation.

(a) Original bridge

(C) Smoothed bridge using Laplace flow code

Figure 3.5. Mesh smoothingof the topologically optimized bridge (a) and (b) original mesh, (c) and
(d) smoothed mesh by Laplacian smoothing method.

Therefore, the mesh should be smootlzithe lowquality elements shoulde eliminated
There areseveralsmoothing techniques teolve this problem. Among them is th@mple but

famousLaplacian smoothing method. Figure3.6, vi is the node needed to be adjusted, while
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is one of the nodes W™ which representsheset ofvid s n e i Thus,th@new coordinates of

Vi canbe describeas,

V=V %é(v,» ¥) (37)

vl v
where,nisthe numberofi6 s nei ghbor s.

The Matlab ® code provided by Kav¢h88] hadbeen employedh this work. The related
smoothed resuls shownin Figure3.5¢c and d wherethose thin and longiangular elementsave
disappearedMoreover, whemneusestherefinedmesh to generatesolid mesh, less modification
is needed compared with the originak However, this uniforrweight methoghown inEq.(3.7)
may cause shrinkagadr e s u |l t s 0 ormteapgée sizkE 80 whichhasbeen exemplified
in Figure 3.6b. Therefore, infuture work, norshrinking method such aghe scaledependent

umbrellaoperator, should be considered.

(a)

Figure 3.6. Laplacian smaothing, (a) vertex neighborhoodv", (b) illustration of shrinking and mesh
size dependency.

3.5. Performance smulation

With the smoothed mesh of the bridge structuilh volume fraction 0.Zhown inthe last
section,now onecanconvert it to solid mesh iHyperWorks ®, shown ifrigure3.7. Then static
simulation of the topologically optimized bridge was executed under thelaguoonditionghe

sameas a thregoint bending testSince the material of the partisat were printed for the
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mechanical tess Acrylonitrile Butadiene §rene (ABS),the material properties of ABR90]
were usedin the simulatioras shown inrable3.1, whi |l e Poi ssonds ratio
The load applied on the bridge wh&N.

Table 3.1. Material properties of ABS material used in the simulation

Youngébés Modul us Poi ssond6s Rati o TensileStrength
2.257 2.28 Gpa 0.3 34.171 51.2MPa

Figure 3.8 depictsthe simulation results of the bridge structuteshouldbe mentionedhat
some stres singularitiehave been filterecout, which may exist in the sharp coraef the small
holes near thbottomof the bridge, in the load applying area, amthe fixation area. Thefore,
only the central portion (colored areaf)the bridgewvasselecté, asshown inFigure3.8a. Mesh
independency verification h&een executedith mesh sizes of 0.5 afid25 mm. The difference
of maximum stress between the two models with different mesh sizes is 6.6%, which should be

able to veify the mesh indpendency fothe simulation.

Figure 3.7. The solid mesh of the topologically optimized bridge

Contour Plot Contour Plot
Element Stresses (2D & 3D){vonMises) (a ) Dlsplac.emenl @
Analysis system Analysis system
4.014E+07 1.165E+10
[3,5745«‘07 [I 031E+00
3.134E407 8.970E-01

—2.694E+07 —7.628E-01
T 2.254E407

—1.814E+07

T 6.207E-01
——4.945E-01

1.374E+07 3 603E-01
9.339E+06 2.262E-01
4.938E+06 9.202E-02
5.381E+05 -4 214E02
Max = 4.014E+07 Max = 1.165E+00
3D 9315884 Grids 108225
Min = 5381E+05 Min= -4 21¢E-02
3D 547078 Grids 15519

Figure 3.8. The static simulation results of the topologically optimized bridge, (a) stress
distribution , (b) z-displacement
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Performance simulation should Ibecessary due to the reason thaaih conveniently help
designergo check the validity of structure before experinseand to adjust desig based on the
simulation results. However, this process still needs mmehual work, including mesh
smoothing, conversion from 2D mesh to 3D mesh, and refinement of 3D mesh. Besides, from the
simulation result of the bridge depictedrigure3.8a, onecansee thasomeof the stressre not
smoothly distributecddue to the concaveonvex suiace of the bridge. Seemodeling may be
essential for some applications, which may also invalgggnificart amount of manual work.

Thus, uture effort orthe geometrical processy may be requisite.

3.6. Experimental validation

Topologically optimized bdge structures with different material volume fractionkich are
0.2, 0.5, 0.8, and 1.0ad been printed byPrint Stratasys ® with the matial of Acrylonitrile
butadiene styrene (ABS), as showrFigure 3.9, in which the black parts are support structures
removed after printinglChe structure wth volume fraction 1 is alockfully filled with materialin

the desig domain.

Figure 3.9. Bridge structures with different volume fractions, (a) with support structures, (b) after
the removal of support structures.

Experiments of static thrggoint bending had been set ap the Instron® test machine, as
shown inFigure 3.10a. The bridge in the figureontactedon two cylindrical support structures

andwas under the compression force from the pin.
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Figure 3.10. Experimental procedure and result, (a) stup of the threepoint bending mechanical
test, (b) the part after the mechanical test

Figure 3.11a displays the force&leformation profiles of bridge structures with four erfént
volume fraction, 0.2, 0.5, 0.8, 1.0, whose maximum bearing force are 1.1 kN, 4.4 kN, 5.8 kN, and
6.3 kN respectivelyFrom Figure3.11 (a), onecanobserve thathe bridge with volume fraction
0.5 is thestiffestone within arange of deformation from 0 to 3 mm. Besideghin a specifie
displacement range, each optimized structamewithstand bigger loads than thdl block can
for thesamedeformationas shown ifFigure3.11 (a), representinghattopology optimizatiorcan

make structure stronger with less material$ome degree.

1200
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. e 1000 | - = -0.2 modified e

5000F  |--- ) e 1 | 0.2second | .7
—_ ' — 800} Z
Z 4000 Z
8 8 e00f
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Deformation [mm] Deformation [mm]

Figure 3.11. Force-deformation profile of (a) the bridge structures with the four different volume
fraction (0.2, 0.5, 0.8, 1.0and (b) a manually modified structure.

Furthermore, in order to verify the effectivss of topology optimizatiom, wall structurevas
manually addedo the center of the voluraigaction-0.2 bridge as displayed ifrigure 3.11b. It
canbesea that the difference between the original structure and the modified straotudbe

ignored since thedeviation fromanother original desigis even bigger than that diéfence, as
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plotted inFigure3.11b. Hence the wall structure may be redundawhichimpliesthattopology

optimization haslerived an effective result.

This experiment validates the performance simulation discussed previobslgirfiulation
result inFigure3.8ashows thatinder a load of 1kNhe 0.2volumefraction bridge tends toreak
since the maximum stress is within the range of tensile strength of ABS shdwahl@8.1. The
areas with stress higher than 35MPa are on the upper surfaces of the four corner beams and the
roots ofthe four middle beams, whiadygrees well with the experimental results showRigure
3.10aandFigure3.10b, from whichit canbe sea thatthe bridgebrokeat the locations predicted
underaload around 1kNNeverthelessthe maximum @isplacement in the simulation shown in
Figure3.8b is 1.2 mm, which isnuch smaller than th&4 mm from the experiment. The reason

for thisdiscrepancy may be ththeanisdropy of the ABS materialas ignoredn thesimulation.

3.7. Summary

A system of design, optimization, and simulation for Alkkbeenpresentedh this chapter.It
includes topology optimizationpostprocessing performance simulatiorand manufacturing
process. This entb-end system may help realize highperformance products, to accelertite
upgradingof products, and to reduce R&D expenses atdngestime Topology optimizatiorcan
make structures stronger with less mateonélwhich he mathematical model hbhsen discussed
in orderto understand this potent designing tool betteaddition the mesh smoothing technique

may help improve the migjuality of results obtained lbgpology optimization

Moreover performance simulation through FEM may conveniently help designeleyiice
better design and to understand the performance of the design before doing experiments.
Furthermoreexperimentdiad been don verify thesimulatian, and to confirm the effectiveness
of topology optimization in structural desigimhe structural breakage predicted by simulation

agrees well with that frorthe experiment
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Chapter4.Fundame nftEaMs d e Iff iolrig B F

4.1 Introduction

Finite Element Method (FEM) has been widely used by academics, reseaantdardustries.
It is employed extensively in the analysis of heat transfer and fluids and solids and structures.
LPBF is a complex manufacturing process, which includeffiple physicse.g. heat transfer,
fluid dynamics, anelasteplasticmechanics. The development of FEM for simulating the LPBF
process is attracting more and more attention because FEM can not ocly tieeldevelopment
costbut also providenuchvaluableinformationthat maybedifficultly derivedfrom experiment,
such as the temperature gradient and cooling hatéhis chapter, the fundamentals of FEM
modeling for LPBF are discussexhdtheyare separateidto three categories, heat transfer FEEM
elastoplasticFEM, andthermoelasteplasticFEM. In addition the fast simulatio method ISM

will be briefly discussed.

4.2. Fundamentals ofelastoplasticity FEM

4.2.1 Linear elasticity

The equilibrium equations, which are the governing equations tlareadimensionalsolid

domai n thgsufacebp h |, are descri bed as,

I"lsxx + utyx + “éx +bx - 0

oMz
t
I"l Xy + IJ%Y_'_ H;'Fby - O (41)
oMz
Wy W (BS0 _g

XMz

whereby, by, andb; are components of the body force in ¥agy-, and zdirections respectively

In addition according to the symmetry of the Cauchy stréss,(l, (i, =X, Y, 2).
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These governing equations daaexpresseth acompact form,

S's+b=0 (4.2
whereS' is the differential operator,
sE oo Ho_H
i X M 2
sT=10 X o _H_Hp, 4.3)
Ty 4 S
1
oo Mo H_H
i Wz M Xh

0 = {0, Cyy, Ozz Qy, Uz U3 T is thematrix form of the stress tensor, abds the vector of the body

loadb = {bx, by, b} T,
For the boundary conditionstress boundary conditioase giverby the traction condition,

tx:‘s‘xxnx +[yxny +zmz

ty:txynx +$}an +Zm2 (44)
tz:l'xznx +{/zny +2§1z

wheret = {tx, ty, t;} T is a vector of surface tractiotisatactover the part of the boundary surface

de n ot e @euanann houndary). Similarly, displacement boundary conditions are presented by,

U =u (4.5)

andapply for all points which are on the part of the boundary surface der .. dDsrichlet

boundary).Q denotes the prescribed displacement on the boundary.

All of the above equatiorgre not specifietb a material. The specific behavior of a material
is defined by constitutive equatiotisat governthe stresstrain réations of the material. As for

the material constitutive relations,

s=D(e -)er, (4.6)
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whereD is the elastic stresstrain matrix o is the initial stress vector before applying any kad
andU= {C Uy, Uz 0y, 9z 9 T is the strain vectokd = {Uxx, Byy, Bzz Qxy, Joyz do24¢ | is the strain
vector that arises from sources other than displacement. Moreover, for linear isotropic materials,

the relations are expressed as,

&So B/ +2m | | P fix B0,
gsyy ﬂg [ +2m [/ geyy' &y Egsoyy
gy Ug U0 0 gy & Uy,
gfyz 32 symm uo %yz' 4. E%Oyz
g‘zx Elé u @zx_ 2 HgOzx

The differential operator matri$ canalsobe usedor describing the relationship between

strainUand displacement = {u, Uy, Uz},

e=u (4.8)

A variational (weak) form for the governing equatidgq(4.2)) can be constructedy
multiplying the equation set by a proper arbitrary function, integrating over the domain of the
problem andset the result to zef@91]. Virtual work is a weak form where the arbitrary function
is a virtual dui Thaueffoee cthee weak form wfehe gaverning equation lman

expresseds follows,

~

dO . =fj ' (S's H)d wo (4.9)

|l ntegrating the above equation by parts wusing
~ N T N
dO, = f, ¢su) sd W+dd G u'fd 0 (4.10)

If all the displacement boundary conditicare imposeds 0 tulvath i & h,ghe final nesult

can be derived,

a0, = fj §su) sd Wiijbtd G uf§d O (4.11)
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4.2.2 FEM of Linear elasticity

The Galerkin method is employed to approximate the linear elastic prokie(.2)) by
dividing the domai n ddomainstse akbéed qd whiolecanos a, s @

be expresseds,
W°% y (4.12)
Correspondinglythe baindary is also divided into stgurfaces as,
G °a G 9 ‘ G% a. (4.13)
where: and: are the boundary segmenthere tractionsaand displacements are applied
respectively.

