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Abstract

Thin-wall pat fabrication is significant fomerospace, automotivand thermalapplications which
requirecomplexmetalic featureshard b manufacture usingpnventionamanufacturingprocessed aser powder
bed fusion (LPBFRdditive manufacturing (AM) techniquenableghe construcion of such componentwith
added design flexibikt. However,build challengessuch as micr@racking andn-process failurginherent in
LPBF, limit processabilityand affect final part qualityMicro-cracking is especially important for highd - N
based superalloysshich areused inserpentineshaped components such as fuel nozzles and turbine imagees
turbine jet enginesTo better understand thimderlyingmechanisms fathin-wall failure anddetermine if micre
cracking affects irprocess failuremetallurgical and mechanistiactors affecting part processingmust be
considered.In thisthesis micro-cracking statistican-process stressgsart displacementsndstress triaxiaty
statesare evaluated fothin-wall partsmade withdifferent build conditionsincluding different wall thicknesses,
scan strategiesndalloy compositionsExperimentHy-obtainedand numericdy-simulaed results are used to

explainin-process failur@nd determine optimahin-wall build conditions to reduce iprocess micraracking

Firstly, a design of experimeiDPOE1)including two different alloy compositionRENE 65(R65)and
RENE 108R108) andthree differenpartthicknessess.00 mm, 1.00 mm, and 0.25 misideveloped to evaluate
thein-process failure and micreracking trends for thivall parts built with LPBFThe materials chosen in this
study represnthigho 6 -bMised super al | ocgnsentsaridsolidificdtiorf rangeskemeticial 406
observe different types of miciracking behaviorAs-processed thiwall parts demonstratdifferent limiting
build heights (LBHs) with respect to wahitknessBuilds with thinner walldail to achieve thelesignedbart
height, exhibiting lower LBHsompared to thicker partsr bothR65 and R108Mlicrostructure characterization
shows thammicro-cracking is independent of the LBH effexg R108 thirwall components exhibitirger crack
densites than R65 The stress distributiorslong the build height of a thiwall part also do not contribute to
LBH as the stresses increase with wall thicknegdimately, the reduced LBH in thinner structures is clatesl
to increased part distortipresulting from increased compressive streamyy the length and height directions.
The slenderness ratio is proposed as a valuable teaohtsider during desigto achieve the desired height and

avoidpremature failee during LPBF thiawall part fabrication

The following study explores the effect of wall thickness on the ridraioking tendencieendelucidates
the micrecracking mechanisnm LPBFprocessedhin-wall partsusing the highly cracksusceptible R108
Experimentbased wtistical analysis confirmacreased micr@racking with larger wall thickness, agreeing well
with the previous workElectron microscopy shows thdt anicro-cracks exhibit intedendritic morphologies

indicating the solidification crackg mechanism. Contrary to other studigscro-cracking isnot causedby
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carbides or borides, dbe Hf-, Ta,Ti-rich carbide phaseare fine anchomogeneously distributed within the
microstructureAll wall thicknessedavehigher tendency to formstraightmicro-cracksalong the build direction
(BD). Numerical simulations performed at the layer scale showtkieliter partsgeneratehigher inprocess
tensile stresseand exhibit positive stress triaxialitiegiring build progressignsupporing the higher ricro-
cracking propensitiesbserved inthicker parts.Beamscale simulations show th#te stress triaxiality state
becomes positive attdgher(supersolidus)temperaturavithin the melt pool, which along with high-process

tensile stressesuppors larger number of straight microracks.

The effect of iaprocess stresses on the micrackingdensities is supported by a short study on the
influenceof build position orLPBF thin-wall componentnicro-cracking.Experimental results show that miero
cracking is lower at the basef the build Numerical simulationpredict compressive stresses at lower build
positions, supporting the experimental finding and indicatingiatocess stressesntribute to micrecracking

in thin-wall parts.

