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ABSTRACT

We investigatedte thermabehaviorof the pwderbedfusion (PBF) manufacturing process
Specifically, a finite elenent thermal analysis procedure vaevelopedo simulateselectivelaser
melting, oneof severaPBF processsavailable orthe market. Therimaryobjectivewasto study
how seleted parameters of thé’BF process affect temperatudsstributions since a high
temperaturgradient and cooling rate are associatéth residual stresand deformationn the
built part Since itwasdifficult to devisean analytical solution for this transient thedrproblem,
commercidly available finite element analysissoftware, Abaquswas employed Sensitivity
analysiswas undertaken to analyze the impact of powder diameter, packing densityubstrate
temperatureon the overall temperature distributions. Finally, verification and validatvene
performed via experinmal setup anddata from theliterature. The samples built were
characterizethy residual stress measurements, poroaityg relative density to further validate the

model.
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1 INTRODUCTION AND JUSTIFICATION

Additive manufacturing (AM) commonly referredo as 3D printingor additive layer
manufacturing,has becone increasingly prominent relative to conventional manufacturing
processes. In 2016, according to thehé¢rs report, the industry market shafeAM surpassed
$5 billion USD, growing 2%% over 2015figures Over thepast 27 yearghe corporateannual
growth rate for additive manufacturingnas beera sizeable26.2%, demonstratg the growth
potential ofthis industry comparedith that oftraditional processd4]. The rapid growth of AM
stems fromits versatility, the larg@umber of materials that can be usaad thefastdeployment

of componerg aftertheir designhas been completdd].

Thetermfad d i t i v e maarosdinaicett wantrast@ aonventionalmanufacturing
processes thdtave been iruse sincehe 19th century,as thelatter are mostly referredto as
subtractive manufacturing. While subtractive processes, likengn involve the remoal
(subtracting)of material from aworking piece until the desired desigis complete additive
processes join raw material alayerby-layerfashionuntil the final height igeaclted Additive
manufacturing, like subtractive manufacturirgfers to severalifferent processebat aremostly
classfied according tdhe type of raw material used or by the consolidation phenomena involved
[3]. The focus of this researdh powder bed fusion (PBF)additive manufacturing which
includes selectivelasermelting (SLM), direct metal lasersintering (DMLS), and electronbeam
melting (EBM) & all of which usemetallic alloy materialsand full melting consolidation

phenomena.



1.1 Technological Ga and Justification of the Study

Although AM technologiefiave grown rapidlythe lack of standardization makes it difficult
for most industries to rely on the technology. This is tdube large amount of technologies that
are still under patent and tlemplexity behindthem Technologies such as PBF ahded
depositionmodeling (FDM)areusually limited toa fewapplicationspwing tothe impact of the
process parameteos the properties of thdinal part, whichhasstill not beenfully investigated
[3]. Theoverarchingobjectiveof this thesisvasto implement a lowcost thermafinite element
model (FEM) of PBF technologyshowng (1) the effecs of the processparameter®n the final
temperature distributionf the powder bedluring scanningand (2) the impact of the process
parameteron the porosity, relative densifyand residual stresé the built part. Temperature
distribution and cooling rates afeey parameters affectinge amount of residual stress in fimal
part.To achieve this objectivewb PBFtechnologiesvereanalyzed: SLM and DMLS. The model
was initially developed for SLM using SS04L, a lowcost stainlesssteel alloy that is not yet
availablefor use inPBF processesConsequentlysamples ofstainless steel 316 LSG316L)

manufacturedising DMLS wereanalyzed taharacterizelte builtsamples

1.2 Research Objectives

To achievette primary objectivef this workd alow-costFEM d the followingactivities

were carried out

i.  Effectivethermalconductivity and emissivity ahepowders

The thermal conductivity of theowder placed in the bed differentfrom that ofthe same

materialin solid form In order to accounthat difference effective thermal conductivityas

2



determinedthe impact of the packing density and powder diamegsstudied as well. Beyond
that, surface emissivifyan important parameter to consider when radiation is invowaslalso

determinedor the powder.

ii.  Thermal modelingnd sensitiity analysis

Numerical analysis usingEM was conductedto characterizeghermal distribution in the
powder bed. The main focwgasto analyze the behavior of the moving heat sourcesimgle
track andhe impact of itsparameters on the temperature gradient in the powder bed. The material
utilizedwasSS304L,which hasot yetbeenvalidatedfor usein thePBFprocess. The modelas
constructed usinthe main parameters 8L M. The sensitiity in the final tanperature distribution
in the powder bedo power input, powder packing density, powder diameter, and substrate

temperature were analyzed

iii.  Experimental setupesidualstress analysis, verificatipand validation

The modelwasvalidated byperformingresdual stresanalysis taking amicrograph of the
surface,and measuringelative density andanalyzing theporosity of samplesof SS316L
manufacturedoy DMLS. Residual stressem the built partresult froma high temperature
distribution or cooling rateamposed during the manufacturingprocess.Validation through
temperature readings not feasible given thhigh speedof the laser andhe high temperature
inducedin the powder bedeaving themeasuement ofresidual stresssthe more reliable
parametefor the model. Further validatiomasconducted by compang the simulated melt pool

shape withvaluesdeterminedn theexperiments.



1.3 Methodology

A comprehensive literatuneview indicated that the building of a leaostFEM could be
achieved usin@ parametric thermal modetith low computational coghat wasable to predict
temperature distributions when scanning a single layer and trackayder bed. Some aspects
of the discreteelementmethod(DEM) were implemented especiallythose related téhermal
conductivity of the powderWe beganwith the laser power modelising a doublellipsoidal
Gaussian profile as the heat flux input into the FEM. Next, the mateasgdefined, considering
the state (solid, liquid, powder) ateimperature dependendffective thermal conductivityas
compiledfor the powder undedlifferent initial conditiondo determine th@mpact ofvarying the
powdeb propertiegpacking density and powder diametem)its sensitiity. Different laser power
inputs and substratetemperature were accountedfor, and their impact on temperature
distributionsin the powder bedvere analyzed.Particular attention waalso paidto the phase
change and emissivity dfie powder as wellThe final modelwasassembledising SS304L as

thematerialandsimulated for all conditiondeading to the results and analysgstions

The experimental part of this thesis viesthow well the modelcan predict the behavior of
the temperature distribution$he temperature distributiongere not mesuredusinganin situ
thermal couple or camera becasseh anethods inefficient atcapturinghigh-resolutionchangs
in temperaturavithin asmalltime frame.Instead, sampldsuilt using SS316L weredivided irno
four groupsthat varied based on tlgéifferent input parameters (laser speed, poaed hatch
distance)Layer thickness, substrate temperatarel scanning strategyerekept constant. The
top (scanning direction) and side (build direction) ofsamplesvereanalyzedaccording taheir

microstructual composition, densityand porosity. Further analysisvolvedthe measuementof



the residual stresses induced in the samples thee werecorrelaed with the thermal model

results previously obtained.

1.4 Layout of the Thesis

The thesisconsistsof six chapters. Th@resentchapter,chapter 1, is a brief introduction
Chapter 2 provides a in-depth literature review on relevant modelsd processes, the
manufacturing capabilities d?BF, and the technological gapk chapter 3, we define le
material propertiesf the powder based on Sih and Barlow as wethasanalytical approach of
Wakao and Kageandthencomparehese valuewith published research. Nexh chapter 4 we
address the thermal FEand obtain the temperature distribusdar different case scenarios using
SLM parametersChapter 5 presentghe experimental approachvolved in printing samples
using the DMLS process and characterizing teamples according to density, final porosity,
microstructure and residual stresseBinally, in chapter 6 we conclude the work and propose

future research.



2 BACKGROUND AND LITERATURE REVIEW

2.1 Additive Manufacturing of Metallic Alloysd An Overview

AM, or 3D printing is defined aghe processof uang raw materialin the form of a wire,
powder or liquid to build parts offull or partialdensity in a layeby-layer fashionin the pasB8
years different materials hae been employeth this technologyin the early yeargolymers such
as acrylonitrile butadienestyrene and polycarbonatewere used More recently the process
switched tausingpowdeedor wire metak. Metal AM is beinginvestigatedy several researeins
and acadengi institutions lending significant new insightsnto how process parameters and
physics can affect thignal built part The first developmenis this areacame withdirect metal
depositionJaserengineeringnet shaping andlasercladding,all of which arehighly analogous to
thermalspray coating. These are known to be the #st processeshat used metallloys asa
raw materialln this metal AMtechniquea powder nozzlprovides asuccessive supphf a metal
powderontoa sulstrateor over a part according to the desired geomiéiryA high-powerlaser
is responsibldéor melting the powder that i;jected and the process repeats lapgrlayer until

the final height iseached.

After theseinitial technologies begao be used in the industry, the second wave of technology
arrived with thentrodudion of a new concepd thepowder bed process. The first revolutionary
approachselectivelasersintering (SLS) came intausein the mid1980s SLSwas patented b§.
Deckardfrom Texasin 1990 and was the first to be classifiedRBF[5]. This processonsolidate
the metal powdehroughfull or partialmeltingphenomenavieanwhile in Europe, #er watching
the introduction of thefirst PBF processn the U.S. market a partnershippb et ween Fi nl ar

Electrolux Rapid Developmer{tvhich suppled the powder metallurgy technologyand EOS
6



GmbH in Germany(which provided the plastic lasesintering technologyproved to be very
successfuin compeing for this new manufacturing segmei®. Launched in 1994nd known as
DMLS, this technologyhas beercontinuously improing to becomeone oft o d atst® dthe

art processein metal AM. The nameilasersinteringo which applies tdoth SLSand DMLS
remainscontrovesial, since the process is a full or partial melting, not sinteasithe name
suggests According to a terminology standardiscussion infASTM F2792a Standard
Terminology for Additive Manufacturing Technologéesssued in2012, laser sintering was
considereé misnomef7]. However, the standard wiaser onwithdrawn from the official ASTM
listing, and no replacemerior it has beerprovided.Below are the schematics of the process

(Figure 2.1) described W§. Deckard.

Figure2.1. Selective laser sinteringiethodpatenedin 1990by C. Deckard8].

Yet another path was pursued by othegsjen the ncreased demand for advancaiyl
processe. This led to the development ofSLM in the mid1990s by F&S
Stereolithographietechnik GmbH and Fraunhofer ILT in Germanyth@edlistribuion of the
processdy SLM Solutiong9]. SLM wasbuilt onthe same basic conce@sSLS, including the

use ofa bed filled with powdeandselective scanng by a highpower laser to solidify each layer
7



to createa full-densty part however the solidificationstepfollows the full meling phenomena

[10]. Figure 2.2 illustrate the proce$3nally, EBM, another process that can egbera powder

bed ora metal wire combined with an electric beam, was developed by Arcam in Sweden in the
1990s and launched around 2008henEBM cameonto thesceneit becameone more optiom

the fastgrowingAM market[11].

Detail 1

Figure2.2. Schematic of @lectivelasemelting.