Therefore, the weak formEg.(4.11)) of the governing equations cha expresseds,
0O °ALA fsu)sd WHpuid G wufpd QO
O.°a =) ¢su) sd W rfju fuppd 9 4.14)
Now displacement will be expressed by a finite element appneation,

u(x y,2° N(xy 36 (4.15)
where “l is the nodedisplacement vector of an elemeandN is amatrix of shape functior®r

an element witim nodes.

&N, 0 0 N,O O N 0 0
N=g0 N, 0 0 N, 0 0 N, 0 (4.16)
@ ON O ON,-- 0 0N,

In real implementations of FEMhe isoparametric fon is generally usedin isoparametric
form, the interpolation functions of displacement and that of geometry are the same, which can be

illustrated by the following equations,

&
x(e, H )P N( , ) 417



where( d, c are the parametrimatural) coordinates for each element and= {x1, y1, z1; & Xn,

Yn, Zn} represents nodal coordinate parameters ilCrgesiarcoordinate system.

By using the isoparametric form, the integratiortha weak formEq.(4.14)) is transformed
from the el gonteGaussiarergngto 09,cOfl. The transformati o

elemenffrom the Cartesian coordinates to the natural coordinateBecdrriveds,

dxdydz= dett Ok dAd (4.19)

wherel is theJacobian transformation betweery, zand() d, s andis presenteds follows,

SN, M,
an,
(v &N M. N %Z
H(xv.2 euNl -
e O W B h s (4.19

euNl N p‘N éxn yn Z‘I
§w  wr opz

For the strairdisplacment relations, the stramtisplacement equation&q.(4.8)) can be
expresseas,
e=Su °SNkt= B (4.20)
where B is the strain matrixSubstituting intoEq.(4.14) and as well as combining material

constitutive relationsHg.(4.6)), the weak form equation cée formednto,

a0 8 & f},B'DBE W +A'Ded
) (4.21)

"1}, B'Sd W+ fi"td G Nd g W

Sincethe virtual displacement vectdr’l is arbitrary, the expression within the brackets in the
above equation should equal to zero. Besides, after sunupimger all elements, the weak form
expression can finally generdtes following equation,

KU=F (4.22
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whereU = “I, K is called the stiffness matrix, and its expression is as follows,
K=a f‘l B'DBd V (4.23)
andF is the external load vector, and its expression is as follows,
—n > T _ T T
F —ae r\]éB Deod w vgﬁ .§d W;N qu G¥VN- b(ﬁ (4_24)

Finally, Eq(4.22) is the FEM formulation of the linear elaspooblemshown inEq.(4.2). By
solving Eq(4.22), the unknowndisplacement can be derivedThe other results.g. stressand

strain, arenterpretecbased on thdisplacement results.

4.2.3 Elastoplasticity

The fundamentalsf the plasticity theory mainly include: 1. the yielding criterion that defines
the limit where plastic deformation first appears; 2. the flow rule that describes the relationship
between stresses and strains during the plastic deformation; 3. the ocoysisiadition that

restricts the stresses from exceeding the yield limit.
4.2.3.1 Stressstrain behavior

For plastic deformatiorthe plastic straitty shouldbe includegand thereforéhe stressstrain

behavior shown ikEq.(4.6) becomes,

s=D(e - e,) ex (4.25)
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Figure 4.1. Strain hardening type and Bauschinger effect.

The stresstrain curves are usually derived by tensile tests, as showigune 4.1. The
Bauschinger effect is describing the reductmncompreswe yield stressafter cold tensile
working [192]. In other words, the Bauschinger effect shows an increase in tgiedilestress

occurs at the exper of compressive yield stress

Moreover, for the stresstrain behavior, there are four basic and sinmptalels,(a) linear
elago-plasticmodel, (b) elastic perfectly plastic model, (c) rigid linear hardening model, and (d)
rigid perfectly plastic model, as shownRigure4.2. H is thetangenimodulus, whichs calculated
based on the tangent moduKiand Y o u n g 6 & andhihatedoteis squal to (1K-1/E). The
corresponding friction block modetse also showm Figure 4.2 for the correspondinglaste

plasticmodek.
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Figure 4.2. Simple models of elastic and plastic deformatign(a) linear elastaeplastic model, (b)
elastic perfectly plastic model, (c) rigid linear hardening model, (d) rigid perfectly plastic model

4.2.3.2 Deviatoric stress

Fromexperimentsresearchers found the yielding of a metal is often independeypdaistatic
stressbecause of the assumption of nearly incompressible matgtlg, and therefore, the
deviatoric stress careproducedy excluding the hydrostatic stress from the total stress, as shown

in the following expression,

é,sxx §/x z[ gésm 0 0 4] Sg Syx Szx

é ué U €

dy § 860 o0 [#S§ S, S, (4.26)
(S) U & ¥ e

éfxz éz Y?l:lgo O Sm EI S@ Syz Szz
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wherelm = (U Gy + 0z7)/3 is the hydrostatic stressid tle second matrix on thigght-handside
is the deviatoric stress matritts characteristic equatias as follows,
$-3J8-JS-JO0 (4.27)
whereJs, J, J3 are called deviatoric invarian@ndtheyare presenteds follows,
h=S8 1S, &
n=39s.-s) ks 9 (8 $86(H sey w2
1255 % - %% -9% S5 +5 5.5

Moreover J, is most important because the von Mises stress (or equivalent,swbsd) is

important in the von Mises yielding critengs defined as,

S, = gs”q =34 (4.29)

4.2.3.3 The criterion of yielding

Thevon Misesyielding criterion is generally usednhich is expressed as folloy91],

f=s, -5
X ; ; . (4.30)
J%gs 5) s oF (s Yooy f, #,8+,0

von Misesyielding criterion is elegant and effective because it has physical meaning that is

the strain energy equivalendetal strain energhefore the yield pointanbe expresseds,

E=E, 4 %s ¢ (4.31)

whereEn is the energy due to volume changedEj is the energy due theformationEn is derived

as follows,

_3(- X)eS.t S, t 5
2E & 3 i

E, (4.32)
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wherevi s Poi ssandEidbs Yatun g6 heraioe Hiuslexpresseds,

E,=E -E,
_1+val

: i ’ 2 af 2 433
_3_Eg§gsxx -5,) g o (s Yse( g Jﬂixﬁ (433

Moreovert he At heoryo behind the various yieldin

failure in the standard tensile test will also be responsible for failure under other complex loading

conditions. Therefore, in uniaxial stress at e at y,¥.i<&s=d, anditheleformation

energyEq in uniaxial stress state,

1+v ,
=——S 4.34
¢ 3 (434

wherell is the yield stress. Therefore, by compaifiieg4.33) andEq.(4.34), Eq.(4.30) is derived.
4.2.3.4 The rule of plastic flow

The normality hypothesis of plasticity

_ gy M
de’ =d/ — 4.3
(4.35)

This equation is called the associated flow riilee equivalent plastistrainis definedas,

o= [24a B {a2f fa2)e (439

enabl

Moreover, for von Misg yielding criterion, this equalent plastic strain can be shown equal

to the plastic multiplierg-f=d a

4.2.3.5 The consistency condition

Once vyielding occurd(d, -f) = 0 and the stresses should remain on the yield surface during

the plastic deformation. This constraint is expressed by the consistency condition as follows,

T

R

1=
;W'Tr

f(s+dse, «dp #£( s,k od da, & (4.37)

p

UO
-Q:O
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Moreover,dueto f(li, -§) = 0, the above consistency condition can be further simplified into the

following form,

T

%% %s+—Fde (4.39)

& P

hd B,

4.2.4 FEM of elastoplasticity

Elastoplastic analyses are the fundamentals of the LPBF process modelietasibglastic
Finite Element Method (FEM) problems consist of the solutions ofdweals a)the globaleveld
globalload-deflection equatins, b)the material leved the incemental stresstrain relationsOn
the global levelequilibriummust be satisfied no matter in the linear or nonlinear FEM, whereas

on the materidkvel, the plasticity stresstrain relations must ksatisfied

In the computaional elasteplasticanalysis, a load increment is usually employed, producing
a displacement increment, a strain increment, and a stress incf@@8ntherefore, this requires

an incremental stresgrainrelation that is derivetdased orq.(4.25),
ds=D(d e d ,) (4.39)

wherethe phstic strain increment {Js determinedy the associated flow ru{&q.(4.35)). Thus,

the above equatias changednto,

ds =D e d/ o (4.40)
¢

us

substitutingeq.(4.40) into the consistency conditiof(4.38)) and also rememberiryf=d p

Auf '
sDde
de, = chs QT (4.4)
Mgy
e, &g 2 &



substituting the above equation bactoiiq.(4.40), theelasteplasticconstitutive relation can be

derived as follows,

ds=D,d e
e 2 ~ g 1 ~x O
auf ¢ & 0 =
e D Dg u
_ép. s ‘TTg o ﬁe (4.42)
g M Ao, Bu o
¢ g cr T & p?

whereDepis the elastoplasticconstitutive matrix.
The globalevel

For the global levél global loaddeflection equationsecalling the FEM equatiorie(4.22))

for the linear system

KU=F (4.43

whereF is the appkd load and is the stiffness matrix given by (similar to but slightly different

from Eq.(4.23)),

K :a fj, B’ DepBd V (4.44)
Because the constitutive matidgpis dependnt on the current state of stress, the stiffness matrix
K is nonlinear. Furthermore, since the analysis is under thedpaindent nonlinear material
condition,equilibrium relations irfEq.(4.43) need to be solved by using a stgpstep incremental
solution withseveraload steps to finally reach the total applied load, which reduces tosteme
analysis if in a static situatioA sy mb ddlis ugedfor describing the number of stegwenin a
situationthatis time-indepenént which is a general method to deal with nonlinear prob[é6¥.
An incremental relationship between displacement and fereepresseds follows,

‘KDU=""° B

4.4
—tPR_t tp (4.49)
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wherelK is the stiffness matrix (also nam#tk tangentstiffnessmatrix) at timet. ** 9R lists the
externally applied nodal point forces in the configiora at timet+ dp* % lists the nodal point
forces that correspond to the element stresses in this configuration agtigrie the displacement

increment and % ='U + qlJ.

Having estimatecthe displacements related to tirie dp the straind® ®) stresse$’ % and
nodal point force§ % at timet+ docan be calculateénd then proceed to the next time increment
calculationsHowever, sinceéK is the stiffness matrixonly at timet, the stiffness matrix can be
changed duringito t+ od, leadingto significant errors. In practice, it, ihereforenecessary to do
iteration until"* % is sufficienty closeto™ 9R. The widely used iteration methods in finite element
analysis are based on the classical NevRaphson techniqué&91,194] as shown ifrigure4.3a,
wheref is the convergence criterioithe modifiel NewtonrRaphson metho shownin Figure

4.3b, where the stiffness matrix is computed only catdde beginning of each load step.