Subsequently, theffect of laser scan strategytbiermallyinfluencedstresses and cracking behavsor
studiedby generating a large DOE consisting of208thin-wall parts including four different wall thicknesses
(2.00 mm, 0.75 mm, 0.50 mm, and 0.25 yrand ten diferent scan strategiethe effects ofvector length and
scan rotation are examined separafelydifferent wall thicknesse& hicker parts always demonstrate higher
crackdensitiedue toearlier transition to positivetress triaxialitiesnd larger sess magnitude#\s the vector
length increases, thaicro-cracking propensity increases for all wall thicknesses. dtgervatioris explained
usingtwo separatdinite element modefor parts processed with short and long vector lengths, respectively.
Longer vector lengths produce largefprocess stressgmrpendicular to BEand transition earlier to positive
stress triaxialities, supporting the larger number of mtexksdetermined experimentallifhe study of inter
layer scan rotations during pra@&sgng indicates that the alternating short scan strategy is preferred over the
continuous 67°%can rotation strategy for thicker parfthese resultopen up simple viable alternati/éo

mitigating micrecracking in LPBF thirwall partsby changing the whthickness or laser scan strategy

Finally, theeffect of alloy composition on micreracking is investigated to better understandnternal
micro-cracking mechanisms in high 6 -baked superalloywo LPBFprintedthin-wall components made of
R65 and R108&iith identical thicknesses of 1.00 marestudied The micrecracking propensity of R108 higher
than R65andthe cracking behavior is intendéritic, which suggest the solidification crackingmechanism
Higher cracking in R108 is supportéy finite element simulationg/hich show that the stress triaxiality is
positive at higher temperatures in R108 compared to R&rmodynamic simulatiorshow thatR108 hasigher
liquid fractionsin the terminal stages of solidificatiamhich makes the material weakerhégh temperatures
under positive stress triaxiality conditions
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Chapter 1

| ntroducti on

1.1 Motivation

Additive manufacturing (AM), also known as thréenensional (3D) printing is a revolutionary
technologyto fabricatecomplexgeometries (for example, thimall shapes shown iRigure 1-1) with specialized
functionalities. Compared to conventional manufacturing techniques, such as casting and welding, AM
technologies such as selective taselting SLM) or laser powder bed fusiofi.PBF) produce near nethape
parts reducing time between design and final produdtign Applications of AM include fuel nozzles in
aeroengines, skull implants, turbines in automobiles, medical dentures, heat exchangers in power plants, and drill
tips for machiimg. Many industries are trying to adopt the AM technologies to develop a competitive edge in the
global market.

b)

Figure 1-1: Static Components in a Gas Turbine Engine Exhibiting Complex Thin Wall Geemji
Diffuser in HighPressure Compressdg, (b) Diffuser Vanes, an¢c) Turbine Vane with SerpentinBype
Internal Passages and Film Cooling Holes on the PreSsdeeSurfacef3].

The aerospace industry is attempting to bring AM products to the market for fabrication of complex parts
with functionally-graded materials for high temperature applications. Hokyéweachieve the desired material
properties, strategies need to be implemented to develop AM capability for thin wall parts made of materials with
complex microstructures. Gas turbine engines, for instance, consist of parts with very thin geometigés and
tolerances, and require materials which can maintain strength at high operating temperatures. A gas turbine engine
is essential because it generates the power for jet propulsion and operation of the aircraft. Failure of these

components could haveteatrophic consequences such as loss of human life due to fire or engine shi#tjdown

Most gas turbine engines are c¢ompFgereld. Inthehdthot 6 an

section and the latter stages of compression in the cold section, materials are requirethiatdit) mechanical
1



properties under operating temperatures close to melting pajptafddTmeing > 0.6), (2) resist mechanical
degradation due to loading (creep resistance), and (3) tolerate severe environments (corrosion/oxidation
resistance)4]. Ni-based superalloys are suitable for these components (such aerdjfftsmbustors, fuel
nozzles and turbine vanes) due to their superior strength and resistance to unfavorably harsh environmental

conditions at high operating temperatures.

To meet the criteria for high temperature application in gas turbine enginessttagbth Nibased
superalloyswithlg h vol ume fraction of 206 precipitates need to
has boosted the capability to manufacture higgolution complex nearet shape parts with Miased
superalloys. Application of the process is currently limitedttdic parts such as diffuser, turbine and nozzle
guide vanes because dynamic parts are not mature enough for AM yet. However, laser AM fabrication poses
many inprocess challenges such as polask-of-fusion voids, micro-cracking, microstructure hetegeneity
distortion, angbart failure.In order tofabricatefunctional defecfree parts witttcompkexshapes, these challenges

must be overcome
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FUEL Continuous Propulsive gases
<

=

M L,
ERE RN e e
S
|
I
i

Compressor

| |

‘Cold’ Section ‘Hot’ Section
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Figure 1-2: Key Stages and Components of a Simple SingtmB@asTurbine Jet Enginb].