Increagng demand for improvemesin AM technolog in the 1990sstemmed from the
advantags AM has overconventional manufacturing process&bl processes, such as PBRfan
build extremely complex components without the need for tooliMytechnologies were highly
applicable to the aerospace, medicadnd dental fields however the automotive and other
engineeringsectorsbenefied as well Cost saving, shortertime to marketand high degree of
freedom are theotableadvantages of PBF, btliese applynly to a specific highend market

such aghe aerospace and defense secfd8y, [13]. For general applications, however, tbe

8



productivityof PBF leads toa highperunit manufacturing costhe definitive factorfor choosing
a manufacturingroces in most scenario]. Though the PBF processesavery highscanning
speed (upo 10 m/s Table 2.2),its low productivity remains problemati@and iscommonly
attributed to the small spot diame{dOi 115 pum) of the laser or electric beam (Tab2 and

2.3).Some of the applications of PBF in the industry and R&D are sioWwigure 2.3.

(d)

Figure 2.3. Applications ofthe powder bed fusiomprocess.(a) Research using metal
printed metamaterialsReusedwith permissionof IOP Publishing Society of Photo
optical Instrumentation Engineef$4], Copyright© 2015 (b) GE fuel nozzlg15]; (c)
RAMLAB ship propeller[16]; (d) EOS pelvisreplacemenf17]; (e) tool and diemaker

with conformal cooling18]; (f) Siemengurbineblade[19].

With thesevariousdevelopments available in the manufactgnindustry, it isnow common
to classify SLS, DMLS, SLMand EBM as PBF processthe reasoibeing that theghae certain
featuressuch as the use afpowder bed with a roller anchagh-powerelectron beam or laser as

heat sourc§l?].



2.2 Selective Laser Meltingand Direct Metal Laser Sintering

This thesis focuseon two PBF processe§LM and DMLS Currently, ths technology is
commercially distribted byonly afew manufacturers around the world, with a selection of alloys
available[10], [20], [21] The parameters used 8L M Solutions and EOS Gmbiterechosen
for this work Thesetwo technologes have been improved drastically, allowintpem to be
implemented in higlend components for diversagineering applicationgull-density part€an
be built that offer similar or evenslightly improved material propertiesover those of parts
producedusing conventional manufacturing procesq48$. Recent researcehowsthat parts
produced bySLM are stronger than the anproduced by castinpowever the SLM-produced
patstend to be lesmalleableowing tothe rapid solidificatiorthat occurs duringhe proces§o].

Table2.1 shows someof the properties that can be found in Sipkbduced parts.

Table2.1. Tensilestrength of selectethetalalloys produced b$LM [9].

Conventional
UTS Yield strength  Elongation material UTS
Material (MPa) (MPa) (%) Reference (MPa)
Fe 411.50 305.30 8 [22] 225.00
FerNi 600.00 0 0 [23] 3
Fe NiT Cr 1100.00 0 0 [23] 3
Fe NiT Cui P 505.00 425.00 0 [24] 3
155 PHsteel 1450.00 1297.00 12.53 [25] 1317.00
155 PHsteel 1470.00 1100.00 15.00 [26] 1317.00
304 stainlesssteel 717.00 570.00 42.80 [27] 579.00
316L stainlesssteel  760.00 650.00 30.00 [28] 558.00
Maragingsteel 1290.00 1214.00 13.30 [29] 1930.00

SLM equipment foundon the markettoday offers different capabilitiesBeam diameter is
usuallybetweern70and115um, laser thicknessangedrom 20 to 75um, and maximum scamng

speeds up t010 m/s[10]. SLM Solutions offes three differentmachinesSLM 125, SLM 280
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2.0,and SLM 500. The budlrate and bud envelope are the madiifferencesamonghemachines
with SLM 280 2.0 and SLM 500 having the ability to usén and quad lasers of 40@0Q or
1000W depending on the optics configurati@s shown inTable2.2 The sameholds truefor
DMLS specificatios (equipment manufagted byEOS GmbH) but with different ranges of

parameter¢Table 2.3).

Table2.2. Configurationof threesingle laser meltinghachines (SLM Solutions)[10].

SLM 125 SLM 280 2.0 SLM 500
Build envelope 125mmx 125mmx  280mmx 280mmx  500mm x 280 mm x
(lengthx width x heigh) 125mm 365mm 365mm
3D opticsconfiguration Single(4000r 700W);
. twin (4000r 700 W)  Twin (400 or 700W);
Single(400W) dual (700 and000  quad (400or 700W);
wW);
Laser and gas filling IPG fiber lasemwith inert gas filling
Build rate Up to 25 cm3/h Up to 55 cm3/h Up to 105 cm3/h
Layerthickness 200 V5 pm
Beam diameter 70 100 pm 80 115 pum
Max. scanspeed 10 m/s

Table2.3. Configurationof four direct metal laser sintering mach&#{€OS GmbH]17].

EOS M100 EOSINT M280 EOS M290 EOS M400
Build envelope @100mmx  250mmx 250mm  250mmx 250  400mm x 400 x
(lengthx width x height) 95 mm x 325mm mm x 325mm 400mm
3D optics configuration Single (200 Single (400 W)or

Single (200 W) Single (200 W)

or 400W) guad (400 W)
Laser and gas filling Yb fiber lasemith inert gas filling(nitrogen)
Build rate Not provided
Layer thickness 201 50 pm
Beam diameter . 90 pm(single);
40 pum 100/500 pm 100 pm 100 pum Guad)
Max. scan speed Up to 7 m/s

11



2.3 Limitations of and Technological Gajgin Powder Bed Fusion Processes

Process and environmahparameters are known to play an important role in determining the
final mechanical properties of the parts produced RBF, as severalresearchershave
demonstrated[30]. Experimental studies consist of investigating mechanical properties,
microstructures, the effect sarying theparameters (sensiity), and several other aspects of the
material. These studies have been perfdrsiace the commercialization of this technology first
began, and manyaluableresearch findingbavehelped to improve the process overdibwever,
experimental studies amecrediblycostly, since numerous process parametegsvolved in ths
techndogy. A relativelylargeinvestment wasnadeby the vanguarth this sectoto validate the
commercialized alloys that they proveealong with their machinesAlthough several
investigatorshave uncoveredexcellent mechanical properties when using optimacess
parametersvith particularalloys, a variety of new alloys that could be used in this technology

havenot yet beervalidated.

The materials useatius farby SLM and DMLS are Ti6AL4V, SS16L, AlSi10Mg, Hastelloy
X, IN718, IN625, IN939, Invar36, (&n10, 174PH,maraging stegeland some proprietary alloys
such as GP1, MSdy EOSGmbH, and MediDentby SLM Solutions. These materials have their
optimal parameters already defined by each of the manufacturerdyjeantahufacturenearly
always recommend the use of thar metal powderonly, making the procesprohibitively
expensive and inflexiblen most situationsManufacturers also prohibitew alloysfrom being
usal on this commercial equipment, and violations waid the equipment warranty in masises.

Without the use ofoptimal parameters, a large number of issuesacee that affect the
integrity of the built partResidual stresses, layer delamination, cracking, waypimgdjundesired

porosity are among the maiwnoblemswvhen printingmetal wsing PBF.These problemaremostly
12



due tothe high temperature gradients induced by the I&Sgure 24aillustrates this problem
wherea high heat flux from the laser to the powder ethputted in ashorttime frame As a
result the powder (loosenateria) melts, causinghe previous layer® losestrengthowing tothe
high temperaturefdhe toplayer. At the same timehe expansion of the top layer is restricted by
thedeep layersandelastic compressive strains ar&gatuced. Tie top layers finally plastically
compressedt the yield strength of the materidVhen cooling (Figure 24b) the plastically
compressedupper layers begin contracting arigending occurs Figure 24c shows the

delaminatiorandcrackingproblemthat results

Heating Cooling (b)

Figure2.4. The lser heatthe powder be¢n) andsubsequentoolingoccurs(b). Reused
by permission fromEmerald Publishing LimitedRapid Prototyping Journa[31].
Copyright© 2006.Delamination and cracking observed on printed sampleR¢tised

by permission fronAIP Publishing Applied Physics Revie®]. Copyright© 2015.
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Another issughat arises when the correct parameters are not used duripgirtheg of
sampleselated tahe porosity angpoormechanical properties of the final built pd&trosity and
poor mechanical properties aagsociated with each other in gemesince high porosity will
reducethe yield strength of the mater{@2]. Porosity is mostly caused by lelgvel laser energy
density however high-level laser energ density can bring songegreeof porosityto the final
part as well, mostlgueto the presence gfas bubblef33]. Laser energy density is a relatsmp
betweerthe mainparameters of therocesssuch as power input, scanning speed, hatch distance
and layer thicknesf84]. Equation2.1 in the following section describes the laser energy density

relatiorship.

2.4 The Finite ElementModel of Powder Bed Fusion and ExperimentaApproaches

In the last 10 yeargwing to advancein computational capability and the development of
dedicated~EM software in the field, numerical analysis studies Ha@me immensely popular
[35]. There is considerable research involving meditipled aspects of tHeBF process; yet, the
majority of studies maintain singlaode analysis to reduce computational cost and model
complexity. Multrcoupled models tend to show high nonlinearity and undesired deformation,
leading to increased time to perform simulations and consequently high computational cost. The
models used mosliften are thermal, kinetic, fluid dynamics (molten poat)d DEM, as well as

the copling of one or more tysof analysiq36].

Recent progress has been achieved in the development of new alloys for PBF processes.
Biomedical and aerospace applications are the midsly explored fieldsas theydemandparts
with specific microstructal and material properties that match the requirementseafintended

use[37], [38]. Most of this work igperformedby studying the impacts of laser energy density on
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the final material properties and analyzing the discontinuities, such as cracks, delamination, balling
effect, heataffected pne (HAZ) and residual stresses. The laser energy deBs{fymm?) is
defined agherelatiorshipbetweerthelaser power inpue (W), the scan speadmm/s), the layer

thicknessh (mm), and the hatch distansémm), as shown ine 2.1

b 2.1)
v

Ev:

An experimental study using pure titanidrasshowed that applying a fixed laser energy
density (120 J/m®) is enough to produce 99.5%therelative densityhowever the high density
is greatly affected by laser power and hatching distance combinaffjsin the same study,
when comparing cast to Sluilt titanium alloys, the&SLM-built sample displayed considerably
better performance for wear resistance, yield streragtt Vickers micrehardness. The porous
titanium alloys produedby SLM haveproved to be effective in biomedical applications, and their
properties can be tarled to resemble human bones for better osseointeg{@ipnEBM-built
parts arealso well explored in biomedical applicatisnespeciallythose thatproduce lattice
materials from topology optimization analysis. Different EBMiIt samples with up to 70%

porosity displayed acceptable mechanical properties for specific applic@8jins

Microstructual studies have also been undertakento correlatea ma t enechamitab s
properties with grain size and material phase. Liu ¢88], [40] analyzed the microstructure and
mechanical properties bftype Tii 24Nk 4Zri 8Sn produced by EBM and SLM processes and the
gradientin microstructuren AlSi10Mg samples produced by SLM. Titanium samples from SLM
exhibited a singlé-phase, while EBMbuilt samples consisted @fandb phases, meaning that
faster cooling rates frorihe SLM process induced the formationftlendritesand led toalow

Youngds modul u withihé grapertesooiBMabuileparts.Anothernotableresult
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washow theHAZ was influenced by th&aserandelectron beam spot, with EBM displayilag
high HAZ (~200 un) owing tothe larger electron beam sge#t0 pumwith SLM) [39]. AISi10Mg
samples prduced by SLM using 30 pntayer thickness and 1500 mm/s scanning speed
experienced cooling rate$ .44 x 1P K/s on the top of the powder bed and around D3Kis

on the botton40]. The high cooling rates present in the melt pool were responsilhefgradient
microstructuran the samplemeaning that the grains in the surfateéhe samplare finer than

those inthe core, resultg in greatemwear resistance and hardng43].