F tqE ) <

@ (b)

Figure 4.3. Graphical interpretation of the iterative solving method of a nonlinear system with a
one-dimensional displacement variable, (a) NewtoiiRaphson method and (b) Modified Newton-
Raphson method.

The material level

For the material leved the incremental stresgrainrelations it is necessary becauseery

iteration shown inFigure 4.3a and b requireaccurate’ %!, which is just lying on the load
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displacement curvdn other words, the stresses should rettionthe yielding surface without
violating the consistency requiremesitownin e.g. (4.38) becauseaccurate stresseketermine

accuraté® %,

There are generally two methods to calculate the stress increment given a specific strain

increment, a) explicit metlap b) implicit method.

The explidt methodbasicallyis integrating thenfinitesimal constitutiverelation €q.4.42))

to get the incrememfil. The integrathn canbe achieveds,

St Ds i
Ds 2 ds =
j ¢

+

e

De
D,.d (4.46)

N

This integral can be calculated splitting the range j, 0 + ca) into severakubincrementssay
N subincrementsand increasinyyl would lead to more accurate results. However[eshould
be calculatednany tmes andthere is still a chance that errors may accumulate, making the

stresses drift away from the yield surface.

On the other hand, the implicit method uses the process of condiirgut does nb
explicitly calculate it. Instead, it solves a setequations by usinthe NewtonRaphsormethod
as well. The two equations it tries to solwe basewn Eq(4.40) andEq(4.37), and they are
summarized as follows,

p=Ds -Dd eDt'aI/i 0
“‘ssz%+Ds (447)

q=f(s dse, dpg 0=

Using NewtorRaphson methoaynecan get the following equations,
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R
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; 4.48

K ] (% (4.48)
f

And the unknownncrements of thgariables are updated follows after eackubincrement
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t+ DDsk 1+= D§ d E

(4.49
“Pp/fF= D + 4,
Furthermore, the stress can be updated as follows,
“Pls=tst! D, (4.50)
Then by using the following equation to derive the nodal point forces atttintg
t PE :é_ ﬁéBTt “8d vV (4.51)

4.3. Fundamentals of heat transfer FEM

This section provides the basic FEM forntida for heat transfer analysis of AM. The
fundamental theories are similar to the discussions made in previous sections because FEM is a
general method for solving partial differential equations (PDF) no matter whether the PDF is from
mechanics or heatansfer. First, the weak form of the PDF will be derived. Then the weak form
will be discretized irspaceand time dimensiqrrespedwely. For the space discretizatiomhere
the whole domaiis separatedto finite elements based ¢ime Galerkin methodnd forthetime
discretization,the finite difference methods employed Last, the Gauss quadrature and time
integration techniques wibhe usedor solving the global system equations assembled from the

local elements.

The governing equatiorier 3D hea transfer processes can generally be as follows

rc%: (B TP Qxyz) (452

where} is the material density is the specific heaf is the current temperatureT = T/ &
Or/ OO D' tis the timex, y, andz are the coordinates in the reference system{ky, 0, O; O,

ky, 0;0, 0,k;} are the thermal conductivity of x, y,dm-axisdirection, and)(x,y,zt) is the internal
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heat generation per unit voluns specific heainput domaingq. The following boundary

conditionsare considered

T=T(X %3 0n G (453

9= G on (4.54)
0= h(T, Fon ; (4.55)
q =€ £, T)on , (4.56)

where ThaseiS the preheating of the substratend the first boundary condition ike Dirichlet
boundary( i) condition. gs is the heat flux on a surfadg@Neumann boundary>). hc is the
convectiveheat transfer coefficient, andy is the surface temperaturg. is on the convection
boundar yrhe | as t) cdnditiomistaerty the(adiative heatlossesgr; U i s t he

emissivityof t he powder -Bdatainannaonstantdor radmtiost e f a n

Similar to the process shownhit.(4.9), Eq.(4.10), andEq.(4.11), a virtual tenperature vector
uT is chosenandthe weak form of the governing equati&@y(4.52)) canbe expresseds follows,
N ~ 2 T . ~
@0} Tz <+ 00 TP Qxyz) g 0 (457
Integrating the aboveequathn by parts using the Greends theo

A T

dO) = -f @ cF—d W-H aTPk T W+
O.= A Mt Wﬁ P ¥ [ (4.59)
+fjdTk &d GO=

If all the boundary conditionare imposed o t Thvanishesion 1 and the other boundary

conditions carbe substitutethto theabove equation, the final result can be derived,
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a0 = sz&d WA aTPK( A W w
+rclzdf( )d G+HA( h(T, Drd GH (cfs D) d-
(4.59)Similar to the FEM of linear elasticity, the Galerkin method can laésasedor the heat
transfer problemanduT will be expressed by a finite element approximation
T(x,y,z)ON(xyj'E (4.60)

where 4| is the nodgemperature vector of an element, ahég amatrix of shape functions for

an element witm nodes.
N=[N,N, -+ N (4.61)
whereN is the shape matriX hereforethe discretized weak form equation can be as follows,
A - . ﬂf . =
00.,°a aETaemé LN"Nd . A'kBd ﬁVO\%NﬁQ(xyz)d
¢ ¢ M (4.62
~ T ~ T - T E 4 6
+f N'gd G tfhN (NF T,)d Sfisd ((Nﬁ To)dg 0

whereis the elementwise power operatiorB is thedifferentialmatrix of temperature expressed

as follows,

gg ﬁ! 2le N, N,
o NS

B=sN =" Iy N S B B e 4.63
Sy Ejkll ? N ECn oW y H (463
e u Q
ép u enN, N, N,
Buz €z m Al

Since the virtual temperature vecumﬂ is arbitrary, the expression within the mosttside
brackes in Eq(4.62) should equal to zero. Therefore, after summingowgr all elements, the

weak form expression can finally generate the following equations,

LﬂE+K1E R,+R, R, R (4.64)
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whereM is the capacitance matril,is the conduction matriRq is the internal heat vectd®s is
the externalsurface flux vectorR. is the convection vector, afrl is theradiation vectar Their

expressions are as follows,
M = ae r"jéreceNTNdW
K = a fj, B'k.BdW
RQ=§. A, N'Q(x y.z 9 dw
R :% @ Ngd G (4.65)
R :a @-hCNT(NE T,)d G
R=&F e N((Nﬁ“ 'I-'o“)d
As mentioned earlier, the weak form should ddsaliscretizedn the time dimension. For the

time dimensiont h enetbod of time integratiois used195], by whichEq.(4.64) canbe changed

into,
t+ID-|Et .
M—( 1E):(1-a)t(4<1|5 R, Rt R+R)+
Dt (4.66)
t+ D =
+a ( KF R, Rt R+R)
wheretU i s a constant t hat i s selected to harves

properties of the integr aisdhasenThe folowirg preceduresst o n

are incommonuse[194],

u = o0, explicit Euler forward method, condit
U = 1/2, implicit trapezoidal rule, wuncondit
U = 1, implicit Euler fodesward method, uncond

After obtaining the temperature distribution, the temperature gradienvec@alculatedas

follows,
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aT(x+Dx,y,2 -Mx Ry
z 2Dx

pT 0@ (%Y*Dy,3 -Txy DB
: ™
g(x,y,Z"'Dj '-I( X!y!Z DZ
c 2 D

(4.67)

Besidesthe cooling rate cabe approximatedy the following guation,

HT o T(x%y,z,t+ D ACX,y,2)
it b

(4.69)

4.4. Fundamentals ofthermo-elasto-plasticity FEM

LPBF includes the heat transfer because of the laser heating aglddteplastiaty because
of the high thermlastresses induced by the laser heating. Thus, FEM for simulating the LPBF
process should considédremaelasteplasticity. Since he elasteplasticand heat transfer models
have been introduceskparately in the previous sections, they will be consideggther in this

section for the sake of simulating LPBF.

4.4.1 Basic equations

Almost all the basic equations necessary tfermoelasteplastic simulations havebeen
discussegreviously. The only difference betweelastoplastidty (Eq.(4.39)) and thermeelasto

plasticity is in the strain term as shown in the following equation,
s=D(e- e ) (4.69)

wherel is the thermal strain which cée calculateds,

& = aCTE(T B To) l (4.70)
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wherelkreis the coefficient of thermal expansidhis the current temperatutieatis derivedirom
the nonlinear transient heat transfer discussettherprevioussection and Ty is the reference

temperature thatsually is the room temperature.

The remaining mechanical calculatiorthe sameas in Sectio.2.4

4.4.2 The workflow of thermo-elastoplastic FEM

The LPBF process simulation is a mugtiyscs problem, whichconsiss of heattransfer
physics andolid mechanics. The two physics can interact with eztblerto make the problem
fully coupled, as shown iRigure4.4a. For example, the heat transfer may produce thetraals
that lead to the elasteplastic deformationsin the printed part and on the other side, the
deformations may also change the heat transfer configurations. Thus, the equilibrium equations of
the two physics shoultte mergednto an integraed systemof multi-physics equations, and
therefore, for both each Newtdtaphson iteration and each time step, the two physics are solved
together in order to achieve the highest accuracy. After the computation, the temperature and

displacement resultsanbe geneatedsimultaneously.

However, the fully coupled method may be veegourceconsumingoecause the combined
multi-physics system equations dniggerthan those of the included individual physics. In LPBF,
the thermal strains caused by the heat transéeg@nerally small and will not influence the heat
transfer significantly. Therefore, the em&ay coupled method can be employed, in which the two
physicsare solve separatelyas illustrated ifFigure4.4b. First, the heat transt problenis solved
for all the time steps. Then, the temperature reavitprovidedo themechanicasimulationthat
will be solvedafterward Finally, the displacement field results che generatedFor each
NewtontRaphson iteration and time stemjyone physics equatiorsse solvedso the matrixs
smaller than the fully coupled problem, making the solving much fégssry works in literature

used this onsvay coupled methof02,104,109]
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Temperature field resultsl | Displacement field result* field results field results
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Figure 4.4. Theworkflow of the thermo-elastoplastic FEM, (a) fully coupled method, (b) onevay
coupled method.

4.5. Equivalent mechanical layer method inherent strain method

In the previous sections, the therslastoplasticity FEM has been presented, which ban
appliedin the simulation of the LPBF process. Even though the thetasioplasticity model has
been successfully used the LPBF process simulation,i# still appliedto a very smallscale
model, say 1x 1 mm. There is few part level simulation of LPBF by using the thetastoe
plasticity FEM because the simulation requires numerous computatiesaurces and timen |
LPBF, ahigh-power laseiselectivelyscans ovemetal powderto form solidified single tracks,
tracks produce a solidified metal layer, and thousands of the layers arezdé partfinally.
Therefore, for space discretizatione tnesh should be comparable to the laser beam diameter so
that it should be at least as small as 1/3 of the laser beam that is usually 100 pm. Féeaepart
model,the number of elements would beastronomical figureFor example, a pakevel model,
say 10x 10 cm x10 cm, requires 27 billion elements approxirtyateéven though someesearches
have employed adaptive meshgd0,111,134,139]the abilty to realize fasta partlevel

simulation is still limited.
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Therefore, for fast simulating LPBF in the part level, Keller gtl&l7] first proposed a concept
of Amechanical | ayer equivalent (MLE)O,n whi ch
order to fast simulate the LPBF process and obtain the predicted stresdsfamadationof the
printed partsThe basic idea of ISM is usiran equivalentmechanical layer to replace the actual
laser scanning in the layer adding progassrder to dave comparable mechanical resporesg,
residual stresses amtkformatios. When one layer added into the solidified part, the inherent
strainsare appliedwithin the newly added layer, and orsolid mechanical simulation wilbe
executedThen,anothersolid mechanical simulation wilhe performedvhenaddingthe next layer.