Successful fabrication ohin-wall pats is fundamental to theroduction of largeparts with complex
structuresusing LPBF To improvebuildability, the micracracking mechanism and-process failure@bserved
in LPBF thinwall partsmust bebetterunderstoodMicro-crackingis especiallymportant for igh-o 6 -b&bked
superalloys possibly due to heavy elements vulnerable to wider solidification range, severe microsegregation, and
overlapping solvus and solidus causing large thermal bending sikaing processingrhe thermaly-induced
stressegienerated due to the rapid solidificatigmocess antght-thresholdgeometrylikely also contribute to in

process failurand increased microracking To enhane thin-wall part processabilitpndfacilitate adaptation
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of high-o 6 -b&bked superalys to the LPBF procesthe complexgeometryprocesschemistryrelationship must

bethoroughly investigateendcustombuild strategies must beeveloped

1.2 Thesis Scope and Outline

The goal of this research is to understand propose ways improve thirwall part buildabilityusing
LPBF. Fabricationchallenges such @s-process failure andhicro-cracking specificto hardto-weld high-o 6 - N
based superalloyareexamined in detailThe micre and macrescale characteristied the processedhin-wall
parts are studied using botbxperimental and simulation agaksto shed light on the underlying reasons
responsible for the buildnpedimentsThe PhD thesisonsists ofLO chapterswhere the first chaptarovered

hereis the introductionBrief summaries of theubsequenthapters arprovidedbelow:

1 Chapter 2 provides background dhe additive manufacturing procesNi-based superall@y the LPBF
microstructureand the methodologigelevant to this study.

1 Chapter 3 presentgritical literatureelucidatingthe limiting factors for higho &li-based superallothin-
wall part fabrication.

1 Chapter 4 discusses the research strategy arap tying the research work to thiesis goalContent
overview for each chapter is provided ietaiil.

1 Chapter 5 investigates thecauss for in-process failureobservedin LPBF thinwall parts A simple
mechanistic explanatidior thein-process failurés presented.

1 Chapter 6 assesssthemicro-cracking phenomenon thin-wall parts made of high-o 6 -b&bked superaljo
The effect of varying wall thicknesses on the micracking behavior is studieBrom this chapter onwards,
the focus shifts tanicro-crackingonly.

1 Chapter 7 elucidates the effedf build position on the micraracking phenommon in LPBF thinwall parts
The effectof in-processstresses on microracking during processing déscussed.

1 Chapter 8 studies the effect of alloy composition bRBF micracracking for a fixed wall thickness and
fixed processing conditions. The mieccacking tendencies for two different-Nased superalloysith high
206 content are investigated in detail

1 Chapter 9 explores the effect of wall thickness and scan strateggt@rentmicro-crackingduring LPBF
processing.Several samplegovering a large range of suang conditions and wall thicknesses are
investigated for micrarackingbehavior Approaches to mitigate micraracking inthin-wall parts made by
LPBF are proposed.

1 Chapter 10 provides the major conclusionsbtained from the PhD research worknd gives

recommendation®r improvingthin-wall part processability and minimizird®BF micro-cracking
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Chapter 2

Background

2.1 Superalloys

The prefix fAsuperodo in superalloy i mpl iagpspulaupr e me
fictitious DC Comics hero named Superman. The origin
Steel 0 was an inspiration to the devel opment of arguc:

[6,7]. The following sectios provide a brief overview of the history and types of superalloys, with special

emphasis on Nbased superalloys due to their relevance tdtésistopic.