The numerical simulation of PBF processes has improuednderstading of theeffects of
parametes in severalways Denlingeret al.[41] conducted a thermal modeling experiment of
Inconel 718 with an irsitu temperature setup to acquire temperature distributions. The model
predicted the temperature distributiamth an error of 11% during the acquisition period and
showed that conductivity in powdered media should be accounted for in PBF analyses. Huang et
al.[42] also perfomed a similar study using TiAl6V4vith theirresults indicating that laser powe
plays a more fundamental roletirepowder bedhermal behavior compared with other parameters
such as scan speed and hatch distance. However, shorter hatch distances and tracks can decrease
the temperature gradient while at the same time increasingakenum temperature achieved.
Shaw and Dgj43] developed coupled thermomechanical eledor multimaterial behavior and
analyzed residual stress&heng et al[44] investigated residual stresses and the deformation of
a multilayer model using different scanning strateghasd finally, Vastola et al[45] conducted
a parameter analysis on the final residual stresses whenrpegoa singlelasertrack using

TiIAIGV4 .
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Liu et al.[46] conducteda study of SLMbuilt lattice materials undeompressive testing and
cyclic loadngi unloading conditioa with different strains. A FEM built in Comsol was then
employed to visualize the local stress concentration for each lattice configuration. Results obtained
in this study shoed that the energytsorption for all casesan bedirectly attributed to the
difference between stress distributions and local stress concentrptjnd oh et al.[47]
conducted a parametric study, building EEM able to predict melpool geometry ban SLM
process using aluminum 6061. Among the findirtgsy found thahigh laser power and low
scanning speedereresponsible for increased melt penetration and walthilarly, when using
low laser power and high scanning spegbdsamephenomena were observed, although the latter

processvasmore energy efficierfé7].

Residual stress analystgas also beemvell explored experimentgl using two different
approachesthe crack compliance methahd the X-ray diffraction method31]. The crack
compliancemethod is the simplesgt that itusesstrain gauges positioned around a predetermined
surface. This surface is later wire ¢atsmall stepsusing electric discharge machinjrand he
strain values are measured for each position. Latditting curve profilebased on eithea
Legendre or Fourier seriés used toaccount for the strain measuremenisd the subsequent
residual stress profile is obtained. TXeay diffractionmethal is mostoftenused in research on
AM processesasit can measure surface residual stressesontrast tathe crack compliance

method whichis only able taneasue residual stressesrtbugh the thicknessf thematerial

X-ray diffraction is responBle for identifying thematerialphase in the samples produced and
for describing the diffracted angle (§ thatcharacterizeshe measured lattice plankkd). The

lattice deformatiorfrom the samples igsbtained usin@ radiation sourcand compared witthe

17



unstressed latticemeasured from the same materidiis method has the advantage of obtaining
stresses irtwo axes through the surface (plane). Mostafa e{4d] have performed several
measurements in a large group of-Binted airfoils to account for residual stressébey
concluded that thermal stresses and phase transfornvati@the maincause of the residual
stresseandweremostly in the compres/e statepe itin the scanningr the build direction. Tese
residual stressemejustifiable, since the material is cooling very fast and shrinkage is expected to
occur. Mercelis and Krutf81] performed a theorical and experimental study using thetix-ray
diffraction andcrack compliancenethods.Their work yielded ery similar findingsto those of
Mostafa et al however the authorsobserved different residual stress statethe parts before
and after removabf the printed parts with dow aspect ratioThis means that ken the part is
built, the bottom of the part is fused to the substrategandrateadditional residual stresWhen
the part is finally removed from the substrate, the residual stresses are raiseetk extent,

which can induce part deformati¢81].
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3 POWDER THERMAL PROPERTIES

This chapter was partially addepvoraas, DfAr, o m
Czekanski, A. Parametric thermal FE analysis on the laser power input and powder effective
thermal conductivity during selectil@ser melting of SS304 J. Manuf. Mater. Proces2018,2,

470 . A c c o r copyright agreementfiTbe aithors retain all copyrigh@nd will not be

forced to sign any copyright transfer agreements

3.1 PowderPacking Density

The contact between powdearficles is an important factor when analyzing the effective
thermal conductivity of the powder b§#d]. The size of the powder particles, their distribution,
and their shape affect the contact area between the particles, which influences effective thermal
conductivity [50]. Kovalev and Gusarojb0], [51] studied the effects of monodispersed and
polydispersed powder beds and different packing densities on the thermal condoicpiaitycles
using FEM paked spheres (DEM model). They obtained satisfactory results when comparing

their DEM modelfindingswith the analytical solution based on Hertz contact thisij,

The packing density (relative density) of the powder bed directly affects powder porosity, one
of the main parameteisfluencing effective thermal conductivity. The following are impant
prior observations about powder tliatm the gneral principahssumptiongonsideredn this

study

1 The relative density was calculated assuming a perfect monodispersed spherical powder;
1 The powder bed was modeled as a whole, meaning that our nepdesents the total

volume occupied by the powder bed, not the individual powder patrticles;

19

t

h



1 Contact between particles was considered to be in the elastic zone, with no plastic
deformation;and

1 External loads were neglected, and only gravitational forces acounted for.
3.1.1 Packingstructures

Three different packing structures were analyzed. The simple cubicg&®@)yallyknown as
a cubic structure, is a packing structure with a relative density of 0.523 and represents the least
dense packing structure this study. The bodgentered cubic (BCC) packing structure has an
intermediate relative density of 0.68. The faemtered cubic (FCC) packing structugenerally

referred taas a closgpacked structure, has a relative density of 0.74.

Although there are several other packistgucturesdescribed in the literature, such as
diamondlike (relative density of 0.34) and hexagonal clpseked (relative density of 0.74048),
it was not the objective of this study to includeghtructures, since the results of the included
packing structures can be extrapolated. In this case, relative density is described by the atomic

packing facto(AFP), which is calculated using the following equation:

A
AFP: npamcle particle (31)

unit cell

wherenparticie IS the number of pades per unit cell (cube in this cas®particieis the volume of
each corresponding particle, aNghit cen is the volume of the unit cellFor instance, the SC
structure in Figur@.lahas eight 1/8 of a particle at each corner, giving a totaheparticle per
unit cell. Each particlegssumed to ba sphere, has a volume 6f#3, and the volume of the unit

cell (cube) is represented by )2 These parameters yield the following relative density:
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2 pr?
AFP = ( 23 00.52: (3.2

r)?

Figure3.1showsthe packing structusof SC, BCC and FCCrespectively.

= @ b i% ©)

Figure3.1. Simple cube (SC) packing structug, (body-centered cubic (BCC) packing

structure p), and facecentered cubic (FCC) packing struguc).
3.2 Contact Area and Porosity of the Powder Bed

The contact of two adjacent spherical particles is essential when calculating thermal
conductivity, since heat exchange occurs primarily through condub®pnrhe respective radius
of contact idhased inthe Hertz theoryo contact interaction of solid bodigs2]. This mntact area
is very small (Figure .2), especially in the present study, since plasticityasconsidered and
gravity is the only force acting among particleBhe main influence of the contact radius is
associated uh thethermal conductivitylue contat between particles, where majority of the heat
losses occur during the process. In the following section 3.5 the contact thermal conductivity is

addressed.
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Figure3.2. Particles in the contact region fle&nd inthe contact radius in detail (right).

An equation derived from Dul énev and Zarich
Abyzov et al., Kovaley and Gusarovater successfully appliethis equatiorin their models to
calculate effective #rmal conductivity50], [52], [54], [55] Porosity 4, is expressed afunction

of thecoordination numbelN, as follows:

_ SN-4 (3.1)
N(N - 1)
1V
N :V%kj (3.2)

where the mean coordination number of a given parti)eis defined as the number of its

nei ghbor s particl es etdladstaidcathaecortespendsrexactigte fhee c t i
diameter of the original particle when studying monodispersed spheres. The correledqiodn

is the mathematical representatioNpfvhile M is thetotal number of particles in the domain and

ki is the number of contacts of a given partjcl€he mean coordination numbers for FCC, BCC,

and SC packing structures are 12, 8, and 6, respectively, resulting in porosities of 0.2424, 0.3571,
and 0.467, resztively. In previous work, the effects of powder packing in the bed were not
analyzed, anthusa general porosity value of 0.400 was adop8&d. The equation for loading

applied by a rolleor scraper [en) and the material properties constaet)(is defined by Hertz

elastic contact theofp2]:
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1a’E
* E
E =
(1- n?) (3.9

whereais the contactradiu§i s Youngodasn dnosduilsusPoi ssonds rat |

eg. 35 with eg 3.6and isolating for contact radius, we obtain the following:

a= 3/§M (3.5)
4 E

In this study, besides the three packing densitiese thiferent powder diametersere
analyzed: 20, 60, and 100 em. The nor mal cont
is difficult to account for analytically, and a proper mofigl compactionby roller or scraper
should be implemented. It wast the objective of this work to develop such a formulation, and

hence only gravitational loads were the forces considered to be acting in the pow[&&].bed

The roller or scraper, when distributing a new layer of powder,mmandse the load between
the particles in the powder bed. However, no specific data or studies were found that associated
the effect of the rolleor scraper with packing structure or contact loading. We asstima¢ as
soon as the roller or scraper fingshdistributing a new layer, the additional load due to powder
compaction ceased to exist. For this reason, in this study we aktheamthe roller or scraper
impacton the powder is relatezhly to the particle packing structure, not to the actual cotigac

of powder through the powder bed.
3.3 Material Properties

The material used to develop the model was384.. This alloyis considerablyless

expensiveand yet is still not avail abl e-depemdent c o mme
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properties were dived from a report by Kinj56] and are showm Figure3.3, including specific

heat, density, and thermal conductivity, all of which are essential parameters to know when
simulating a higtemperature change in thermal distition over small incrementsf time. To
accommodate phase transformatiog also includedatent heatas it modifies heat capacity

during the melting of the powd§g36].
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Figure 3.3. Temperaturadependent density (a), thermal conductiViity, and specific
heat (c) ofstainless ste€l04L.
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3.4 Powder Emissivity

Powder emissivityvasincluded as a model parametas|t affectsoverallradiation thermal
losses andhe thermal conductivity of the powder bed. Since we have three different packing
density scenaric® SC, BCC, and FC@ alongwith their respective powder bed porosity values,
there are three different emissivity values to determiihe.following formulations were used to
achieve the final value of emissivity, whereis defined as effective powder emissivity,is solid
emissivity of the material, is gap emissivityp is are fraction of the powder surface, and

is powder porosity53]:

6, =— g 3.6)

_ 0.90§ ?
A 1.908 2- 2/ + (3.7)

e=A g4 A). .