This process wilbe repeatedntil thelast layer

As for the fundamentals of the ISM, there are two typeseawiranical models in ISM. First, a
modelonly considerselasticity FEM, for which one can refer to Sectioh2.2Second, a model
considerslastoplastiaty FEM, which hadeen explaineth Section4.2.4n this work, only the

first type of ISMis considere@nd implemeted. The second one left for the futurework.

The details ofSM will be further presented Chapter 7andChapter 8

4.6. Summary

In this chapter, the fundamentals of FEM for the LPBF process gionulaas been presented,
which are mainly separatednto three categorieglasteplastic FEM, heat transfer FEM, and
thermecelasteplastic FEM. Furthermore, a fast simulation method for fewvel LPBF

simulation® ISM has been briefly discussed.
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Chapter5.HeaouiSce Model ing f

5.1 Introduction

In this chaptera 3dimensional heatransfer finite element model for LPB#as developed
for accurately predicting melt pool dimensions and surface features. A literature revieat of h
source modelsvas presentedvhereeight commonly used heat source models are evaluated and
compared. A mode| including expressions of varied anisotropically enhanced thermal
conductivity andrariedlaser absorptivithasbeen presentad orderto predict the dimensions of
melt pods accurately The validity of the proposed approadh verified by the melt pool

dimensions and track surface morphology.

5.2 Governing equations

The governing expression for 3D heat transfer processes can generally be as follows

T _ 8, Tuo, ap T @ auT %
re—=—gk — g—ak,— o+ XYy z]) (5.2)
THRE"t: xu9y§y$2$z

wherej is the material density [kgf c is the specific heat [J/kgKT is the current temperature
[K], tis the time [s]X, y, andz are the coordinates in the reference system fgnky, ard k; are
the thermal conductivity [W/mK] of x, y, armtaxis direction, and Q(y,zt) is the internal heat

generation per unit volume [WAR

Because of the preheating of the substrate, the initial temperabdgg ¢ the substrate and
the powder layewas considereds 353 [K]. The ambient temperature)(Tistribution of the

environment during LPBF cdre seto 293 [K].

O |

“The materialspresnt ed in this chapter are af@@pted from the authords
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Convective heat lossegc were considereds follows:

Q= (L, %) (5.2)
whereh. is theconvectiveheat transfer coefficient [W/#)], and Tsuris the surface temperature
[KI.

Radiative heat losseg/ were accountetbr by using StefasBoltzmannlaw:

q = € £, %) (53

wher e diissivityof hé¢ he powder -Batainannaonstantfor radmtiorst e f a n

5.3. Heat source models

It is essentiato establish an appropriate heat source model of LStBElationssince the heat
source will not only influence the geoniesr of meltpoolsbut also probably have an impact on
the mechanical performance of final products. Heat source models used in LPBF simulations is a
laser beam which is usually assumed to bedimeensional Gaussidi14]. The beam irradiance
at any pointX, y) at time t for the fundamental transverse electromagnetic modeog) Edhbe

expresse@ds

2P € (x-v @

I X, ,t = expé -2>2—~—— i
(X, y,t) or? pg 2 (5.4)

whereP is the power of the stationary laser sourcés the radius of thiaserbeam, X, y) are the

coordinates of the heat sourgas the scanning velocifandb is the lasetbeam absorptivity.

However, it may be improper to employ the tdimensional heat soce to simulatd. PBF
because the laser scanning over metal powder can penetrate the pow@ét.bewther words,
laser energy is deposited not only on the top surface of a powder bed but inside the powder bed.
Thus, volumetric heat sourcshouldbe considered order to describe the laser penetration into

powderg89].
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Eight heatsource models will be discussed and compared to investigate which heat source
model is the most suitable one for LPBF simulations, the Optical Penetration Depth (OPD) method
[83], threedimensional Gaussian distributidB4], ellipsoidal distribution[84], conical heat
source [86], radiation transfer methof66,196] absorptivity function method87], linearly
decayng heat sourcg88], and exponentially decaying heat soui@®@]. They can, howevehe
categorizednto two groups: 1) geometrically modified group including tingt fiour heat sources;

and, 2) absorptivity profile group contaig the last four heat sources.

5.3.1 GMG: Geometrically Modified Group

Since the Gaussian laser beam can penetrate and iaflde powder layers, a practical
method to describe this processtd change the shape of the heat source frorrdtmensional
surfaces to thredimensional geometries, which can be a cylinder, sgherical, seraellipsoidal,

and conical shape.
5.3.1.1 GMG.1: Cylindrical shape heat source model

The shape of the laser beamLPBF is usuallircularso that it is relatively straightforward
to employ a 3D cylindrical heat source. The authof83) proposed to employ a uniform energy
distribution for the heat source in the cylinder volume influenced by the Optical Penetration Depth
(OPD). The OPDs definedas the depth where the laser intensity dropseédq 14 3 6 . 8 %) o f
laser beam intensity absorbed on the top surface of the powder bed. The schematic plot of the
cylindrical heat source modmsl plottedin Figure5.1a. Therefore, the heat source intensity loan

expresse@ds

1(x,y,2)=bP/V, V =S %B,, OPI (5.5)

wherex, y, andz are the variables of the three dimensidnis,the absorptivity of laser beaRjs
the laser poweW), V is the volume exposed by the laser bear}),(Bis the area of #laser spot

(m?), andUbpp is the correction factor for the assumed OPD. In this work, the OPD is chosen to
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be the layer thicknessf 20e m, and t he Uisassumed toibbbecauseo a lack
of data for stainless steel-#iPH.

@ (b) (d)

© (f) ) (h)

q=0f(2 q=00%(2) q=00%(2 q=00f(2)

Figure 5.1. The schematic of the heat source models, (a) cylindrical shape; (b) sespherical shape;
(c) semiellipsoidal shape; (d) conical shape, (e) radiation transfer method; (f) ragracing method;
(9) linearly decaying method; (h) exponentiallydecaying method.

5.3.1.2 GMG.2: Semispherical shape heat source model

As known, the laser beam has a tdimensional Gaussian intensity distributidi4]. In the
case that ahreedimensionalheat surce shouldbe considereda semispherical Gaussian
distribution of energy density (W/nwould be a step toward a more precise m¢é4). The
schematic plot of the conical heat source masi@lottedin Figure5.1b. As shown in84], the

expression of a 3D Gaussian distribution of the laser beam is as follows,

. & X+y
106y.2= § g 2% (56
e
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whereqo is acoefficientderived by the energy balance. Based on the conservation of energy, the

total energy input should be equal to the integration of intensity over thardanté domain,

b Cﬁ— ﬁp§2 yz 2 qﬁ’xdyd (5.7)
0- o - |
Thus, the expression gf should be,
25/2bC"P
% =—=23 (5.8)
0 p3/2rl3

After replacinggoin Eq(5.6) by Eq(5.8), the final expression of the intensity distribution can

be obtaineds,

| (X, Y, Z) = W expé '2—2 (59)

5.3.1.3 GMG.3: Semi-ellipsoidal shape heat source model

The 3DGaussiarheat source is in semspherical shape; however, the melt pool in LPBF is
often far from a spherical shape. In order to more accurately simulate the melt pool dimensions,
the semiellipsoidal power distribution proposed by Goldak e{&4] originally for thewelding
process haveen employednd investigated, as shown kigure 5.1c. As shown in[84], the
ellipsoidaldistribution is a Gaussian distribution in an ellipsoid with sardsa, b, andc and

center at (0,0,0),

o

2

. € ax Z @
16Y.29= g &pé %y L+ 54 (5.10
& ca b ¢ =
wherea, b, c are semiaxes parallel to the coordinate axey, z.
Similar to the 3D Gaussian distributiap,is as follows,
22 P
b = 77abe (5.11)

Thus, the final expression of the intensity distribution lwanvrittenas,
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2 2

22pdP e _ax? Z ¢
[ (X,V,2) = —————eXxpé - —¥— —+ ¢ .

According to the researchdi®4], the front part of the ellipsoid could be different from the

rear part in order to coincide with some experitaksituations. Thus the double ellipsoidal power

density distribution was proposed. The front part of the ellipsoideaxpresseds,

512 f G e éxz yz 2 €
I.(X,y,2 = Lex s —t — 4 A
(X y,9=f 5% be pg 2% 7 c2+§ (5.13)
while the rear part of the ghsoid carbe writtenas follows,
.5/2b("P é éXZ y2 ZZ 'c‘
L YD) = § Bt D expg day Yo 5 5.14
p3’2@bc a ng ¥ & s ( )

whereas andar are the sermaxes of the front and rear ellipsoids, respectively. It shbeldoted

thatfi+f, = 2, because,

. 1n~n 1 N 1 o o o
6@ =i fA:CRy.2dxdydz= IFx {z Pidy
20-::-;1 20 - o - @ (515)
b bR
=f, == # ——
2 2

5.3.1.4 GMG.4: Conical shape heat source model
In the welding area, researchd86,197] have employeda conical shape heat souwgcto
simulate the welding procesBasedon the inherent similarity between welding and LPBF, this

model canbe appliedfor simulating the LPBF proces$he schematic plot of the conical heat

source modeiks plottedin Figureb5.1d.

As shown in86,197] the mathematical expression of the heat sourcbeavrittenas,

L e X+ ] z
1(x,y,2= q €Xpg 2_2y2 ab@ r=—(%
é r U H

0

r) (5.16)

wherere andr; are theradius at the top and bottom, respectively.
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Based on the conservation of energy, the total energy input should be equal to the integration

of intensity over the conical shape domain,

0O o o

Lo L& X+
b® T s 2 - @xdyd: (5.17)
-H -©o-an 0

UsingEQq.(5.17), an expression faxp can be derived,

_ 6bep
pH (re2+rJi 1ﬁ'iz)

% (5.18)

After replacinggoein Eq.(5.16) by Eq.(5.18), the final expression of the intensity distribution

canbe obtaineds,

66 P NI
€Xpg 2-—r9y—2 (5.19)
0

l(x’y’Z):pH (rez"'rJi "'iz) e

5.3.2 APG: Absorptivity Profil e Group

During LPBF, a laser beam can penetrate a depth of a powder bed, while it is being absorbed
graduallyalongthe depth of the powder layer. Therefore, the powder bedeanewedas an
opticalmediumwhose optical absorptivity would be describedalygorptivity profiles. The heat
source models in this group are not constrained in specific geometries as those in GMG, as shown
in Figure5.1(e-h). Their general form is that the tvdimensional Gaussian distribution is on the
top surface while the laser be#@rabsorbe@longthe depth of the powder layer. It ca@ written

as follows,

2P e X+Yy o
1(x,y,2)= o expg 22— y gf('}éz} (5.20)
| |

wheref(z) =d Hzis the absorptivity profile functiora(z) is the absorptivity coefficient function.
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5.3.2.1 APG.1: Radiation transfer equation method

The onedimensional radiation transfer equation proposed by Gusarov €f6@l. is
implemented and investaged. Based on the fact that laser can penetrate a depth of a powder bed,
this approach resembles the powder bed with a thicknessqafith an optical medi with an

extinction coefficient ofl. The schematic plot of this source modgblottedin Figure5.1e.