2.1.1Brief History

An integral part of the industrial revolution, led by the invention of the fiestrstengine by Thomas
Newcomen in 17128], resulted in the development gas turbine and jet engines. The invention of the first
airplane at the beginning of the'20entury by the famous Wright Brothers accelerated the need for engines
which could sustain operation at high temperatures. Materials were needed to helpebtiltbdsupercharger
for internal combustion of the air/fuel mixtures at high altitu@sScientists concluded that turbulent drag, lift
and supersonic forces necessitated the development of 4peweted engines. Around the same time period,
austenitic stainless steel was discoveredeiarch of improved corrosiaesistance. The austenifjcorrosion
resistant Ni and Grich)g a mma ( 2) phase of the stainless steel i ns
1920s[9]. Due to the resurgence of strengthened nickebmium alloys, Bradley and Taylor were encouraged
to further enhance the properties of superalloys by identin g t he ti ny coherent gamma
the 92 matrix in 1940. The prefix fAsuperd became a ho
the name O6Super mand whjl@.krronvthen onf Franset Englaad, Unied Stédasd 1 9 3 8

Germany were the frontrunner s lloys[69X] rapid advancemer

Superalloys represent a class of methdyalthat show improved strength relative to other metals or
metal alloys at elevated temperatures (between 1000 °F (540 °C) and 2000 °F (1f1aQ. “G)pically, metals
becomemore ductile as the temperatureiieases, but superallogige strongeat high temperaturegue to the
unique strengthening effectcbherenb r der ed 26 phase wenteledcru btilce (FICLYr he e
(see Section 2.1.2 for more details). This property makes superalloys very suitable fortémgperature
applications such as turbine bladend compressor vanes in aircraft gas turbine enffilgdn addition to high

temperature tensiletress ruptureand creep strength, supeoglé also have good impact resistatego along
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with good ductility, resistance to high and laycle mechanical fatigue, and thermal fatigue. Applications are
not just limited to aircraft, as superalloys are used in marine anebksetl turbines, spasehicles, rocket
engines, nuclear reactors, submarines, steam power plants and petrochemical efijpr@@mmon categories

of superalloys ineldenickelbased (Nibased), irorbased (Féased) and cobaltased (Cebased) superalloys.

The Ni-basedsupealloys have shown the highest phase stability (maintains FCC structure) at medium to high
temperatures and are widely usethi@ hot zone of thaircraft gas turbine engingk2,13] The following section

reveals key traits of Nbased superalloys.

2.1.2Ni-based Superalloys

Most Ni-based superalloys used in commercial applications are strengthened either by solid solution
strengthaing or precipitation strengthening mechani¢i#s15]. The primary focus of this section is to examine
the precipitatiors t r e ngt hened s u-girengthendd superalloysahave shown Isignidicantly larger
tensile strengths compared to other categories-tflNed superalloy45]. Also, for readers unfamiliar with the

Ni-based microstructures and phases, a brief overview is provided below.

2.1.2.1Microstructure and Phases

The microstructure of Nibased superalloys is coteg and is based on the distribution of nickel and ten
or more alloying elementas shown irmable 2-1. These alloys are primarily made up of an average composition
of 60 wt/% nickel (Ni), 10 wt.% chromium (Cr), B.wt.% aluminium (Al) and titanium (Ti), 7.5 wt.%
molybdenum (Mo) and W, 2.5 wt.% niobium (Nb) and tantalum (Ta), 0.6 wt.% iron (Fe), 8.8 wt.% cobalt (Co),
0.1 wt.% carbon (C), 0.08 wt.% boron (B) azicconium (Zr), and 0.3 wt.% hafnium (Hf)16]. However, as
observed inTable 2-1, the composition differs based on the degimaterial properties. During manufacturing,
the melting and consequent cooling of the elements determine the final solidification microstructure. Some

fundamental phases which affect the strength of the microstructure are discussed briefly indhis secti

Theparent austenitic phase is known asahe p hwhich & asolid solution matrix of Nandrandomly
distributed solute elements such as Cr, Co, &hal W Depending on the manufacturing and subsequent thermo
mechanical processing, tlw®nstituentelements could segregate to grain boundaries or interdendritic regions

(further details will be provided iBections2.1.2.5and2.3.2respectively).