In Figure 3.4, the emissivity values calculated forthe threedifferent packng densities
consideredn this work areplotted along the curve representing all possible emissivity values
0% porosity is interpreted deingrepresentative ad full-density material, which is considered

to haveanemissivity of 0.44 for SS04L[53], [57].
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EEmissivity x Porosity
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Figure3.4. Porositydependent emissivity of simple cubic (SC) packing structure,-body
centered cubic (BCC) packing structure, and Jfeeeteredcubic (FCC) packing

structure.

3.5 Effective Thermal Conductivity of Powders

The definition of effective thermal conductivifies) of powders addresses four of the main
thermal transport phenomena that occur in the powdercbathctthermal conductivity btween
particles Keontaci thermalconductivity dueo radiation,ks; gas thermal conductivitkg; andsolid
thermal conductivity of SS04L, ks [53], [58]. Wakao and Kagdb8] developed this definition
for powderpackedbeds It was applied in several studies, includthg work ofSih and Barlow
[53], as previously mentioned. Below is the full equation, with all four main terms already
expandedfollowed by Figure 3.5howingthe compiled results for S®4L at tempeatures of

300K to Y
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The thermal radiation term is highly influenced by powder diameter, temperanae
emissivity of the powder bedhermal conductivityowing to the contact between partigles|
vary according to the contact ratio and the initial solid thermal conductivity, since the value of the
fractionalcontact areas, is less than 3k0w.«The termB is a deformation paramettratvaries
according to porosity. Nethat the compilation of the effective thermal conductivity of the powder
will generate nine different curveg/e have three packing densiti€3C, BCC and=CC) that

affect, respectively, porosity and emissivityielding three ket curves There are alsdhree
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different powder diametexr(20, 60 and 100 pumthat affect the fractional

threecurvesper packing density scenario
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Figure 3.5. Effective thermal conductivity of powder in simple cubic (SC) packing

structure, bodicentered cubic (BCC) packing structure, and faeetered cubic (FCC)

packing structure, with powder particles of 800 ,

and

100 &em di ameter

It is evidentfrom Figure 3.5 that powder diameter does not significantly affect the value of

Q for temperatures between 300 and 800 K. However, for higher temperatures, owing to the

radiation term, there is a perceptibif@rence. For example, for FCC there is ~T% increase

when

us

ng

a powder with a

di

ameter of 100

when doing the same comparison with SC, owing to the higher emissivity of SC compared with

that of FGC. When comparing the different packing densities, the incred@e is even greater,

more than 2.5 times that between SC and FCC for instance.
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3.6 Verification and Conclusions

The resultscompiled in the last sectidor effective thermal conductivitgf a powder were
not verified experimentallyowing to the considerations already mentionddhese includehe
geometric shape of the particles (spherical) badauseattempting to represerhe packing
structureswith a commercidly available powders impractical The reason ighat the powder
particles havea size distributionthat ranges from a minimum value to a maximum value and
generally follovs a Gaussianprofile. In addition,the powderparticlesare not all necessarily

spherical they can tak@nygeometic configurationpossible (oblong, oval, e}d59].

Nevertheless, ecent studies in the fieldyoth numericaland experimental, are in good
accordance with theesults presented herealthough some s different materials and
methodologie$50], [60]. Kovalev and Gusako[50] modeled a DEM powder bed with several
powder packing densggisand conditionsThe steelused for the model wa®t pecified but the
authorsused the following propertie€ = 210 GPa,} = 6900 kg/m3, Cp= 477 Jkg-K, 3=0.28
and ks = 30.5 W/mK. Also worth noting the authors did not considéemperaturelependent

propertieswhile these properties are considerethm model described this thesis.

Alkahari et al.[60] performed an experimemthereby tley measued the effective thermal
conductivity of SS316L. A point source of heavasapplied to the powder receptacie ,which
thermocouplesvereattached, to measure theoment intime whenmaximum voltage is reached
[60]. The setup was executed only at ambient temperé8@@K) for four different powder
diameters and bulk densitiefable 3.1 compaes the thermal conductivity determined itne

literaturecited abovewith the value determined in the current work
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Table3.1. Comparison of effective thermal conductivity from Kovakewd Gusarov

[50], Alkahari et al[60], and the current work.

DEM model from Experimental data Analytical model in
Kovalev and Gusarov. from Alkahari et al.: current work:

T =300K, xr=62.5 T =300K, xr=50 T =300K, xr=60

Packing structure UM, unspecifiedsteel  pm, SS316L pum, SS304L
Cubic 0.014 W/mK 0.206 W/mK 0.180 W/mK
Body-centereccubic  0.026 W/mK o} 0.285 W/mK
Facecentereccubic  0.039 W/mK o} 0.482 W/mK
Random 0.015 W/mK o} o}
Polydispersé 0.009 W/mK o) o)

Note: Where no data are providedl §, that type of powder was not included in the study.

Comparing lhe effective thermal conductivity betwettre work ofGusarov Kovalev andhat
of the current modeshows that thego notmatch, with the latter being around 10 times larger.
Since the materials employed are diffeteme cannot draw definitive conclusion about the exact
values, but theris atendency observed both datasets the higher the packing density, from SC
to FCC,thehigherkesr. The increased percentage is similar as well, with 54% from SC to BCC and
67% from BCC to FCQor the GusarovKovalev data, and 63% from SC to BCC and 59% from
BCC to FCCfor the current data. Thisonfirms that packing density influees thermal

conductivity, with the lower packing density having the lokr

When comparinghe findings ofAlkahari et al.with those of thecurrent modelthere is very
close agreement between tae, with a difference of only 13%, ahown inTable3.1 Alkahari
et al. conducted a study using different bulk densities, whiichfact a packing density analysis
however we cannot infer which value of bulk density corresgocdthepacking structurén the
current model. From thesultsthe authosfound that increased bulk density and powder diameter

raise thekers as well,an observatiosimilar tothatfor the current model.
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4 FINITE ELEMENT THERMAL MODELING OF SELECTIVE LASER

MELTING

This chapter was partially adopted from the journal publioatioo f fde Moraes,
Czekanski, A. Parametric thermal FE analysis on the laser power input and powder effective
thermal conductivity during selective laser melting of S$304Manuf. Mater. Proces2018,2,

47 0. A ¢ c o rcapyrighgagredementfiTihes aithors retain all copyrightsnd will not be

forced to sign any copyright transfer agreements

4.1 Governing Equations

The temperature distribution of the PBF process, describ&tkasz,}, is found by solving

the threedimensional heat conducticaguation (eq. 3.1) with suitable boundary conditiores

follows:
dT " _
f(T)Cp(T)E = - IO, ) Q%Y (4.1)
q(r,t)=-kbT (4.2
r=xy,z (4.3)

where the” “Y andd "Y are the density and specific heathstemperaturel dependent
valuesrespectivelyr] i b is therate of flowof heat energy per unit arga i fo is thevolumetric
heat flux andr represerd the threedimensional Cartesian coordinates in this st{gil]. By

substituting eg3.2 into eq.3.1and decompasg the Laplace operator, vegrive at

O ~

T _ &, Tuo %T@ 4T c?
rC =tk G—gk— 5+ k
STE - vyl y Sz Gz (4.4)



The boundary conditions for the thermal analysis depend on the environment inside the
chamber. In this case, besides the conduction that is happening in the powder bed, thermal
conduction and radiation are accourfi@doy considering the powder emissivity, the type of inert
gas and the initial temperature inside the champkr], [49]. The following equations are

described in the literature for convection and radiation:
qconv = hc(T _TO) (45)
qrad = ep ‘€T4 _TO4) (46)

whereQ is the convective heat transfer coefficientis the emissivity of the powder surface,
, IS the StefanBoltzmann constant, an@ and To are the surface and ambient temperatures,
respectively{41]. To reduce computational cost, the cartivee and radiat heat transfers were
modeled as a combined boundary condition. The main rdasawing sois that radiation is a
highly nonlinear heatransfer conditiona property thaincreases computational costs and time
[62]. In an experimentastudy by Vinokurov, the following equatiocombining radiation and
convection was demonstratidhave less than a 5% loss in accurf&dy:

h=h + ¢T° )T B 249 10% & 4.7)
Theappropratevalue ofpowder emissivity; , wasdetermined irchapter 3A userdefined

subroutineFILM, was used teaombinethe coefficiens of radiation and convection.
4.2 Thermal Model Domain and Fnite Element M odel

The thermal model was defined to handle materials in different phases,(bglid, and
powder states) as wedls to account for their variation at different temperatures. A three

di mensi onal model was established using a 25
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of 1500e mx1 50 0x7&5m & m (XIL.5BmxB@75 mn), as showm Figure4.1 A small
domain was justifiable given the small | aser ¢

low thermal conductivity present on the bed.

Figure4.1. Threedimensioml domain of the model.

The software used for this workasAbaqus The choice was made considering the volume
and quality of previousvailable findingsn which Abaguswasthe mostfrequentlyusedoption
[45], [64]i [67]. The softwares also flexible enougto permituserdefined subroutines, allowing
proper implementation of the moving heat source and bouwdaditions[68]. The material was
modeled as temperature and state dependsntiefinedn chapter 3 ensuringmore accurate
representation of temperature distributions. Some additional consideridainsaintaned low
computational time and costferredthefollowing principal assumptions of the FEM model

1 Thermofluid effects were not constgled, so the Marangoni effect and fluid flow in the

melt pool were not accounted for;
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1 Material vaporization is not accounted for, although the phenomesn occurat high
temperatures. The impact of vaporization, however, would not affect the temperature
distributions in this studj69];

1 A single track of the lasewas observed and the influence of the hatch distance was
neglected to focus on the effect of packing structure and particle diameter on the
temperature distributionsnd

1 Only meanpowder (particle) diameter was considered when calculating the effective
thermal conductivity of the powdered state.

Abaqus as alreadymentioned, allow the user to write uroutines For this model the
DFLUX and FILM subroutineswere implemented to account for Gaussian heat flux and
convectiofiradiation, respectively. The lstion given is the temperature distribution of the
process, described @f,y,zt), obtained from each selected node associated with theswotsn

beinganalyzed

4.3 Modeling of Selective Laser Melting Heat Source

The laseusedin theSLM process folbws a Gaussian heat flux profil€he laseused in this
study wasanytterbium fiber lasewith a TEMyo profile. TEM, or transverselectromagnetienode
refers tothe classification used for laser bestimat follow a Gaussian profile. Figude2 shows
thesedifferent TEM profiles forseveralasers[70], [71]. Although the laser profile is described
as Gaussian, the process is not stationary, meaning that the laser is not heating only one specific
point atatime. The novement of the heat source through the powder bed is no longer described

as a purely Gaussian profile, but a combination oftiheedifferent profileswithin the three
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dimensional space, resulting in a doudllgpsoidshapehat is usually calledfic @t t ai | 0

[66].