As developed ifi66], the volumetric heat source due to radiation transfer is,

2P e X+ ... a d
1 (X, Y, 2) =— expg -2 2y2 oi02), 1 (2 x# 4 (5.21)
pre & Ty ¢ dx

wheres= d& is the dimensionless locaépth coordinate, anglis the dimensionless form of net

radiative energy flux density angldescribeds,
1= ol T)ed TdDa)exk 2 b(1a) epa] gl 3 elp 4
g e gt a) go &(/ )x aeg-(va) @ &x}/- @ (529
3(1-g)(exd -k -ep 2]) /

4g- 3

wherea=d warefers to the optical thickness for the powded,as=/1- 2, 2is the hemispherical

reflectivity in the dense fornandD is describeds,
D=(1a)g a o1 ajgd 27
-1 a)g & o1 a} gxd A ]

The extinction coefficiend is givenas,

(5.23)

h=s,14 (5.24)

where$; is the specific powder surface per unit pore volumg,is the layer thickness.is 0.7

[66], S is regarde@s” thowdes aNdrpowderiS the average powder radius.
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5.3.2.2 APG.2: Ray-tracing method

The above method represeatsanalyticalvay to derive the absorptivity profile functiorhe
absorptivity profile function can also be acquired by numerical metfiwea etal. [87] built up
a powder bed model with randomly distributed particles and calculated the absorptivity profile
functionusingMonte Carlo raytracing simulations. 8 developed ifi87] and shown in Figure

5.1f, the volumetric heat source model deformulateds,

2P e X+ ...
1 (x,y,2) :prz expg' -2r—2y2 pr(z) (5.25
| |

wherefx(2)=d Hizis the absorptivity function derived by the Monte Carlotraging simulation.
5.3.2.3 APG.3: Linearly decaying equation method

Besides the two methods presented above for deriving the abggrptiviile, Ladani et al.

[88] employed a linearly decaying function (degure5.1g) to describe the absorptivity profile

as
2P e X+Vy o 2ba, z
I(X,y,2 = 5 -2——— | , —_—= — )
*x.y.2 pnzeng r|2 H@Z) 5(3 déel c (526)
wherei i s the beam penetration dept h. I'n this w
thickness.

5.3.2.4 APG.4: Exponentially decaying equation method
Similarly, an exponentiallglecaying heat source ( degure5.1h) was usedby Liu et al.[89].

The specific expression is as follows,

14 (5.27)
H

2 ﬁ_

2P e X g.. b
(%Y, 9 = expg -Zr%yz ot 9. (3 ex
| e | u

R0

whereH is regardeds the powder layer thickness.
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5.3.3 Summary of Heat Models

The eight heat source modele summarizeth Table5.1.

Table 5.1. Summary of mathematical representations of lasebeam heat sources.

b

GMGL1[83] Cylinder shape 1(x,y,2)= S a2 20PD
OPD

Semispherical 2PpP e X v #
GMG2[84] 1(X,¥,2 =5 expe >
shape P é h
CP e ax2 y: 2 @
I, (X,y,2 = f = —
Semiellipsoidal (¥ = ,03’2afbc pg g 7 8+§
GMG3[s4] shape B2pp € Ax? 2 2 e
LyD= | B expe Ay L
p**abc g ca’ B ¢ g
6P e X .9 z
i I(x,y,z)= expg 2- y L =(r&r,
GMG4([86] Conical shape (x.y.2) ,OH(erJ. +i2) pg ? 3 b H( )
e X+y @. dqf
1(x,y,2) == expg -2 2y2 L&Q?J(g
| e | e X+
q:(4g-‘{353) {(1 g)exd JgDa)exp & lx(1a) opa]
APG1 Radiation transfer
[66,196] equation method i (3 4gexr{ 2}) {él & +(g' ﬁs) (P %4 /93 Xa - £
+ a ol ajrpeda(® )} o o
3(-g)(exd -k -eb  2]) /
4g- 3
Raytracing 2P x2 +y db
APG2[87 (X, Y,z —expe S
187] method ( )= I n’ H;
Linearly decaying 2P X+ Y ﬂ
APG3[88 Ixy.9=— eXp 22— -
188} equation P’ e n’ u fo
Exponentiall 2P e ] 1 z
apcalgs] Y 1(xyd)= D e 25689, (3 b Lted 2
decaying equation b, Y H eH

5.4. Material properties

Two phase of Stainless Steel 4PH (SS174PH), the powder state and the solidified state,
were considered in this simulation. The effective thermal conductivity gfdivelerbed is much
smaller than that of bulk material and is typically from 0.1 to 0.2 [W/mK] at room temperature,

which is around 1% of the bulk thermal conductivity (IM8mK] [198,199). It shouldbe noted
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that the thermal condtigity of argon at room temperatured€017 W/mK] at room temperatuye
which is still one order smaller than the effective powder conductiintyaddition effective
thermal conductivity is independent of material but depends on the size and morpsfalogy
powders[83,114,200] Romboutset al. [200] have experimentally verifiedhat there is no
correlationbetween the conductivityf the powderbed and the material herefore the effective
thermal conductivity in this worls expresseds follows,

_\e0013 ksolid ! T <Tm

powder ~ :, k50|id1 T> :Tm (528)

whereTn is the melting temperaturksowderandksoiia are the thermal conductivity of thpowder

phase and solid phase, respectively.
As the powder berd regardedsa mixture of solid powder (SS#4PH) and gas (argon) phases,
the density of SS1Z2PH powder may be derived by:
rpowder = (1 - /) Hia T / gg (529)

where U is the porosity of SS14PH powderandis chosenas 0.53 based on the works by
[21,201,202] } solid is the density of th&S174PH bulk material, ang gasis the density of argon
gas. Since the density of argon gas is very low compared with that of4®%$1, it carbe omitted

the density of SS14PH maybe considereds follows,

rpowder = (1 - /) slélid (530)

The heat capacity of the powder bady bethen calculated usin@3] and,

rpowderc powder: (1 '/) goli(p solid + / % gi (531)

whereCpowdes Csolid, andCgasare the heat capacity of tpewderbed, gas phasandsolid phase,
respectively. Similarlypy omitting the gas phase due to its low density, the heat capacity of the
powder bed igegarded agqual to the heat capacity of teelid phase Figure5.2a-c showthe

temperatura@ependentnaterialproperties of material SS4PH [198], andFigure5.2d depicts
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those of the base plate, material mild carbon $864]. It shouldbe notedhat there was a typo

in the Matlab code for generating the heat capacity plot of stainless stegl @wiich hasbeen
publishedin [204]. The typo is the heat capacity at room temperature, which should be 426
[J/(kgK)], not 196. The typo has been corrected in this thessshown inFigure5.2c and later,
Figure 6.1 as well. The effective capacity method12] was employedn this work. The heat

capacity due to latent heat during material phase chandsecgpecifiedas

ec TC¢CT,

c:{cso.m 2T TH(T DT T 9 (5.32)
1Cw+2 B(T BT TF, T T<T

whereCsoiid IS the specific heat of the neaial at solidus temperature,andLy are the latent heat

of fusion and vaporizatiois, Ti, andTy are the solidus, liquidugnd vaporization temperatures.
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Figure 5.2. Temperature-dependent thermd material properties (a) density of SS14PH; (b)
thermal conductivity of SS174PH; (c) heat capacity of SSI-4PH; (d) material properties of mild
carbon steel.

Furthermore, a model related to two material properties was proposed for better predi¢ting mel
pool dimensions, anisotropically enhanced thermal conductkyandthe effective absorptivity
of continuous laserligfi To t he authorsdé best knowledge, t
varied anisotropically enhanced thermal conductivitgl @aried laser absorptivity in the LPBF
modeling. The melt pool dimensions can be described in linear functions to the deposited energy
density for several procegmrameter regions, which is consistent with the finding2&h The
deposited ener gy durr/wish Bt h ewrhsdbedaser beahnwadiud. Thisi me |

energyis depositedn a volume, whose depth cha regardeds the heating deptADRAn, where
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HDR= & 4 JJis the diffusivity, and is layer thickness, according {84]. The volumeis
expresseasV="[Fa(a( 4 U Thprgfore, the absorbed energy dersitis derivedby dividing the
deposited energy B Y,y

b - P
e —— G—=(
€ o2 & % Ny (5.33

whereC is a coefficient, which i® / ( ~ R)j GircéDduring the analysis if24] andb in [28]
were regardeds constants, it came foundthat the energy density is proportional to the ratio of

the laser power to the root of velociB/a v

Therefae, the melt pool dimensions are proportiond?A® vHowever, physical explanations
behind it were not fully understood, and simulation results with isotropic thermal conduiktivity
and constant absorptivith are not consistent with the experimentaluitss which will be
discussedn details in the discussion section. For improving the accuracy of simulation results, a
novel model of the material propertisgproposedhat the absorptivityh, and the anisotropically
enhanced factors of thermal conduity, a, 8, anda, are assumed to be simple linear algebraic
equations ofP/a vbased on experimental result¥he anisotropically enhanced thermal
conductivity discussed if0] was employed to approximate the contribataf the melt pool
convection to melt pool dimensions. During the LPBF processpaortantcontributory mode of
heat transfelis the melt pool convection, which may change the melt pool dimensions and
influence the temperature distribution in a melt g@6l205] Using the anisotropically enhanced
thermal heat conductivity could improveetdimension accuracy of melt pool simulation results

[89,90] The anisotropically enhanced thermal conductivitylmaexpresseds follows,

k. =/k k, =1k k =4k (5.34)

whereax, a, anda,are the anisotropically enhanced factors of thermal conduckvithey are

dependent on the temperature in the meltl and derived based on experimertsshouldbe
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notedthatthe tnmelted powder bed is assumed toismropic as shown by that thenhanced
factors are all equal to 1.

melting

11,21, ( =,(PV), J £(PV), T T

melting

s/ = ([ =/ET T
oz d = > (5.35)

wherefy andf; are functions of laser pow€r[W] and scanning speadmm/s].

In this work, a linear function of the enhanced daaif thermal conductivitysy, is proposed
to be a function of the combined process paramief@rv(P/a vis originally mentionedin

Eq(5.33)), and described as,

/, =a1% 5 (536

The enhanced factor of thermal conductiggywhich influences the width dhemeltpool, is
formulated slightly different fronay since the width of melt pool is proportional only to veloeity
and not globally proportional t&/a y

/ _¢a2v+t§, v ¢y
y_:'l, v>\,

(5.37)

wherev,, ag, b1, a, andb, are also parameters and viié determineddy experimental result$he
melt pool width may be controlled by some physiche melt poolwhich causes it more sensitive
to the scanning speed than the laser power. However, further investigation of the influence of melt

pool dynamics on the melt pool width should be necessary.

Secondly, the effective absorptivityof continuous laser light can also influence the melt pool
dimensions significantlf@1]. It typically can vargreatlybased on different combinations of laser
powers and scanning speeds. The recoil pressduced surface depression may lead to an

increase irtheabsorptiorof the laser lighf91].

The absorptivityb in the present work is also proposed to be a linear equation arskcan
written as,
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b=a, % b, (5.39)

whereaz and bz are coefficients to be determined by experiment. The variatiorhefeffective

absorptivitywas specifiecs 0.48~0.65, whicls comparable with the data frof@1].