Conventional supetloy manufacturing typically starts with a liquid melt consisting of all the required
alloying elements. In directional solidification, for instance, an ingot is formed from a hot liquid melt by rotating
a seed crystal with a desired crystal orientatiord simultaneously pulling it at a constant slow rateatatrol

grain morphology and maintain anisotropic growth in the direction of the thermal gr§tiiéniThe ingot



gradually forms as the liquid melt cools at a steadyeate,d t he rate of solidificatio
final microstructure (further details provided$ection2.3.1.]. As solidification progresses, secondary phases

s uc h a@lTa))dand(cbides start to foraongside the parent matfik]. As the weight % of Cr decreases,

the strength of the microstructur e bec oeopitatesgvithinat | y de
the parenphas€18].

Table 2-1: Ni-based SingkCrystal Superalloys Used in Gas Turbine Engines (Adapted[#Pm

Generation | Superalloy Element Weight %
Cr| Co|Mo| W | Ta| Re|Nb| Al | Ti Hf C B Y
PWA 1480 | 10.0| 5.0 4.0\ 12.0 50|15
First René N4 98| 75| 15|6.0| 4.8 05|4.2| 35| 0.15| 0.05| 0.00
CMSX-3 8.0| 50| 0.6(8.0| 6.0 5.6|1.0(0.10
PWA 1484 5.0/ 10.0f 20| 6.0 9.0| 3.0 5.6 0.10
Second René N5 70| 75| 1.5|50| 65|30 6.2 0.15| 0.05| 0.00| 0.01
CMSX-4 6.5| 9.0| 06|6.0| 65| 3.0 5.6|1.0|0.10
) René N6 42|125| 14(60| 72|54 5.8 0.15| 0.05| 0.00| 0.01
Third CMSX-10 20| 3.0/ 04|50| 80|6.0/0.1|57|0.2|0.03
Gamma prime precipitate morphology changes from coarser to finer microstructures (spherical to
cuboidal to dendritic) with increasing cooling time (&ection2.3.1f or det ai | s) . The finer

stronger the microstructure in precipitatisimengthened Nbased superalloys (see detailsSgction 2.1.2.9.

Figure 2-1 shows differentmop hol ogi es of 06 a n dxCgaatheddr costent ckangedh as MC
Crrich regions cont ai n s madepletedsreglorsindicata largep shapgesdabelled asl e s
nodul es. The | ardegpketed regiorasmtaibuted to thedhighiemrelaGve content of aluminium

(Al) within the low-Cr region compared to that of the-fizch region.Notably,the microstructures representing

high Cr content are characteristic of wroughtifdised superalloys (such as Nimonic 80A500, and N115 in

order of decreasing Cr content), and those representing low Cr content are characteristic of cast superalloys (such

as IN-100 and MARmM246 in order of decreasing Cr content) respectifdely.

2.1.2.2Phase Diagrams and TransformationTime-Temperature (TTT) Diagrams

Ni-based superalloys are manufactured usiognerous alloying elements to enhance mechanical

properties for highemperature @plications. HoweverAl is an essential element in the formation of primary



st r engt he niouwgergiandile eomposidamperature effect of Al on trsolidification behavior of

the superalloyit is necessary to review the binary-Aliphasediagram and NAI-X ternary systems.

—t

Chromium, %
=)

Figure 2-1: Microstructure Evolution of NBased Superalloys (Adapted frddr]).

Binary phase diagrams are used to identify the equilibliguidusandsoliduscurves which are critical
measures in analyzing the solidification microstructures. Referririgigiore 2-2, the liquidus curve is the
temperaturecomposition curve above which the alligyin liquid phase. On the other hand, the solidus curve is
the curve below whiclonly primarys ol i d phases (such as 2) exi st in a ¢
measurdo determiret he sol i di fi cati on of sobuswhicl ean be refribveddrens s uc h
performing differential scanning calorimetry (DSC) experimdh®j. When a Nibased superalloy is cooled
below the solvus temperatureedédpbwhitbokb sesuldt soilnbt
particles. The size of the 206 par tliPBHpmcessiag(slgigdre on t he
2-16). Supersolvuandsubsolvusefer to the temperate-composition combinatisabove and below the solvus
curverespectivelyIn precipitationstrengthened Nbased superalloytheliquidus, solidusand solvus curves in
the N+AI binary phase diagramreuseful in identifyingvaysto promote the preci@tt i o mluringfprocedsg.
However, binary phase diagrams do not account foregprilibrium conditions, and therefore other graphs such
as ternary phase diagrams (not shown here) need to be utilized. Ternary phase diagrafhs<oforlinstance

showthe effect of different alloying elements on the formation of secondary phases in the superalloy.