TEMgq TEM, TEM,q

Figure4.2. Differenttransverse electromagnetic meder lasers Reusedy permission

from Elsevier International Journal of Machine s and Manufacturing[71],

Copyright© 2009

a X2 2 Zzg
('j _ 6\/§ff/7absp e- %+%+%9 (48)
by
i NN
2 6\/§frhabspe B2 W ng 4.9

Qxy =

a bgop

The fc oshapgFigura 4.3)stheresult of ahigh-power laserusuallya fiber laseof
100 to 1000 Wthatconsolidats the powdeiin SLM systemsas show in Table 2.2[10]. There
are several formulations in the literature for the moving heat spt#td45], [62], [64], [65] The
first developments in numerical simulation to account for the phenomendrcan@oldak et al

[72] in 1984. His model for welding procesdess beerwidely used since then, with some
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modifications depending on the procdssing studied. Recently, several authotsave been
applying the formulation in the PBF numerical simulation, with good results bétaged, in
accordance with the melt pool profile induced in the powder[B8[ [74] [41], [67]. For this
reason, the Goldak implementatisrasused in this thesjss describedh egs. 4.8 and 4.9and

modeled into the DFLUX subroutinging Fortran languad&?2].

Heatflux profile
\

Figure4.3. Doubleellipsoidal heat source model. Adapted by permission from Springer

Nature:Metallurgical and Materials Transactior[72], Copyright© 1984.

The heat flux0 jf , is represented as two functions, one for the front part of the flux and
another for the rear part. These terms yield the correct representation of the comet shape formed
by the laser moving throughdtpowder bed. In Figuré.3, the heat source moves in tkexis,
scanning the bed with steady speBde longitudinal ellipsoidhas two coefficientsp (front) and
@ (rear) the crosssection is determined dyand the depth bg. The parameteiQ corresponds
to the front heat fractio(0.6), and the rear heat fraction is representedX{¥.4)[72].— is the
powder absorption coefficienfinally, X, y, andz are the coordinatesf the model.Figure 4.4

below shovg the heat fluxdistributionata stationary point.
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Figure4.4. Static heat fluxdistributionmodeled as Gaussian profile usinthe Goldak

formulation.

4.4 PhaseTransformation

Phase transformatiomustbe considered to analyze the proper temperature profile induced

by the phase change the powder bedl'he formulationthatinvestigatorshaveused extensively
is based on the modification of specific heacording tothe latent heat and thslidus and

liquidus temperatures

&c, (M), TeT
J\
CaM=1GM =2 T T % (410
l L S
tCis T2 T

where0 is the specific heat) is the latent heat of fusiod, is thespecific heat ofhe liquid and

“Y and"Y are the liquidus and solidus temperasirespectively.
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45 Parametersof the Simulation

For the threalimensional model using transient thermal analysis, the distributobadus
recommendghat the following equatiorbe wsedto determine the minimum time incremgnt
required

rC,
Dt W & (4.11)

whered i HA T Yaare respectivelythe specific heat, density, thermal conductivitgid
element sizeof the meshing. Thiscalculationpreventsfalse oscillations that may appear in the
boundary vicinities as well inaccurate solutions for very small time increrf@8ijtsTo execute
and debug dwoutines that are written in Fortran, the software is linked with Intel Parallel

Compiler 17.0 and Visual Studio 20[Z5].

Following this recommendation and for conveniemcéme increment of 1.5x19s was used
with 1000 incrementsjielding a total time of 1.5ns. The total time was calculated based on the

speed of the laser, which was defined as 1 m/s. The other model parameters are listedlih. Table

Table4.1. Parameters dhe ®lectivelasermelting simulation.

Parameters Values Reference(s)

Latent heat of fusior-(J/kg) 273790 [62]
Solidus temperaturgl; (K) 1703 [56]
Liquidus temperature ¢ (K) 1733 [56]
Solid emissivity £ 0.44 [57]
Preheat temperateyd| (K) 298, 373643  [10], [20], [21]
Absorption coefficientty (W) 0.40 [76]
Laser spot diametekb (um) 50 [10], [20], [21]
Layer thicknessh (um) 75 [10], [20], [21]
Laser power inputl} (W) 100, 200, 40C [10], [20], [21]
Scanning speed,(m/s) 1.0 [10], [20], [21]
Average powder diametes (Um) 20, 60, 100 [77]
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Gas thermal conductivity 0.016 [41]

Coefficientar (um) 220 [72]

Coefficientas (um) 60 [72]

Coefficientb (um) 120 [72]

Coefficientc (um) 150 [72]

Time stept (ms) 1.5 -
4.6 Results

4.6.1 Longitudinal andcrosssectionaltemperaturedistributions

The numerical analysis was conducted for tHeser inpus combined with three packing
densities and three different powder diameters, resulting in 27 compiled médsiagle
processowas usedor each simulatiomndtwo tokenswereavailable for Aaaqus allowing two
parallel simulationso berun at the same tim&/e usedan Intel Core i7%6700 3.4GHzrocessor
that was able to run all the compilatidosone substrate temperatimel4 h(42 h total) averaging

~30 min for each simulation.

The tempeaturewas measured at nodal points from the mesh, aatjuisition points for the
time-dependent temperature measurements (total time = 1,5hasyn in yellowtakenthrough
the thicknes®f the layer Acquisition pointdor the crosssection measuremenshown in black,
were collectedfor half of the crosssectiononly; since the Gaussian model uses a symmetric

formulation,temperaturesn both sides are mirrored. Figure 4.5 displays the nodal points.

The contact powder and substratere omitted however, the preheatg temperature from
the substrate was enteradl a boundary condition, withe presentdatasethavinga predefined
temperature of 643 Kin thenext chapterthe substrate temperature is analyzed as standalone
parameter[10], [20], [21] Previously produced layerasere not modeled in thisstudy;

neverthelessexcluding them dichot affectthe effective thermal conductivitsalueof the powder
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itself. The only perceivablenpactoccurredon the temperaturat the bottonof the new layer,
which could achieve higher temperatures than the initial substrate tempé¢rdfuré/e have
found that different powder diameters at the same packing densgynmasmpact on the final
temperature distributions of the model. However, between the three different packing densities the

temperature differs.

Figure4.5. Nodal acquisition scheme

When using a power inpof 100 W f = 100 W; Figuret.6) with the current configurations
of the parameters mentioned, the maximum temperature achieved was ~1575 K at the surface, not
enough to reach the melting point of the alloy used. Howeverastessential to consider that
powder can still melt to a certain degree owing to necking between the small particles. The only

concern here i s ahereterhperatiras brljeached@¥0O K.5 Om) |,

In the same temperature distribution plot, the temperature increases ahéhesafor all
packing densities. However, as soon as the temperature séaemaximum value and the laser
scan moveforward, the temperature loss difemongeach of the configurations. On the second

plot in the same graph, SC loses less heatBi@D and FCC. Since SC has the smallest effective
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thermal conductivity among all the packing densities, less heat is exchanged. The biggest

difference is 45 K (or 3%), between SC and FCC, which occurs at the surface of the powder bed.

Another notable findgig from thetemperature distributions & = 100 Wis that thecooling

rate was very small after the temperature reached its maxieuan though the temperatuiges

when thenumber oflaser scans is very higfihis occurred because the domain was istithe

powder state and thus had low thermal conductivity overh#. cooling rate for the top surface

(Figure4.6) is around60 K/ms for FCC packing density7.1 K/ms for BCCand?25.7 K/ms for

SC within the domain modeled
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Figure4.6. Temperature distribution at a power infia} of 100 W during one scan the

scanning direction.

The crosssection plot in Figurd.7 shows how the temperature spreads through the powder

bed whert = 0.75 ms (maximum teperature achieved), withtdAZ of ~160 um from theentre

of the powder bed. This behavior was observed for all pfotsZ00 and 400 W). The secanrg

plot shows in detail that the different packing densities had no significant impact on the
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temperaturgorofile. Another distinguishable feature from the crssstion plot is the effect of
mesh size, which is evidefrom the sudden temperature rate change at exactly 25 pm, meaning
that the mesh was not ideally capturing all the temperature changes. Hoavelkange in mesh

size in this model can increase the simulation time yititoes.

The crosssectioral temperature distribution fd? = 100 Walso showsow the temperature

gradient between the layers belavihe top (0 um) and bottom7G pm) surfaceof the powder
bed havea Yo 4 yi (temperature gradientf 460 K in the middle of the powder bed; from
the top surface tH25 pm it is80K; from 125 um toi 50 um it is 1D K; and finally, from i 50 um

to the bottonsurfaceati 75 um it was meauredto be210 K. The temperature gradiesibng the

thicknesscaptured forP = 100 W, however,is not considered higamongthe fulFmelting

consolidation processes

P=100W - Cross Section

1800 =

S R e R T A SO T BT 4. T Liquidus
| . A S S YT Solidus
1600 — 1100
Surface-
25um B\
S\ 1080 1
1400 — ‘\"

&
o

S

3

1060 -

1040 -

Temperature, (K)
I

0 10 20 30

800 J \\'\ SC (20pm/60pm/100pm)
: \,\:\ BCC (20pm/60pm/ 10044m)
\k ------- FCC (20pm/60m/ 10044m)

600 T T T T T T

0 100 200 300 400 500 600 700
Distance, (pm)

Figure4.7. Temperature distributioat a power inpufP) of 100 W at the crossection

perpendicular to the laser scanning direction.
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For P =200 W in Figurd.8, the melting point was reached for the surface of the powder bed
at1 25 andi 50 um. However, the bottom of the powder bed didreath the melting pointyith
the temperature remainireg 1525 K, whereas the surface reached 1900 K. This led to a high
exchange of heat after the laser had scanned through, and it is evident how the bottarigoint (
pm) still increased from 1525 to 76 K in less than 0.7 ms. The packing densities here do not
display an apparent temperature difference, sineeeis onlya 4 K differencebetween SC and
FCC on the bottom node, as shown in the second plot. As confirmation of the role of powder
diameterin the temperature distribution, Tab#e?2 list the five last increments corresponding to
the three powder diameters under SC packing density. There are only fluctuations of temperature,
with no significant changes, which explains the overlap of all thpeéeature distributions at
different powder diameters. In fact, researchers studying the effects of individual powder particle
interactions using DEM models found significant effects of powder diameter on temperature

distributions[50], but this parameter was not within the scope of the present study.

Table4.2. Temperaturén the last five time increments a5 pm andP = 200 Wfor

simple cubic (SC) packing density

Temperature (K)
20 um SC 60 pum SC 100 pum SC

Time increment (t)

1.4940 ms 1683.71  1683.34 1683.52
1.4955 ms 1683.83  1683.46 1683.65
1.4970 ms 1683.96  1683.59 1683.77
1.4985 ms 1684.08  1683.71 1683.89
1.5000 ms 1684.20 1683.83 1684.01

At 750 um, after the laser scarthrough, the temperature remains within the solidus and
liquidus temperatures, owing to the effect of the latent heat of fusion. Interestingly, the top surface

(0 um), 125 um, and bottom surfacé 75 um) are all converging around the mushy zone, which
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is defined as the zone between the solidus and liquidus temperatures. This means that high energy

is concentrated on those regions and heat is exchanged accordingly until a steady state is achieved.
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Figure4.8. Temperaturelistribution at a power inpP) of 200 W during one scan the

scanning direction.