5.5. Numerical model configuration

The present study is proposed to estimate the geometiles melt pool under the substrate

top surface. Using the commercial software package, COMSOL 5.2 Multiphysics, simulations
were performed considering ndinear transient thermal analyses within the metal powder and the

base plate. The dimensionsoéth s ol i d substrate in the si mul

those of the powder layarereappointed 0 b e 2 0 0 0 [ ThedsbnQldti@h@omaimmust

at

be large enough for getting a stable melt pool in the simulation, because the thermal shock problem,

which though has a relatively shaerm effect for pure thermal analyses, may cause numerical

instabilities if the melt pool is not fully develop¢2l06,207] The powder layer thickness was

chosen as 26 nsince it is one of the commonly used layer thickness. The material of the solid

substrate was mild carbon steel, and the powder layer was Stainless StBél. IlFetrahedral
elementswere employedor meshing both the solid substrate and the metal polagier. The

|l aser beam di ameter was 100 & m. The eight
employed in the simulation, while the exponentially decaying heat saascemployedh further
simulations where varied anisotropically enhancedntlaéiconductivity and/aried absorptivity
were also considereéccording to a series of convergence trials, thelasam interaction region
was meshed with 20 &m el weamrdiledvth coarserielereents ih e
order to improve theomputational efficiency. In this studgn adaptivetime step algorithmvas
suedwi t h an i ni t i.&he adplivetime ssep alqws wsérs td give areference time
step andthesoftwarechanges the time step based on the convergence stiagtta simulation

The minimum and maximum value for the time step used in numerical simulatoabetween
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0.2 e€s and 6 ¢€s. I n order to accelerate the s
on symmetry, since the domain is symmetriowththe vertical plane containing the labeam

moving line, as presented kigure5.3. The symmetry constraint was set on the symmetric plane.

In addition, radiationEq.(5.2)) and convetion (Eq(5.3)) heat losses at the top surface of the

powder layer to the ambient air were considered. The convective heat transfer coefficient and the
emissivity coefficient were chosen as 15 [W/nRD8] and 0.5209], respectively The ambient
temperature was set to be 293K. The other sides of the daraagrspecifieds a fixed preheating

temperature, 353 K.

=

KIS

RS A=

N o=

NN
I

i\

Figure 5.3. Geometryand mesh used in the finite element simulation.

5.6. Experimental procedures

Experiments were carried out on an EOS M 290 LPBF machine. Its chaabdiled with
argon atmosphere during thenufacturingprocess. The EOS M 290 has a 400W fiber laser. The
transverse electromagnetic mode of the laser beam isdiBdcating asinglemodelaser, and
the beam spot diameter is 100 &m. The powder
Steel 14 PH powder with a parti cl ectranimcrescopyf(SEMp ~6 4 ¢
image Figure 5.4) of StainlessSteel 174PH powder particles shows that they were almost

spherical.
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< . . L
Figure 5.4. SEM image of the stating powders

In order tovalidate the numerical simulation results, several sitrglek experimentsvere
conducted The current design of experiment (DOE) included combinations of different process
parameters, including laser power and scanning speed. According to the lifdfugd 6], the
laser paver used by other researchergenerally from 190 to 200 W, for 4/ PH stainless steel.

As such, only laser powers close to this range were studied, which were 170, 195, andB&0 W.
scanning speed rang&as from 600 to 1300 mm/w/hile two differentayer thicknesses of 20 and

40 em wer eTheecamedpandirgy delections of the processing paranagteshiownn

Table5.2. The combinations of the procesggraeters were categorized irdogroups, as
exhibited inFigure5.5a. In order to avoid randomness, each set of parameters was repeated five
times, as shown iRigure5.5b.

Table 5.2. Parametersfor the teds of singleline scanning

Laser power, P [W] 170 195 220
Scanning speed, v[mm/s] 600 700 800 900 1000 1100 1200 1300
Layer thickness, Ith [um] 20 40
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Figure 5.5. The configuration of singletracks on the substrate, (a) design of experiments, (b) the

single tracks printed.

All the single tracks wererosssectionedn the middle of the scan line perpendicular to the

laserscan direction. The samples were mounted, polished, and etched by%d\ital. The melt

pool dimensions (width and depth) and the sifigdek surface profiles were measured by a laser

scanning confocal microscopEor measuring the melt pool dimensions, each of the produced

single tracksvas mountedcrosssectioned and neasured, as shown Kigure5.6. It shouldbe

notedthat the melt pool depth (as shownHigure 5.6) was measurefrom the surface of the

substrate to the bottom tife meltpool, whichdoesnat include tle bead height.

S P - 195 WV, v - 500 mm/s [
e o
A -

ey = .
w ‘- 1

s
Melt pool width

—— - =

Figure 5.6. Melt pool crosssection.
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5.7. Results and discussion

5.7.1 Heat source model comparisons

Heat transfer simulations with the eight heat sources (GMG1 to GMG4 and APG1 to APG4)
listed inTable5.1 were performed with laser power and scanning speed of 195 W and 800 mm/s
respectivelywhichwere used in thiterature[216,217] The layet hi ck ne swasosed 20 & m
Figure5.7a shows the melt pool dimensions of experimental and simulation results. The left and
right show themeltpool width and depthrespectiely. For themelt pool width, all the simulation
results with the eight heat source models are within the experimental variation range. The
maximum melt pool width error is 7.4% (GMGL1). However, thog depth all of the simulation

results are over 40% sitex than the experimental results.

In GMG, GMGL1 results in the largest width but the smallest depth. In contrast, GMG4 leads
to the smallest width but tHargestdepth. The results of GMG2 and GMG3 are almost identical
(0% in width, 2.5% in depth), bease the sermaxesb andc, which may influence melt pool width
and depth correspondingly, were chosen as the same as therratihes melt pool dimensions
derived in GMG may be further improved by carefully setting the parameters of the heat source
modek, forexampleby increasing the height of the conical shape to make the simulated melt pool

deeper.

In APG, the absorptivity profile in APG2 is originally fraimeray-tracingmethod[87], while
that in APGlis derivedby mathematical analys[§6]. APG1 and APG2 have very similar melt
pool dimensions (1.7% in width, 2.7% in depth). Since these two moaeks designedor
predicting melt pools in theoaduction mod€g87], where the melt pool convection is not
significant, the melt pool depths are near 50% smaller than the experimentalimezdttition

A P G4 6 spoahigd little bit deeper, while the error stilMisry large over 40%.
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Figure 5.7. Comparisons of the heat source models, (a) melt pool dimensions, (b) maximum

temperature, (c) energy deposited n t he powder | ayer, (d) energy de

BesidesFigure5.7b shows the maximum temperature for the eight heat source models. The
two highest maximum temperature, GM@id APG3, correspond to the twkargestmelt pool
widths respectively Since the laser energy melted the material and formed the melt pool, the
energy deposition distribution influences melt pool dimensions and as well as the maximum
temperaturelt shouldbe notedhat these maximum temperatsir@e all very high, which seems
unrealistic. However, the maximum temperatueeomsreasonableNigure5.17) when using the
proposed model, which indirectly shows another strength of the proposed Mioeetnergy
deposition inthe powder layers plottedin Figure5.7c. It canbe seerthat the two maximum
energy deposition models are GMG1 and APG3 as well, which correspond to the trends of the

maximum melt pool width and maximum temperatimeaddition the smallest energy deposition
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from GMG4 results inthe smallestmelt pool width as well as one of the smallest maximum
temperature Therefore, a conclusion cée derivedhat there is @ostive correlation between
either the melt pool width or the maxum temperature and the energy deposition in the powder
layer. In other words, the more eneigydepositedn the powder layer, the widéne melt pool

and high maximum temperature are

FurthermoreFigure5.7d plots the energyaposition in the region beyond the melt pool depths,
whichischosera s 4 0 ¢ m. Figore5igtaRigurebda manifests the heat sources GMG2
GMG3 GMG4 and APG4, which havargerenergy deposition in this region than the remaining
four, result in deeper melt pool$.seems that more energydepositedn adeeperdomain the
deeper melt poolare derivedn the simulations. Even though it is not a restricted rule since the

numerical simulations are nonlinear, the trendliwiousthat there is a positive correlation

bet ween the melt pool depth and the energy de

In GMG, GMG4 may b@otentialto makeanoreaccur at e prediction by
height. However, there would be another factor, the bottom radius. To dbe&veptimal
parameters for GMG4 may takas of trialsand errorsln addition the energy inpus constrained
in the specific geometry may need further physical explanatio®sPG, APG1andAPG2 are
initially designedor conduction modeandtheir expressions are more complex than APG3 and
APGA4. Besides, APG3 hadessaccurate prediction than APG4. Therefore, APG4 lpalchosen

as the heat source for the following simulations.

It shouldbe notedhat all of the simulated depths are over 40% smétian the experimental
result, even by using APG4. The discrepancy between simulation and experimental results may
even increase under some combinations of laser power and scanning speed. For Eiqurple,
5.8a shows the simuiad and experimental depth with the same power but under different scanning
speed with APG4. The difference between the simulation and experimental ressaltgerwith
decreasing the scanning speed. All of these cbal@éxplainedoy the underestimatioof the

contribution of melt pool convection to the heat transfer model. As the discus§s@nda]about
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the anisotropically enhanced thermal conductivity, incorporating the melt pool convection effect
into the analysis by choosing appropriatésotropically enhanced thermal conductivity is helpful

to describe both temperature and tempereguadient distributions correctly. For exampgteggure

5.8b shows the results derivéidm the model proposed in this worknd abetter match between
simulation and experimental resuissobtained A furtherdetailed discussion of the melt pool

prediction willbe illustratedn the later sections.
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Figure 5.8. Comparison of melt ol depths between simulations by two methods, (a) the traditional
method in literature, (b) the method proposed in this work considering anisotropically enhanced
thermal conductivities and varied absorptivities.

5.7.2 Prediction of melt pool dimensions

In order to study the effect of the LPBF process parametagslaser powerl) and scanning
velocity (v) on melt pool dimensions, experiments were carried out with the process parameters

listed in

Table 5.2. The me pool width and depth were measured through the analysis of the
microscopic imagesasshown inFigure5.6. Several melt pool profileare shownn Figure5.9,
which covers the whole range of the procemameters. The trend of melt pool dimensions with
different process parameters dam observedfor examplethe melt pool is the biggest with the

largestpower and théowestspeed, and the melt pool is the smallest with the smallest power and
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the largestspeed. Furthermore, tlehole experimental results of the melt pool width and depth
with three laser powers (170, 195, 220 W) sadedspeed (6041300 mm/shre plottedn Figure
5.10&ah.

power and process speed combinations.

Figure5.10 shows that the melt pool width and depth reduce with increasing scapeiads.
Thistrendis observedor all powers. Moreover, withigherlaser power, the melt pool depths are
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deeperas shown irFigure5.10b, where the red curve is above the others. The melt pool widths
tend to increase less obvely, as shown irFigure5.10a, where the red curve and the blue curve

are relatively close for all the scanning speeds.

Figure5.11 presents the experimental results of melt pool dimensions as functi®sf
Interestingly, the data of melt pool depth, which shows uncertain patterAgune 5.10b,
collapses to a linear linasshown inFigure5.11b. As for the melt pool width, it is neabnverged
into a single curve bus formedinto three similar curves with close maximum and minimum value.
The inability to converge to a master curve for melt pool widths could be due to other physical

parameters that affect the melt pool width more than the laser poeselocity.
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Figure 5.10. Experimental results of melt pool dimensions with different laser powers and scanning
velocities, (a) melt pool width, (b) melt pool depth.
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Figure 5.11. Experimental results of melt pool dimensions as functions &/ § (a) melt pool width,
(b) melt pool depth.