For ternary alloys with complex phase changes, and high sensitivity to changes in composition, a
transformatiortime-temperature (TTT) diagram is usddgure 2-3 shows a TTT diagram (originally retrieved
from the Ameri can We lsidengthgneddN £18. &He yain tdkéa®ay jromfthe diagran is
the effect of cooling rate (s&ection2.3.1) on the phase formation at difést temperatures. IlPBF processes,
the solidification time is smatlue to high cooling rategnd primary gamma phase is likely to be observed at

lower temperatures. However, as the solidification time increases and more time is given for eleniifnde to d
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back into the solid phase, secondary phases are observed. The continuous cooling transformation (CCT) curves
(not shown here) provide better understanding of this phenomenon.

Weirght Percent Nickel
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Figure 2-2: Binary Ni-Al Phase Diagram Showing Important Curved Lines (Adapted f20f).
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Figure 2-3: TTT Diagram for IN 718 (Taken frof21]).

2.1.2.3Strengthening Mechanisms

To achieve good mechanical properties such as tensile strength, creep strength and ductility, the
superall oyés microstructure must be strengthened. Th
Ni-based superalloys, namely gramundary, solid solution and precipitation strengthef22§ Grain boundary

strengthening is iproved by precipitates segregating to the grain boundaries impeding dislocation motion. Solid

8



solution strengthening results from the addition of alloying elements which introduce lattice strains within the
phase. Finally, precipitation strengthening refersttengtheningwitp r eci pi t ates such as 020
materials used in this study anegh-o &uperalloys incorporated with a significant leeef (>d@%6 volume

fraction)for enhancechigh-temperature strength and creep resist§28k

2.1.2.4Significance of Gamma Prime and Precipitation Strengthening

So far, the i mpor t asevesaltimes inthi®dodument, Howeeen, thederlyinge r at e d
reasorfor the significancéias not yet been established. The goal of this section is to briefly discuss the reasons
behind t he e mp hpitationstremgtheningdbmechandmspniNesed superalloys. Firstly, a high
volumefraction of gamma prime contributes to increased flow stress (stress value in between the yield strength
and ultimate tensile strength of the material) as shoviAignare 2-4(a). The ef fect of 296 is m
high temperatures as a result of the thermadiffvated crosslipping mechanism triggered at the onset of
yielding[4]. As stress i s appl i edslipsfomnaehepp @gplane tothérerd prtosp oi nt , ¢
slip plane due to the anisotropy of the antiphase boundaryyeaed elastic anisotropf4]. Crossslipped
segments resist deformatidry forming microstructural locks known as Keafilsdorf (KW) locks[4], thus
improving the strength of the superalloy as temperature is increased (this phenomenon is lkaroavnadsus
yielding). Beyond the peak stress temperature, further increase in temperature promotes slipping in the

¢j ¢ GpmOT Tt lip system (knowms the cubslipping mechanism), which results in material softening.

Unigue tothe gamma primgohases the primitive L% ordered FCC structure shownhigure 2-4 (b)
andc), whichnecessitates the creatioinan antiphase boundary (APB) for dislocation motion abtheintdérface
The APB is the boundary created between two 286 struct
t he o[24) Moaremmve the APB created by a unit dislocation, dislocations must trepairs through the
2/ 96 s andthesepaireddislocations are termesliperdislocationf4,15,25] Contrary to the 2o
shown inFigure 2-4 (b), where the Al atoms are arranged at the corners df@@u ni t celcrystal i n t he
structurethe edge atoms are replaced\iyr Al atoms inno specifcoderihence 29 is descri bed &
FCCphase. The energy required to form the APB is 0.% dfid depending on various factors such as particle

size and lattice spacing, the strength to overcome the APB can vary from approximately 140 to 440 MPa

Precipitationstrengthened Nbased superalloys heavily depend be size, morphology and volume
fraction of o&opanttionl eg ra&md t $le&llPladagefeots kndwo ds Istackingand 2 6
faults arise from missing (intrinsic) or extra (extrinsic) planes of atwhish inhibit dislocation motion. The
maj or stacking faults which contribute to the streng

stacking fault (SISF), superlattice extrinsic stacking fault (SESF) and complex stacking fault (CSR)eklowe



APB faults are believed to have a profound impact on the strength of precipga@agthened Nbased

superalloys due to the powerful dependence of fault energy on crystal oriefitatid@donsequently, the stacking

fault energy (SFE) deeply affects the critical resolved shear stress (CRSS) of a precipitat@red material.