The impact of the packing density is no longer visiblett@top surfacej 25 um, andi 50
pm. The impact is onlyobservablefor the bottom surfacehowever, there is avery small
temperature difference between the packing densities.eltident thatthe impact ofpacking

density on temperature distribution diminiskeéhen the temperature cresshe melting point.

From the crossectioral temperature dtribution forP = 200 W (Figure 4.9), we observed

the following temperature gradienfsom the top (0 pum) and bottom 75 um) surface of the
powder bed “¥io y i =380K;from the top surface t625 pm it is70K; from i 25 pm toi
50 um it is 100K; and finally, from i 50 pum to the bottom surfa@i 75 um it is 210 K. When
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comparinghese resultwith those obtained fd? = 100 W, these gradientsesactually80 K lower,
representing eelativelybetter condition for solidification, sin@higher temperature gradient can

induce residual stresses and consequently warpage and deformations irt fregtbuil
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Figure4.9. Temperature distribution at a power ingB) of 200 Wat thecrosssection

perpendicular to the laser scanning direction.

The last power inpuR= 400W) is the only onén which theentiredepth of the powder bed
layer reache the mdting point. However, the maximum temperature achieved at the suvkce
~3250K, which is an undesirable condition that can leatthégvaporation of the metgd9]. The
bottom reach@~2100K, whichwould most likely induce the melting of the substrate or increase
the HAZ of the same. It is noteworthy that aadrent of~1100 K between the top and bottom
layers wasinduced, whereas &= 100W the gradientvas450K and atP = 200W the gradient
was400K. This fact alone is extremely important when analyzing residusds#s during SLM,
as explained previousl
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Figure4.10. Temperature distribution at a power ingB) of 400 W during one scaim

the scanning direction.

In the seconary plot shown inFigure 4.10, the melting point area between solidus and

liquidus temperaturebfokenred line)is highlighted The rate of temperaturehange inthis

interval proveghatthe model is capable of interpreting the different props&etes and the phase

changecaused byhe latent heat of fusion evevhen usingasmadl time increment.

The crosssectioral temperaturegradientsfor P = 400 W (Figure4.11) were the highest

achieved in this studylhe following temperature gradientsgre observedrom the top (0 um)

and bottomi(75 um) surfaceof the powder bed “¥io , i = 1100 K; from the top surface®

125 um it is200 K; from1 25 pum toi 50 um it is450 K; and finally from i 50 pum to the bottom

surfaceati 75 um it was measurdd be450 K.
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Figure4.11. Temperature distribution at a power ingB} of 400 W at thecrosssection

perpendicular to the laser scanning direction.

4.6.2 Melt pool behavior for §= 643 K

Identifying the melt pookegion n SLM processes is importafar determining the HAZ of
each scaned track. Usually the melt pool excedlde diameter of thdaser beam depending on
parameters such as scanning speed and power input. The following results aasellistrate

temperature of 64K, SC packing densityand 20um powder diameter

When usng P = 100 W, the powder does not effectively m&lemperature distributions are
kept below the melting point through tastirethicknesf the layer as show previously Figure
4.12 shows the crossection along two planes. F&r= 200 W (Figure 4.13), the maximum
temperature value was fixed at 1733 K, thus the grey region in the temperature field corresponds

to the melt pool regiorit is evidentthatthecomet shape formed the melt pool region, a feature
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thatwasexpected, since the Goldak hdakfinput used in the current model resersibies shape

[72]. Note that all temperatures are expressed in degrees kelvin (K).

Figure4.12. Xi Z crosssection (top) andi Z crosssection (bottom).
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Figure4.13. Melt poolareaat 1.5 ms folP = 200 W (a)andP = 400W (b).
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Themolten materiaat P = 400 W (Figure 4.13bjccursalong theentiredistanceof the bed
scanned bythe laserand through all the powder bed thickness as.wells apparent, in the
beginning of the track, that the melt pa@okaincreagsin width overtime. Thischangandicaes
that the melt pool hasghenergy and isxchanging heat with the nearby powdeeyréymelting

it and increasing the HAZ.

Regarding the melt poaimensiondor P = 200 and 400 \\thefeasiblity of usng a power
input of 200 Wis evident given the small HAZ present. Figs# 14 and 4.15 shwthe melt pool

size forP = 200 and 400 W along different cressctions.

Figure4.14. Melt pool dimensions in the last time incrementPor 200 W.Xi' Y plane

(a), Xi Z plane (b), andi Z plane (c).
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‘\ X-Z plane

Max temperature: 3198K
0

:

Figure4.15. Melt pool dimensiongn the lasttime increment forl® = 400 W.Xi Z plane

(a),Xi Y plane (b), andi Z plane (c).

The materiabecomedully moltenatP =200 W up td 50 um; the light greyin Fig. 4.14 and
4.15represents the regiavheretemperaturesxceedl 733 K (Tiiquidus). The remaining colas are
in the range of 1703733K, representing the mushy zone, a mixture of solid and liquid material
Finally, the dark greyepresentsemperaturesddow 1703 K Tsoliqug. Thedimension of the melt
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pool at P = 200 Wis 75 um x 425 um, a width that it is 1.5 times larger than the laser beam

diameter used in the model.

On the other hanagt P = 400 W, thewhole thicknes®f the layeiis above the meltm point,
with 100pum of thewidth in the bottom surface and 1ffh on the top of the powder b8dimes
larger than the laser beam diameter. The entire track is molten as wgling7&0length), and at
the end of the laser scannipgriod at 1.5 ms, thenelt pool widthatthe beginning scan point is

~180pum.

The remainingpacking density and powder diameter dsggshavenot beencompiled here,
since he previous sensitity analysis showethat they have gery small impact on temperature

distributionsoverall The next section covethe topicof substrate temperature detail.

4.6.3 Sendivity analysisof substrate temperature

The substrate temperatuil@, was previously set at 643(370°C), which is a common value
used for stainless stg@8]. To investigate the impact of the substrate temperatmoanore data
sets were simulate@ne withTo = 298K (25 °C) and the other witffp = 373K (100°C). The
SLM process hasubstrate temperaturangeof 20to 550°C according to SLM5solutions, while
DMLS has asubstrate temperaturangeof 20 to 100°C according to EOS GmbH.O0], [17]. A
study performed bii et al. [79] demonstratetiow substrate temperature influences the built part,
since it playsn important role in defining the interface bonding betvieerubstrate and the part
as well as thamicrostructures of thdéinal part. The authors concludieghat higher substrate
temperaturencreasd the quality of the bond anchn be attributetb the high cooling rate and
larger mekipool volume. A lower substrate temperatuneitially has ahigher cwling rate
however the small melipool induced is rgsonsiblefor forming a strongboundary and gap in
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between thepart and the substrate preventing an effective heat transfer from the part to the

substrateindresulting in a reduction of the actual cooling rae).

In the model, the substrate temperatuesenteredas a boundary condition for all degets,
but mechanical contact between the interfas@as ignored since the focusiere wasthermal
behavior.Figure 4.16resentghe results foilp = 298K for all power inputs, packing densitjes
and powder diametgrandFigure 4.17 showshe results foiTo = 373 K. Since theprevious
sectiors covered émperature distribution behavior depth here the plotsvere placedside by

side toshowthe longitudinatemperature distribution and itsosssectioral counterpart.

( ) P=100W ( b P=100W - Cross Section
1800 — Sy 1800 =
1 T R N e e S LT Liquidus. .
T SolidusT 1 T Solidus
1600 — 1600
] 1220 1
1400 - 1250 1400
~~ B [ oo o, s | o
I . o Surface ) ]
5 o0 1200 [7rrmm e — 55;..:?(?3 1200
g 2 ] ot s tcanf— TR T ey q:“ -25um 1180]
£l 11150 {nn i z g
& 1000 = 100
E = -50pum > )
[7) 4 ) 1160 A 5
2 11100 o,
g 800 g 800
& 1.421.44.1.46 1.48 gatnam 1140 1 : ; ;
600 %107 600 0 10 20 30
e SC (20pm/60pm/ 100pm)
400 ] SC (20pm/60pm/ 100pm) — = = BCC (20pm/60m/ 100pm)
] == = BCC (20p4m/60pm/100pm) 100 R A T [ FCC (20pm/60pm/ 100m)
FCC (20pm/60pm/ 100pm)
200 T 1 R e o e L B B o B
0 0.5 1 1.5 0 100 200 300 400 500 600 700
( Time, (ms) X10” Distance, (pm)
, - P=200W ( d  P=200W - Cross Section
1800 7] | T Liquidus Surface 1800 = L T Liquidus
Fro s - Suface et e A
g T T Solidus -25um ] + T Solidus
1600 - 1600 —
11840 -50.m ]
1400 -1320 1400 -
~~ ] — 1
HIE v I < 7oim3
& 1200 J1ggQ fererenereree o 1200 7
= ] =
Z Jizeo L - o= = = s ]
S 1000 -] = 1000
5 11240 £ ]
& ] 2
g s00 41220 £ 500
(7} 1 o ]
= ] 1.45 = ]
600 600
- ] SC (20pm/60pm/ 100m)
100 =] SC (20pm/60pm/ 1004m) i — — BCC (20um/60gm/ 100pm)
] —= = BCC (20pm/60pm/ 100m) 400 - =" "N T T T T T T T T T s FCC (20pm/60pm/ 100m)
NSRRI el FCC (20p4m/60m/ 10044m)
200 LS T T B 1 200 T T T T T T T T T T T T T T T T
0 0.5 1 1.5 0 100 200 300 100 500 600 700

Time, (ms) Distance, (pm)

52



e P=400W ( f P=400W - Cross Section
3000 = 3000 —
] SC (20p4m/60pm/ 100p4m) Surface:
4 |= = +BCC (20pm/60pm/1004m) -25um ]
, 1 =+ FCC (20pm/60pm/ 100pm) 1
2500 — 2500 —
] -50um ]
—~ ] — ]
X 2000 X 2000
Py g L T Liquidus ¢ ~75pum 4
I - St a0 e e e e S e S e e
a 4 = 4
= 1500 - T 1500
= 4 oy 1
v 4 v 4q
= 4 = ]
. S o]
1000 — 1000 —
= ] = ]
E ] SC (20pam/60pm/ 1004m)
N 1 == = BCC (20pm/60pm/ 100pm)
50071 500 - sesrenes FOC (¢ ;
1 7 79 74 7.6 1.8 1 FCC (204m/60pm/ 100pm)
| x107™* 1
0 L T T (O o o o I B A B o o ML e e B
Y 0.5 1 1.5 0 100 200 300 400 500 600 700
Time, (ms) %107

Distance, (pm)
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Figure4.17. Temperature distribution fofp = 373 KatP = 100 W (a),P = 200 W (c)

andP =400 W (e)and their corresponding cressctions in (b), (d), and (f)

It is clearthat by increasing the substrate temperature, the maximum temperetieeed
increases as well. However, the temperature gngslreeasured through the thicknesthe layer
decreass asshownin Table 4.3 The main implication of the results is that an increase in the
substrate temperature causes the powder bed to use less energy from the heat flux, consequently
decreasing théemperature gradient through the layer thickness. However, this increase is not
linear, meaning that a rise of 100 K in the temperature does not bring about a 100 K change in the

temperature distribution obtained. Thus, the complexity of the simulatevidsnt.