Experimental melt pool width and depth resutspwnin this section, were used to calibrate
and validate single @éck LPBF simulations using heat source model AP&stthe discussion
previously abouFigure5.8, a lack of considering anisotropically enhanced thermal conductivity
andvariedabsorptivity, may cause the simulation results diveéfgem the experimental ones. In
order to predict the melt pool dimensions more accurately as the experimental results, the model
shown inEq(5.38), Eq(5.36), andEq.(5.37) was employed, in which the absorptiviiyand the
anisotropically enhanced factors of thermal conductaitgnday,are formulatedn simple linear
equations oP/a vThe coefficients{able5.3) in these three equatioase obtainedy matching
numerical results with experimental results. It shdo#dnotedthat with the coefficients, the
variation of the effective absorptivity is calculated as 0.48~0.65E4¥5.37), which are
comparable with the data frof@1,92] In addition it shouldbe pointedout that al, a2, and a3
should have units in order to make the units of the final prodoatsat.

Table 5.3. Coefficients in the approximation equations of anisotropically enhanced thermal
conductivity and varied absorptivity.

a( afifw) b az (i 7a) b2 as( afifw) b Va(mm/s)
2.1095 2.7241 -0.0036 4.96 0.0398 0.4748 1100
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Figure5.12a-c showthe comparison of the melt pool dimensions between the simulation (sim)
and experimental (exp) results daserpower of 170 W, 195 W, and 220 W, respectively. Results
from Figure5.12 show good agreement with experimental results. The melt pool width and depth
error between simulation and experimental resaréslistedin Table5.4. As seen inTable5.4,
when theproposedmodel consistingof Eq.(5.38), Eq(5.36), and Eq.(5.37) was includedall
average error of the melt pool width is within 4%. The average error of melt pool depth is within
7% for 195 W and 220 W. The 170 W hdamererror, which may be due to measig error.In
addition 170W resulted ithesmallesmelt pool depth, sthe absolute error should be comparable

to those of 195 W and 220 W.
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Figure 5.12. Comparisons of melt pool dimensions at different power (& = 170 W, (b)P =170 W,
(c)P=220W.
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Table 5.4. Proposed model validation and comparison of simulation results with experimental data.

Power  Min Error Min Error Max Error Max Error Average Error Average Error

(W) Width (%) Depth (%) Width (%) Depth (%) Width (%) Depth (%)
170 0.8 2.35 6.3 22.6 3.7 11.6
195 0.22 0.11 3.4 5.9 1.6 4.3
220 0.57 0.37 4.5 10.7 3.3 6.1

The simulation (sim) and experimental (exp) results are also plotted togefhguras.13 as
functions ofP/ 4 where itis provedthat the proposed model can predict the trend of the melt pool
dimensions very well. Results presentedFigure 5.13b show that the melt pool depth is
proportional toP/ \ Therefore, the melt pool depthcanbe approxinatedwith the following

equation,

d=k, % " (5.39
whereky is the slopeandk; is the yintercept. It shoulde notedhat Eq(5.39) is similar to the
expression of the absorbed energy density shoviy i(3.33), whichimpliesthe melt pool depth
may be a linear function of the absorbed energy dessitidlowever, since th€ in Eq(5.33)
consists of the absorptivity and thermal conductikity) = k 4)jwich are all variables in this
proposed modekn as a function td®/ \Ashould be evaluated by substituting the absorptivity

(Eq(5.38)) and the enhanced factors of thermal conductaitfEq(5.36)) into it.
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Figure 5.13. Comparison between the numerical and experimental re$ts of melt pool dimensions
as functions ofP/ g (a) melt pool width, (b) melt pool depth.

Figure5.14 depicts the absorbed energy densityersusP/ \3 from which the approximately
linear behavior for dargeportion of the rage couldbe observedTherefore, the conclusion can
be provedasdiscussed i1i28,219, that melt pool depth is proportional to the absorbed energy
density for a range of the input process parameters. Furthermore, since during simulation, laser
absorptivity is regarded as adiar function of the parametef \§ as shown irEq.(5.38), it may
prove that the absorptivity ineéhlaser scanning process may increaihk largerP/ \dvalue, as
illustrated in[91]. This phenomenon may be explained by the re#isainat higher intensities, a
deeper depressed surface would be fortmethe vapor recoil pressure in the melt pool, so that
the laser interacts with the deeper and steeper walls, leading to less reflectiotasétheam
and increased energy absorption. It is necessary to note that the left end of theigweHld
seems to be nonlinear, whighbelongedo 170 W, and this nonlinearity may be another reason
why the error of 170 W shown ifiable5.4 is larger than those of 195 W and 220 W. However,
further investigation on the applicabi@ngeof this proposed model shoulte addressenh the

future work.
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Figure 5.14. Absorbed energy density veP/
5.7.3 Printed track surfaces

Figure 5.15 shows the 3D surfaces of experimental samples for different combinations of
process parameterBheripple, forexamplein 1-1, is almost in driangleshapeandit indicates
the shape of the isotherm curves. Friigure5.15a, it canbe observedhat thetriangleshaped
pattern of ripple becomes not clear when the scanning speenleasedo 800 mm/dn addition,
peaks and valleys are formed, not uniformed heagtymoreas shown by those with lower
scanning speedwhich mayimply that the single tracks are becomingstable The similar
phenomena happened at the laser power of 19BigMre5.15b) and 220 WKigure5.15¢c), while
the thresholds of the scanning sp#®at cause instability are around 1000mm/s, which are larger

than of that with théaserpower of 170 W.
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Figure 5.15. Experimental 3D surfaces of thé s?ingle tracks at different laser powgfa) 170W,
(b)195W, (C) P = 220W

As highlighted in[219], Th@ PlateauRayleigh analysis of the capillary instability of a
circular cylinder of a liquid points out that the cylinder is stabléhen the stability condition is
satisfied[219]. The necessary and sufficient condition of stability i® />L1, whereD is the
diameter of the cylindeandL is the wavelength. Drepresats the circumference of the cylinder
crosssection In this work, the circumference cére regardeds the perimeter of a melt pool
crosssection and the wavelength is assumed to be the length of a melt pool. Therefore, the melt
pool stability carbe pralictedby calculating the ratio of the circumference and the length of the

meltpools in numerical simulations, whichshownas follows,
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C
Stability = L—mp (5.40)

mp

whereCmpis the circumferencef a melt pool, andlmpis the length of the melt pool.

Figure5.16 provides the numerical results of stability calculated basdtngh.40). The data
points above the red dash line im@itable melt tracks, while those below imply that the melt
tracks may be unstable. As seerrigure5.16, the first several single tracks withwer scanning
speed tend to be stable for @iteelaser powers, and melt pool statyilis inclined to decrease
with increasing scanning speed. Generally, the predicted results are consistent with that of the
experimental results shown Kigure5.15, except that the stability of single tracks at ldwser

power d 170 W seems to be a little bit overestimated.

-©-P=170 W

Stability

09

0.8

! ! : : 37 138
600 700 800 900 1000 1100 1200 1300
Velocity [mm/s]

0.7

Figure 5.16. Prediction of melt-track stability based on the simulated melt pool data.

For comparing with the form of ripples and isotherm curves, an ah[fi] is defned as
depicted inFigure5.17. dis the tail angle of a triangle ripple. In order to reduce the randomness,
five measurements on a single traekre averaged-or the track with thé&aserpower of 195W

andscanning speed @0mms , t he experi ment al d is in the
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Figure5.17a . The numeri cal result of d is 22A. Th

experimental value, and the percentage oflifferencebetween tbm is 20%.
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Figure 5.17. Rippleeangl e d compari son of a track with proce:
experimental result, (b) numerical result.

Figure5.18shows theripplangl e (d) compari son of experi men
for all stable tracks with theumberingof 1-1, 1-2, 21 to 24, and 31 to 34. All the simulated
ripple angles are smaller than those of the experiment; however, they are either withée ¢ clo
the range of experimental results. For the tracks witHaberpower of 195 W, the maximum
difference of angles in experimental data is 17.3%, and for 220 W, it is 18.13%. The maximum
error between the experimental and simulated results is 22%f whs derivedrom sample 12
withl170 W and 700 mm/ s. The similar trend of
scanning speed cdme observedrom the experimental and simulated valugs e x a mp | e, d
decreases with the scanning speed. The reasobecascriled to the fact that with the higher
scanning speed, the temperature gradient could be snaakithe isotherm curveare elongated

with a small.er ripple angle d

Moreover the tracks with a specific scanning speed versus power ended up with very close
argles,e.g, the group of tracks-1, 2-1, and 31, and theyroupof tracks 12, 22, and 32. For the
group with the scanning speed of 600 mm/s, tracks21, and 31, the maximum difference in

the experimental data is only 4.66%. For scanning spe@@®mimm/s, tracks-2, 22, and 32
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have amaximumdifference 0f5.9%. This trendis probably attributedo the reason that laser

power may have less influence on the ripple angles than scanning speed.

In the future, dargerrange of process parameterstsas laser power and scanning speed

shouldbe consideredh orderto validate the proposed model furth&esides, the influence of

powder layer thickness on melt pool profiles and track morphology wmuldvestigatedThen

the proposed 3D FEM model cée implemented for multipleack and even multiplayer

situations of the LPBF process.
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Figure 5.18. Rippl e

5.8 Summary

A 3D heattransfer finite element model for LPBF was developed for accurately predicting

angles d comparison

all the stable tracks.

bet ween

t

he

melt pool dimensions and surface features. Basdle literature review, eight heat source models

are used for the numerical modelmig_.PBF and can be categorized as 1) geometrically modified
group (GMG); and, 2) absorptivity profile group (APG). Experiments were carried out to validate

the simulatio results. All the eight heat source models lead to over 40% shallower melt pools

compared with the experiments. In order to improve the model performance, a novel mathematical

model with varied anisotropically enhanced thermal conductivity \eangbd absaptivity was
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proposed and applied to the heat transfer simulation with the exponentially decaying heat source

(APG4).The main conclusions are listed as follows:

1. The expressions of varied anisotropically enhanced thermal conductivityaaredt
absorptiviy were linear algebraic equations. Good agreement between the simulation and
the experimental resultgasderived. The averaged error of melt pool width and depth are

2.9% and 7.3%, respectively.

2. The proposed heat transfer model been further validateby the surface featuré@strack
stability andripple angle. Fotrack stability, the predicted results are in good agreement
with the experimental resultk addition the simulated ripple angles are within the range

of experimental results.
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6.1 Introduction

Layer thickness is one of the masiportantinput process parametersliRBF since it directly
affects the defects found in the printed products, such asipgcracks,andmanufacturing rate.
In this work,athreedimensionafinite element heat transfer model was employed to compare and
evaluate two different powder | ayer thickness
scanning speeds. A laytiickness dependent laser absorptivity approach was considered to
improve the prediction accuracy of the proposed mdiabletrack experiments with stainless

steel 174PH were conducted to validate the simulation model.

6.2 Background of heat transfer modding

6.2.1 Governing equations

The thermal equilibrium governing equation fbreedimensionaheat transfer in LPBF can

be stateds,

rcE:Q +—Lgé&—m o, ap T @ &l

o (6.2)
W w2y oy oz 2

whereT is the current temperature [K] is the material density [kg/) ¢ is the specific heat
[J/kgK], t is the time [s]X, Y, andz are the coordinates in the reference systemimky, andk;

are the thermal conductivity [W/mK] in the three directions and Q represents the heat source i

*The materials presented in this chdplter are adapted from t he
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LPBF [W/nT]. [66] have shown that the laser not only scans over the pevettebut can also
penetrate the build area powdsrd, and thus, heat is absorbed mdy @n the top surface big
also absorbethto the powdebed. Therefore, an exponentially decaying 3D heat source has been

used[89],

Qx y.3= 22 exp - X“f 309, (3 F=ex
Pr é

12

o (6.2)

(D><76CD

whereP is the laser power [W]; is thelaserbeam radius [pm], and is the lasebeam

absorptivity, Hlum] is assumetb be the powder layer thickness.