Beyond the CRSS, a material yiellsnd pl ast i ¢ def or mastrangiheninb is gecessaryto Ther e f

strengthen the microstructure of a precipitattrengthened Nbased superalloy.

The principal models used to describe 286 strengt
models. Previous studies have shown that the deformation mechanism changes from cutting by weakly paired
dislocations to strongly paired dislocations as particle size increases up to a critical size beyond which dislocations
bypass particles through Orowéowing or loopind4,26]. Strengthening models associated with lattice misfit
and coherency strains have shown insignf26lfi cant i mpact
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Figure2-4: (@)Ef f ect of Vol ume Fr act i o-BasauSuperdloyatiffddent2 % FI| ow
Temperaturef27], (b) L1, Ordered FCC Structure pil (Blue Spheres Represent Ni Atoms and Red Spheres
Represent Al Atoms)MadeUsing Vesta©)(c) ClosePacked Structure Depicting Atom Packing in Gamma
Prime (MadeUsing Vesta®©)

Particle cutting occurs when the associated APB engrgy,[J/n¥], is overcome through the formation
of paireddj ¢ GpnOp p pdislocations as shown iRigure 2-5. The net shearinstress required for particle

cutting to occur is given biquation (2-1).

< g (2-1)
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whereais the Bugers vector (vector indicating displacement of atoms in a crystal latti@)di are the radii

of sphereshaped @articles as shown iRigure 2-5, and_ and_ represent the spacing (alsoledl Friedel

spacing) between particles on dislocation lines 1 and 2 respectively.

O

Figure2-5:Parti cl e Shear i(ayWeaklyfCoupleddislocatidrend(b) Stfongty Coupled
Dislocations (Adapd from[4]).

As particle sizes get larger, the leading dislocatiom $itarts to bow to accommodate the pinning forces
exerted by the particle on the dislocation pair. The difference between the weak and stroogpiaig is that
the Friedel spacing of the two dislocation lines are identical for the strongly couptezhtiesh. Elastic repulsive

force becomes a critical component in determining the shear stress for particle[dlitting

2.1.2.5Effect of Alloying Elements on Mechanical Properties

Tighter control of the alloy composition provides a route to imptbeestrength of the microstructure
and the finalmechanical propertie€achalloying elementhasimportant implicationson the strength of the
microstructure, as shown kigure 2-6. For instance, elements such as Cr, W, Ta, and Re are beneficial for solid
solution strengthening. On the other haetbments such as Al, TiTa, and Hf are included during the
manufacturi ng p-strengthenisgseeSectian®.%33. Some elements promote the formation of
grainboundary strengthening phases such as borides and carbides. Elements sushoaar@\V assist the
formation ofborides MB,, MsBs and MB, while elementsuch asla, W, Hf, Ti, and Crfavor the formation of
carbides MC, NC and MsCs, where heletterii MO  r e pthe metadicnetermentassociated with the phase
The rate of solidifichon during manufacturing plays an integral part in the segregation of alloying elements to

preferential regions within the microstructure.
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Figure 2-6: Roles of Alloying Elements in NBased Superalloy28].

2.2 Additive Manufacturing

The drive to automate manufacturing and reduce environmental faagiteted the development of
additive manufacturing (AM) commonl y r ecogni z e dproeessallawsr8pidautomatedi n g 6 .
threedimensional (3D) parts manufadiuy using a bottorup (additive)layerby-layer approachachieved
through computer aided design (CAD) &id printing machines Conventional manufacturing techniques used
to fabricate commercially valuableagis require subtractive approaches, such as computer numerical control
(CNC), lathes, milling and other machining methoabkich generate large quantities of material waste
Furthermore, depending on the application, many -postessingsteps such as hatorking and thermal
processing may be needed to achieve the final prodsatg AM, complex 3D parts close to the final desired
shape ifearnet shapgcan be produced with a minimal number of manufacturing stésnumber of iterations
required to desiga component are reduced depending on the type of AM technology asedsuch method is
laser AM. While laser AM is a costly proces&RBF facility costs over 700,000 CAIDL]), the ability to
manufacture complex parts, reduce material waste design customized parts based on functionality outweigh
the cost factor for niche applications such as gas turbine engines in aiftiafsection provides a concise

overviewof AM and highlights current challenges associated with laser AM of metals and metallic alloys.
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2.2.1Introduction