The best scenario among all simulationB 200 W andlo = 643 K, with a lower gradient
of 380 K between the bottom and top surfaces. Althdagh100 W has a lower heat flux, it
inputted a higher temperature gradient when comparedP#th00 W, mainly because the former
condition did not cause the substrate to reach the melting point and the latter resulted in one or

more points through the layer thickness being above the melting point or in the mushy zone. When
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the material is in the muslaone, it requires a great deal of energy to change the state (solid to

liquid), and thus the gradient was reduced in the caBe=d200 W.

Table4.3. Temperature gradient “Yand maximuniemperaturéTuay; in kelvin)

for all simulated substrate and power conditions.

To=298K To=373K To=643K

= Tiax 1250 1300 1550
= Y oo, 70 50 80
S W o 180 220 170
Y o, 225 200 210

Y o 475 470 460
= Tiax 1733 1760 1900
=Y o, 3 40 70
S Y o, 110 30 100
U o 420 400 210

Y o, 533 470 380
> Tiax 2950 3000 3200
= Y o, 150 170 200
S Y o, 450 430 450
IRy 560 550 450

Y o, 1160 1150 1100

4.7 Verification and Conclusions

The parametric lovcost FEM thermal model proposed in this chapter is capable of measuring
temperature distributions through a powder bed, and consequently the temperature gradient, of a
single layer and track of laser scanning using the SLM process. Parameters such as power input,
powder diameter, powder packing denséynd substrate temperatuneere analyzed. Packing
density and powder diameter influenced the effective thermal conductivity of the power, as seen

in chapter 3, and tlse parametemsere implemented in the simulation.
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The only considerable effects of both powder diameter and pqeed&ing density that are
visible in the temperature distribution were found for lower power iripet100 W) and only for
different packing densities. The powder diameter did not have a major irapdke outcome
which can beattributed to the minochange ineffective thermal conductivity that occurred,
regardless of packing density, dmeicauseéhe model was based on the total volume occupied by
the particles as a wholandthus the individual particle interactions are not accoufdedThe
packingdensity effects are perceived for temperabedow the melting point, since the model of
effective thermal conductivity is calculated from 300 to 1703 K. The SC packing density has the
lowestkert andthus lowercooling rates when comparing to BCC or®;@s seen in themperature
distributions for power input of 100 W. The maximum difference of temperaggineachieved
between SC and FCC was 45 K at the top surface of the powder bed at 100 W; for th@0 W
difference was minor, only perceivableias O m wiTt=15 K;gandfinally, for 400 W, the
packing density did nanfluence the temperature distribut® at all, since all the layergere

above the melting point.

Power input and substrate temperature played a major role in the analysis, with all the

scenarios havingpecificimplications:

1 P =100 Wwasthe lowest power inpwt whichtemperatures did noeach the melting
point. According to Gibson, powder can sinter at half melting point temperatures, and
in the current investigation thigiax achievedvasaround 1500 K foilp = 643 K. The
TsoiidusOf the materialvas1703 K, more than enough foeckingto occur amonghe
particles. However, we cannot drdurther conclusions orthe degree to which the

material would effectively consolidate, since the temperature mentioned is only at the
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surface of the powder bpdn the bottom surfaceghe temperaturevas 1100 K,
sufficient to start the sintering between the particles as tuglat a smaller scaléelo

= 643K is stronglyrecommended to be used wikh= 100 W, given the statements
mentioned before, but whersingTo = 298 K andlp = 373 K, theéTuax achievedwas
around 1250 and 1300, respectively and theTwin around 775 and 850 K, on the
threshold for the sintering condition mentioned by Gilawatithus not enough to fully
consolidate the material,

P =200 W is the ideal situation among all the povmguis analyzed, given the melt
pool behavior and the temperature gradiefts To = 643 K we achieved the optimal
temperature gradient of 380 K, the lowest of all the conditions simutatdthusthis
temperature istronglyrecommendedbr usewith this power input. The main reason
is that the temperature distribution was just enough to reachsshgsfor h = 0 um,
125 pm, andi 50 pm, with a Twax = 1900 K. In this case, when the temperatures are
between theTsoiqus and Tiiquidus, the latent heat fofusion plays an important role,
consuming most of the heat to change the phase eitherttimsolid state to liquid
and viceversa. For this reason, the temperagwealient is fairly small when compared
with other power inputs, and even for the othdrstrate temperatures;

P =400 W isstronglynotrecommendeds apower input to be used for S®4L, the
reasonbeing that temperatures reached 3200 K whesing To = 643 K, with
temperature gradient of 1100 K between the top and bottom of the pbedidn
addition theentirethickness of the powder bed excedthe melting point, and the
melt pool observed andonsequentlthe HAZ were very large, indicating that re

melting from previously layers or substrate could occur.
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Overall, theobservedemperture distributionyery closelyfollowedthebehaviorof SS304L
in otherexperimental studies found in the literature. Afighany and Bourelnnted SS304L to
investigateits mechanical properties using differesgturs. The authorsproducedmanufacturd
specimen using a machine witpowerinput of 100W and 3050, and70 um layer thicknesss
concluding that higher layer thickness produspédcimens witlow density and poor mechanical
propertieg33]. This can be used as a reference to our sgtip= 100W and layetthickness of
75um, in which casethe laser input was not enough to bring the temperature to the melting point,

andthus consolidation between powder particl@spoor.

In the next chapteresults are presented famples produced by a procasslogosto SLM,
using SS316L Theanalysis is concentrated on the relative densities of the samples, the porosity

and finally residual stress measurements and micrascbaracterization.
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5 DIRECT METAL LASER SINTERING EXPERIMENTAL SETUP

The experimental setup designed to verify the model and demonstrate how parameters play
an important role in the final part printed using PBF processes. Specimens were produced using a
commercially available machine, EOS GmbH model M280. This industrial 3D printer uses the
PBF procesknown as DMLS. SS16L was the material selected for the experiments, given the
similarity in its thermal propedswith SS304L, the materiaused in the previous chapter. The
part was built in the AM laboratory at McMaster University facisitim Hamilton, Ontario,

Canada.

5.1 StainlessSteel 316L Powder

The powder used to manufacture the parts was supplied by EOS, with a powder size

distribution of 1545 um and a composition described in Table 5.1.

Table5.1. Chemical compositionf EOSstainless steel &1 [17].

Nominal composition
Element (%) of SS316L powder

Fe Balance

Cr 17.00/19.00
Ni 13.00/15.00
Mo 2.25/3.00

C 0.030

Mn 2.00

Cu 0.50

P 0.025

S 0.010

Si 0.75

N 0.10
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The thermal propertiesf the material utilized in the experiment,-S$6L, is highly analogous

with SS304L utilized at chapter three and four. The similarity can be perceived at Figure 5.1
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Figure5.1. Thermal properties of S$04L and SS316L [56].

The total volume of the powder bed envelope was calculated before the manufacturing process
began, anthis value was used to calculate how much material needed to be loaded in the machine.
Although there is no proper recommendation from the machine manufacturer as to how much

material must be loaded, the laboratory recommends loading 3 times the tokdloi&ig powder
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bed volume. With an envelope volume of ~938°@nd a powder density of 8.05 gft;, we
calculated a total powder mass of 7547 g, resulting in a total of 22.6 kg being used for the

experiment.

The reason for using such a large amount of meterial is that the powder ikenequally
distributed through the powder bed, which has dimensions of 25 cm x 25 cm, and the sample has
a height of 1.5 cm. The roughly three times estimationatenal that must be added is a safety
measure in order tovercomepowder loss through evaporation, contamination, and airborne
particlesthat is spread to other surfaces inside the machine chamber. In total, we used roughly 4.16
kg of material, whickd 1 . 9vaskhg weight of the batcihe remaining 18.44 kg was recycled;
however, the powder had to be sifted to remove oxide powder and agglomerated particles that
exceeded the maximum size allowed for reuse. This was one more reason for the lafye rate

material loss in the process.

5.2 Designing the Experimental &tup

The experiment setup was designed to effectively demonstrate the significance of the
parameters on the relative density and residual stresses of the final part. One batch of samples was
marufactured; thus, layer thickness and substrate temperature were the fixed parameters of the
built part, since they cannot be modified within the same batch. The machine chamber is filled
with nitrogen gas, and gas flow is directional along the powderRmader input P), scanning
speed V), and hatch distance)(werethe main parameters analyzed; beam offset, stripe overlap,
and stripe width are the remaining liydarameters; however, they were set as constant, since it
was not our main objective to stutheir effect in the built samples. Nevertheless, the scanning
strategy on the EOS machines cannot be modified, as it uses a 67° scanning angle and stripe raster
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strategy with 10 mm width. These settings did not affect the setup in the current stuglyhsinc
scanning strategies were not analyzed. The samples were designeddortensons o0 mm
x 20 mm x 15 mm, following a requirement from theay diffraction equipment of a minimum

10 mm x 10 mm surface and having a minimum of aswipe width n the top scanning surface.

The three parameters defined in the sample grouping @nds) have their own ranges as

determined by the machine manufacturer. Table 5.2 shows the range for all parameters of EOS

M280.
Table5.2. Range of parametefer theEOSM280 3D printef{17].
Min . value Max. value Increment

Layer thickness (um) 20 50 10
Hatch distance (um) 10 400 10
Scanning speed (mm/s) 50 7000 1
Powe input (W) 1 370 1
Substrate temperature (K) 293 373 1

Following the parameter ranges and based on the literature review conducted, particularly the
results of studies by Mower and Long [80] and GhE&iwuzani et al. [81] shown in Table 5.3,

we determed the experimental range of parameters for this study.

Table5.3. Common parameters applied for-S8L usingdirect metal laser sintering

Speed Power Temperature Layer thickness Hatching

(mm/s) (W) (K) (mm) (mm)
Mower et al [80] 750 195 355 40 )
GhasriKhouzani et al[81] 1083 195 353 20 80

The layer thickness was fixed at 30 um, with a constant substrate temperature of 353 K. The
scanning speed was varied from 250 to 1750 mm/s at an increment of 500 mm/s; the laser power
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input was varied from 150 to 250 W at an incren@di0 W; and finally, the hatching distance

was varied from 80 to 140 um at an increment of 20 um. Table 5.4 show how the groups were
created with the following nomenclature: i&34 were used to define the hatch distance groups;
next, A D were used to defenthe scanning speed; and finally3Ipecified the power input used.

The samples were placed according to their laser energy density values, as explained in chapter 2.
In total, 48 samples were programed to be printed; however, due to technical prablsamples

had to be left out of the study, as they could not be completed. In the next section a full explanation

is provided. The samples removed from the experiments are highlighted in red below.

Table5.4. Designed range of parameters and groups.