The boundary conditions for the LPBF simulations are as follows: the initial temperadde (T
and the ambient temperature)Were chosen as 353 K and 293r&spectiely. Heat convection

() on the outer surfacgas considereds follows:

= (T %) (6.3)

whereh, is theconvectiveheat transfer coefficient [W/(#K)], and Tsurrepresentshe surface

temperature [K]. Radiation heat transfeq) (vere described by using StefBoltzmann law:

q = € ‘é sur T(;l) (64)

wher e U i s -bed remissiviyo avd e r i -Boltzn#&ahne fadiation

constantwim' %K' 4].

6.2.2 Material properties
The effective thermal conductivity of the Stainless SteedRHA (SS174PH) powder used in
this study is considered to be 1% of the buliterial thermal conductivity, as reported 89,220}

_\'(:}O.Ol3 Ko » T <T,

K =
Powder :,kbulk' T> =,

(6.5)
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whereTmis the melting temperaturigowderandkouik are the thermal conductivity of tipewder

phase and solid phase, respectively. ptderdensity carbe deliberateas follows,
rpowder = (1 - ./) t!L]lk (66)

where U is the powdebed porosity ands pickedas 0.53[21,201] The ktentheatwas
considereds the heat absorbed during the phase transformatioatefial The effective capacity
method[12] was usedn this study. The latent heat during mateplase change was considered

in the heat capacity amdas specifieds:

?Cbulk’ T¢Ts
c=lon el T TR T T 3 ©7
w2 BT (T, TF. T T<T

where Couk denotes the bulknaterial heat capacitys andLy are the latent heat of fusion and
vaporization respectivelyfsis the solidusT; is the liquidus, andy is the vaporization temperature.
In this study, the powder particles of SSAIFHwere directly depositedn the substratevhichis
mild steel Figure6.1a shavs the SS1-APH temperaturdependent bulk material propert[@98],

andFigure6.1b portrays those of the subsedtnild carbon stee[R03].
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Figure 6.1. Temperature-dependent material properties (a) SSEAPH [198]; (b) mild carbon steel

[203].
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In the LPBF process, it is alsmportantto consider the melt pool convection, which may
cau® deeper melt pools due to the Marangoni effét205] The Marangoni eéict is faster than
the solidification as indicated by[74]. Using the anisotropic thermal heat conductivity could
increase theneltpool dimensional accurad90]. Therefore, the enhanced thermal conductivity

canbe statedhs,
k,=/k k, =1k k =4k (6.8)

wherea, 8, andsy arethe enhanced factors of thermal conductikitiiowever, the enhanced
factor can be dependent on the process parameters in order tonudrt@ghose predictions of the
melt pool dimensions. Thegre describedn linear algéraic functionsof 0L according to

experimental resultsvhereP is laser power andis laser scanning speed.

glo= 4 =,/ ET Tg

melting

6.9
1121 =PV, E(PY), T Run (69)
wherefy andf;canbe formulateds,
P
fz:al_ _'bl
v
(6.10

‘= ga,v+h, v ¢y
Y :'1, V>,
wherev,, a1, b1, @, andb, are also parameters awere determinetly using only two extreme

points from experimental data.

Furthermore, during the LPBRodeling, one of the most certain coefficients is the laser
absorptivity.lt depends on theowder morphologgnd on thencidence anglevhichvaries owing
to the dynamic melt pool topologig91]. Similar to the anisotropically enhanced thermal

conductivities, the absorptivityas also regardeas asimple lineamlgebraic equation 0b 710,

b=a = % (6.11)
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whereaz andbs arecoefficients determined through two extreme points fromettiperimendl
data The effective absorptivity can be calated accordingly and was in the range of 0.48~0.7,

which is comparable with the experimental data ffofj.

6.3 Numerical model setup

The commerciaboftware package, COMSOL Multiphysiés2, was used to perform FEM
t her mal analyses. The substrate dimensions we
layerwerechosen to be 20001 1000120(40) em. (Note t|
layer thicknesses on mgibol dimensionsyo kinds of layer thicknessagere chosem this work
(20 & m a nBibth #hedsolid substrate and the powder layer were meshed by tetrahedral
elementsSimilar to experimental conditions, tteserbeam diameter of 100 nwas usedn the
simulaton.he scanning region was mes hed-comwergehce20 & m
trials, as depicted in the blue regionFigure6.2, while rougher elementsere usedn the other
regions for the sake of computational efficiencesBles, the initial time step was chosen to be
7 ¢ s awonvdrgencdased adaptive time step. The symmetrical property of the domaain
usedso that only half of the domaimas developedn addition the model considered radiation
and convection coolmat the top surface. The convective heat transfer coeffisi@sthosen as

15 W/mK [208], andthe emissivity coefficiendf 0.5[209] was used

Figure 6.2. Schematic of the simulation and mesh in the FEM, the blue area represetite laser-

scannedregion.
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6.4. Material and experiments

Singletrack experiments were conducted using an EOS M 290 (EOS GmbH, Krailling,
Germany) LPBF machinir validating the numerical simulation results. The EOS M 290 has a
TEMootransverse mode laser beam witepotd i a me t e r Siafrlesd Ste@l 1-4PH .gas
atomi zed powder with a pasrusedand size distrizueonwitha ge of
D10 = 30.2 pyn, D50 = 42.4 pmandD90 = 58.1 um respectively was determined by a particle
analyzer(RetschCAMSIZER X2, Retsch Technology GoHl, Haan, Germanygpurface profiles
of the single tracksvere measuredith a high-performanceconfocal laser scanning microscope

(Keyence VKkX250, Keyence Corporation, Osaka, Japan).

The presentdesign of experiment (DOE) involved combinations of diffiérgrocess
parameters, comprising laser power, scanning speed, and layer thickness. In lif2ddiiure
214,216] the laser power is generally between 190 to 200 W, for S&H/ In this work, the
laser powers were set to be 170, 195, and 22(hWéthe scanning speeds were from 600 to 1300
mm/ s . Two different | aywere enployedvith five segettions for2 0 an d
each conditionln orderto avoid the irregularities with printing single lines on printed substrates
[221], all the single tracks were printed directly on the mild steel substrate. The corresponding

combinations of the processing parameaeespresenteih

Table5.2.
Table 6.1. Process parameters for the single tracks
Laser Scanning Layer Laser Scanning Layer
Test# power, P speed v thickness| Test# power, P speed v thickness
W] [mm/s] , Ith [um] [W] [mm/s] , Ith [um]
1 170 600 20 10 170 600 40
2 170 900 20 11 170 900 40
3 170 1300 20 12 170 1300 40
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4 195

5 195
6 195
7 220
8 220
9 220
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40
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40
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All the single tracksamplesverecrosssectionedrertical to the lasescan directiorand then
were mounted, polished, and etched by using 5% Nital. Thepoeltimensionsvere measured
by aKeyence VX250 (Keyence Corporation, Osakapan)aser scanning confocal microscope,
as shown irFigure6.3. It shouldbe notedhat the melt pool depth (as shownFigure6.3) was
measurd from the surface of the substrate to the bottorthefmel pool, whichdoesnat include

the bead heighfThe beads formedbecausehe meltedpowder layer providesxtra material.

: P=195 W, v =900 mm/s, 40 pm B

Figure 6.3. Melt pool crosssection.

6.5. Results and discussions

6.5.1 Experimental melt-pool dimensions

For validating the simulation model, experiments were carried out with the different

combinations of process parameters shown in
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Table5.2. As an example, melt pool profiles with different layecknesses under laser power
of 195 W are shownin Figure 6.4. Melt pools inFigure 6.4 show a decrease in melt pool

dimensions withncreagng scanning speed. For the melt pools with the same power amiirsga

speed, the di mensions with 20 em | aymr thickn
195 W 20 pm 195W 40 um Comparison
mm/s = Goim
600
50 pm
— 20 pm
e 40 pm
900 \/
50 pm
— 20 pm
— 40 um
1300
50 pm

Figure 6.4. Comparison of melt pool dimensions with different layer thicknesses.

Figure 6.5a-d depict the complete experimental results.idt noticedthat the meHpool
dimensions reduce with increasing scanning speBuas.trend is the same for different layer
thicknesses and laser powehs.addition with largerlaser power, the miepool is deeper, as
illustrated inFigure 6.5c andd. However, the melpool widths seem to be increasing less

noticeably as shown irFigure6.5a and b.
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Figure 6.5. Experimental melt pool dimensions with different laser power and scanning velocities,
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Moreover,Figure6.5 illustrates that thenelt pool dimensions with different layer thicknesses

are very similato each otherThe melt pool depth and width witHayert hi ckness , of

on average1.43% and 1.52% less than those with€20nThe reason maybe attributedo the

thicker powder layewhich requires more laser energy to melt than the thinner one, resulting in

less energy penetrag to the substrate to form the melt pool; however, at the samghe thicker

powder layer may lead tolagher absorptivityf222], which may compensatdor the previous

effect. Thus, the melt pool dimens®with different layer thickneess o f

20 rare and

veryclose to each othedlt.is essential to note that all the melt poaisssectionsshown inFigure
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6.4 were scannely using the medium laser power of 195Wtichis one of the reasons why the
compaison does not show anyajor variation between melt pooldhis might lead to the
conclusion that melt pool dimensions are independent of the layer thickness. However, this
conclusiordoes not applyo other laser power&igure6.6 shows the melt pool morphologies with

the 220 W laser power and speed of 600 mm/s with a discrepancy in melt pool dimensions of more

than 15% (20 e&m).

Successful printing during LPBF is not only dependent on the melt pool dimensions but also
on the morpblogy of the track profile. A discomtuous track profile is the reasfor many defects
and might result in extra porosities in printedtpafigure6.7 shows the top view of the single
tracks asOF/0 increases from 4.W/S (mm/s) (left) to 8.9W/S (mm/s)(right) for both layer
thicknesses of 20 em and 40 &m. Results show
0L from 6.58.98W/S (mm/s)for both layer thicknesses. In contrast, unstable single tracks

with many hrge peaks and valleys are observed withindf10 rangeof 4.7-6.1W/S (mm/s)

The dfect of layer thickness on track stability highlightedin Figure6.8. Figure 6.8 shows
the top view of the prieid single tracks witth 710 of 4.7W/S (mm/s)(170 W, 1300 mm/s) with
20 em and 40 emrhakedi sbboknessty i s more ob
thickness, as highlighted. The main reason for this discontinuity is thought to be due to the
increasinglyneedeeiner gy to melt the extra volume of po\
results show that even though layer thickness does not seem to greatly affect the melt pool
dimensions at certain power levels, the layer thickness shoulibsercompatibé with the other

process parameters in order to form adequate melt pools with continuous melt tracks.
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Figure 6.6. The discrepancyin melt pool dimensions with different layer thicknesses.

()40 e m
Figure 6.7. The top view of the single tracks a®/ \dincreasing for the layer thickness of (a2 0
(b) 40 &em.

(@)H n , 270 W, 1300 mm/s, 4.71 W/(mm/s)

(b)yn n , 270 W, 180mm/s, 4.71 W& (mm/s)
Figure 6.8. The top view of the single tracks with layethicknessesof a) 20 & m,
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(b)
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