1 (P=150W) 2 (P=200wW) 3 (P=250W)

(v=250 mm/s)A

<45  @=7s0mmsB G1B1 G1B2 G1B3
O (v=1250 mmisiC G1C1 G1C2 G1C3
= (v=1750 mmis)D G1D1 G1D2 G1D3
= (=250 mmsA G2A1  G2A2  G2A3
N & (=750 mmis)B G2B1 G2B2 G2B3
OF w1250 mmisC G2C1 G2C2 G2C3
= (v=1750 mmis)D G2D1 G2D2 G2D3
= (=250 mmis)A G3A1 G3A2  G3A3
o & (=750 mmis)B G3B1 G3B2 G3B3
OF  (=1250 mmislC G3C1 G3C2 G3C3
= (v=1750 mmis)D G3D1 G3D2 G3D3
2 (=250 mmisA G4Al G4A2 G4A3
<& (=750 mmis)B G4B1 G4B2 G4B3
OF  (=1250 msC G4c1 G4C2 G4C3
=~ (v=1750 mm/s)D G4D1 G4D2 G4D3

5.2.1 Sampleplacement in the substrate plate
Three modes of heat exchange are happening at once when the machine istungugutiae
samples: conduction between powder and substrate; convection between inert gas and chamber

exposed surfaces (including powder and substrate); and radiation due to high temperatures induced
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by the fiber laser. There is a gas duct on the sideegpodwder bed providing directional gas flow
through the powder bed surface, thus cooling down the melted material. For this reason, we
designed the position of the samples to maximize convection heat exchange: we placed the samples
with higherlaser energdensity closer to the duct where the gas was being emitted and the samples
with lower energydensityon the opposite side.

The calculated laser energy dengity(J/mm3) for each sample and their positions are shown
in Figure 5.2. The samples that wesecluded from the batch owing to a technical manufacturing

failure have red values; the successfully printed samples are indicated by blue values.

Laser energy density (J/mm?)

Figure5.2. Laser energ density of each sample and layout
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5.3 Manufacturing Process

The computerided design model presented in the last section contained the assembled 48
samples, with identification marks and minimum distance between samples (6 mm) already
defined. The model vgathen imported into a software called Magics to create the slices necessary
for the machine to define each cr@estion to be laser scanned. Afterwards, the sliced model was
again imported into the EOS machine software, which was then used to defineneamhthe
individual parameters of the samples, as well as the substrate temperature and layer thickness.
Finally, the code was generated and sent to the EOS machine to commence the process. At the
same time, the machine was loaded with the correct anafysowder and the inert gas was

connected to the machine.

The manufacturing process to build the batch of samples took a continuous 48 h to finish;
however, as can be observed in FiguBz,510 samples were not completed. The main reason for
the failurewastheextreme interference between these 10 samples and the powder roller, resulting
in collision between them. The referenced samples were excluded from the batch in the first hour
of the printing operation, since this interference could have resultedminent damage to the
ceramic roller, a very fragile component of the machine. Note the inert gas duct in the top of the
chamber (Figure 8b), which is responsible for gas flow from the top to the bottom of the powder
bed. The high laser energy degpssamples were placed closer to the gas flow to maximize the

cooling rate on them.
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Figure5.3. Set of samples being programmed using EOS 3D printing systethd€a)

printing process taking place tithe laser scanning at the centre dod the ihished

direct metal laser sinterirgamples on the substrate.

The root cause of the printing failure of these samples is related to the fact that these samples
have high laser energy density, ranging fréh6 to 190 J/mr Thus, on each layer the molten

material accumulates on the border due to heat and mass transport, resulting in a thick solidified
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Abumper o on all four edges dcfThdfaled pinedspmhpes , as
could nd be used for the analysis, given the small height and the impossibility of removing them
from the substrate plate. Figurelh.shows six of the samples, with some of them presenting a

very dark blue colar, while others have a golden surface. As with wegjdthese colours are the

result of an oxide layer that forms on the surface after solidification, affecting the final corrosion

resistance of the samg2].

Figure 5.4. Low energy density samples (a), high energy density samples (b), and

Abumper o detail on the high energy density
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Onthe other hand, for the low energy densitgnpkes, we found that a small delamination
process occurred in the last sample row, especially on samples G4D2, G3D1, and G4D1. This
delamination is an indication that the combination of parameters was not sufficient to properly
bond the layers in those sples, althought wasstill not aseveredelaminatiorandwe wereable

to removeandcharacterizéghe samples. Figure 8a depicts th@henomeaon.

Figure5.5. High laser energy density sample with surface deformation and oxide lay:
on samples G4A1 (a) and G1B3 (b); normal surface printed sample @gBRwer

laser energy density (c).

The highest laser energy density samples (G3B1, G4Al, and G1B3) in the second row of
samples still had nowable surface deformations and an oxide layer. Figbee shows several
surfacedeformationsn theform of smallfi b u m pom sam@leG4B1, andFigure5.5b shows a
samplewith a golden oxiddayer. The sample irFigure5.5¢, onthe otherhand,hasa metalic

appearanct its surface jndicatingthatmass transport did not influence gemple.

5.4 Density Analysis

The samples were analyzed accordi ngwhicto Ar chi

is suitable for metal 3Bprinted materials and more acdgrghan conventional displacement
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methodg83]. The met hod i s de-$7cStandare Test Mathods PoSDemdityB 9 6 2
of Compacted or Sintered Powder Metal biorgy (F
which each samples weighedtwice using a Mettler Toledo scale (Figubes) [84]. First, we

measured the sample in the &il). Next, we immersed the sample in distilled water and measured

the apparentnass(M.). Next, the density was calculated as follow:

M
sample= m ! water (5.1)

r

Figure 5.6. Scale used to measure the mass of the samples and consequently their

densities.

where} sampleiS the final density of the sample angheris thedensity ofdistilled water at 25C
(0.997 g/cm3). The scale hasesolution of +£0.0001.grhe samples weneeighedtwice and the
results averaged fQikampie The bulk density of SS16L is 8.& g/cn? (J buk), a value used aa

reference to calculate the relative dengity ¢f the samples as follawv
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r sample
.= —Samele o) (5.2)

r
bulk

The porosity of the samples was acquired by uamignaging metld to calculae the area

fraction of the voids. ImageJ softwasasused for the analysis.

5.4.1 Result=of relative density and porosity analysis

The results of the relative density measurements are show in Figuréh® data were
compiled according to thedar energy densitfyv, of each sample. Notice the shape of the fitted
curve R=0.9702), with samples with low laser energy density having the lowest relative density

(1r); however, after achieving a maximum valueyegins to decrease.

100 =

1

r

90

Relative Density, p (%)

80

*  Specimens
R2=0.9702
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Figure5.7. Relative density of the samples versus the laser energy density.

By analyzing the effects of each group separately, we dedhphree different groups and

their corresponding samples, as seen in Figug$d, and 5.0.
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(a) (b) (c)
Figure 5.8. Relative density of the samples varied according to laser energy density.
Sanples were grouped according to power input, with groups designatedPas 150
W) (a), 2 P =200 W) (b), and 3R = 250 W) (c).
o T — - o
(a) (b) ©)

Relative Density, P, (%)

T T T 1
100 150

Laser Energy Density , E_ (J/mm”)

(d)
Figure5.9. Relative density of the samples vargccording to laser energy density. Samples
were grouped according to scanning speed, with groups designateda230(mm/s) (a),

B (v=750 mm/s) (b), C= 1250 mm/s)c), and D ¢ = 1750 mm/s) (d).
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Figure5.10. Relative density of the samples varied according to laser energy density.

Samples were grouped according to hatching distance, with groups designated as G1

(=80 um) (a), G2g= 100 um) (b), G34= 120 pum)(c), and G4 $§= 140 um) (d).

It is evident that some groups of parametdrave larger range of amplesvarying through
the Ev values. We can observe this trend in each one of the parameter groups. In Beyuia 5.
the P = 150 W group, samples hayevarying from 78.4% to 99.5%; in Figure98. for thev =
1750 mm/group,sampledave}  varying from78.4%to 98%;andin Figure5.10d, for thes= 140
pm group, samples haye varying from 78.4% to 99%. On the other hand, groups with a small
relative desity range can be seen in Figur8&((P = 250 W), Figure ®b (v = 750 mm/s), and
Figure 5.0c (s = 80 pm), with 94%99%, 97%99.5%, and 93%99.5% relative density,

respectively. A small range in relative density within each group means that the coonbaiati
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other parameters did not influence the final density values. Thus, these conditions represent the
optimal values to be used in the process. However, relative dalwitydoes not represent all the

ideal mechanical properties of a material, anchimranalysis needed to be carried out.

For the group witlv = 250 mm/s (lgure 59a), only two samples were printed, and therefore the
analysis was not valid for this parameter, given the lack of samples available to analyze the

materi al 60s t e fhshewsthdgeogps individuglly assessgd fdr better understanding

of the trends.
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Figure 5.11. Relative density versus laser energy density for hatch distance (:

scanning speed (and power input (c).
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The maximum relative density value achieved among all samples was 99.57%, for sample
G1B1, and the minimum relative density value was 78.389%, for sample G4D1. Figire 5.1
depicts the top surface micrograph (scanning direction) of the sammgieSoned. Note the
number of voids in the sample with low relative density compared to the one with high relative

density.

(@)

o8,

§
ll AQ.‘-"‘&

Figure 5.12. Micrographs of the top surfaadter polishingsamples G1B1 (a)and

G4D1 (b).

The porosity {sna) Of the samples was measured using ImageJ imaging softWaseop
surface of the samples was sanded and polished with a 0.05 um diamond suspension, and later
images of the surfaces were acquired by optical microsddmymicrographs were then processed
by ImageJ software, using the area fraction of the voids to calculate the percentage of porosity of
the sample. Figure 331shows the results, with a maximum porosity of 41.66% achiéwed

sample G4D1 and minimum paity of 0.045% for sample G3B3.
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Figure5.13. Porosity versus laser energy density of the samples.

Note that the curve follows the same trend as the relative density results previously presented.

The highestaser energy density sample, G3A1 (166.67 Jnhas 3.71% porositgonsiderably

more than sample G1B1 (83.33 J/@ywvhich had a porosity of 0.107%.

5.5 SurfaceMicrographs

The asbuilt top surface images were also acquired for different groups to shdaeliagior
of thelayerand theirespectivescannedracksalongthesurface Themicrographsare shown at a
magnification of 2.5x and 10x in the selected area. It is clear that the high porosity observed in
sample G4D1(Figure 5.2b), which gave the pasd low relative density, is strongly associated
with poor or partially melted powder, as seen in Figurd.5an the contrary, the higiensity
samples have a large number of small particles throughout the surface, as seen in Bigine 5.1

result of patitles being ejected due to high laser enelgysity.
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Magnification of 2.5x Magnification of 10x

Figure 5.14. As-built micrographs ofthe top surfacewith same scanning speed

(750mm/s)and power input (250 W), varying the hatch distance from 80 tqud®0
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Magnification of 10x

Magnification of 2.5x

G2C3

G2C3

built micrographs ofthe top surface with same scannirgpeed

Figure 5.15. As-

(1250mm/s) and hatch distance (106), varying the power input from 150 to 250 W.
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