In the last three decadesiMfhas come a long way with the progress of information technology and is
now destined to fostether api d devel op me nit dubbdd todbe nhd futire rofyindustriad 6
manufacturing29]. The very first additively manufactured parts were printed in the late 1980s with the invention
of smart CADbased ceramic/polymer manufacturing technid@8532]. One of the setups used to make these
3D parts was patented as the stereolithogramparatus (SLA) by Charles W. Hull in 19E8]. Also, known
by some as stereolithography (STBY], this prodution technique creates 3D objects by using a focused laser
beam to solidify thin layers of ultraviolet (UV) ligisensitive photopolymer (resifi31,34]. Around the same
ti me, a masterds student alard wasparsuindharsimilaeidea df ¢reating 3Da me d
objects in coordination with CADDeckardexplored printing parts with polymeric powder instead of liquid
polymer. Like Hull, he patented and copyrighted his method in 1986, but named the AM system dakstive
sintering (SLS)30,32] which got modified, refiled and reissued in 1983]. The expiration of the latter SLS

patent on January 28014sparked renewed interest in 3D printing

Since 2014, the polymer 3D printing technology has stimulated the rapid growth of metal AM
technologies such as laser powder bed fusion (LPBF), electron beam melting (EBM), direct energy deposition
(DED) and binder gtting (BJ)[32]. The most popular of the lot is arguably LPBF, which can be further
categorized into selective laser meltir®LM), or direct metal laser melting (DMLM), and direct metal laser
sintering (DMLS). These setups allomanufacturesto fabricate customized metal parts for niche applications

in the rapid prototyping, aerospace, and taaded gas turbine industrig®,32]

2.2.2Rapid Solidification Processing

The term rapid solidification procesgifiRSP) has been used since the 1986kto describe the rapid
extraction of thermal energy to include both latent heat and superheat during the liquid to solid phase transition
of a metal or alloy. The rate at which the heat is extracted (cooling rate) can reswdeicoolingsas high as
100 <. Cooling rates for RSP methods are typically higher thaK1€}. When a material is undercooled, the
liquid has reached a temperature well below its equilibrium freezing [8@htUndercoolings are critical as they
play a significantole in determining the final solidification micrtraicture of the material. Large undercoolings
and high solidification front velocity contribute to nequilibrium solidification which results in smaller grains

and fine scale microsegregation (s8sction 2.3.2 [37].

Types of RSP include powder metallurgy (PMrip casting, melt spinning, laser spin atomization,
droplet quenching, and gas atomizatjd@]. Laser melting also falls in the category of rapid solidification as the

cooling rate associated with the process is betweth@Ks™ [38]. Grain size, segregation, solubility, and post
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solidification phase transformations are some of the micidsinalcharacteristicaffected by rapid solidification
[37]. Theseraitscould be used to improve material properties such as tensile, fatigue and creep stmmgth, a
with oxidation and corrosion resistanddais is especially criticat elevatedemperatures gas turbine engines
which undergo enormous amounts of thermomechanical stress during operation.

2.2.3Laser Additive Manufacturing

Hardto-weld Hgh-o 6 -ba&bed superalloys need to be manufactured using laser AM technologies to
createfunctional complex objects. There are two varieties of laser AM, namely pebakerd and wirbased
systems, which use powder and wire material as the starting atsferilaser processing. Powe®ased systems
can be subdivided into machines which are povegeead, such as laser melting (LM) or laser sintering (LS), or
powderfed, such as laser metal deposition (LMD) or direct metal deposition (J88)) The LM (orselective
laser melting LPBF) and LS (orselective laser sinterinig SLS) mechaisms are grouped into LPBF as laser
processing takes place on a powledbased system utilizing a layby-layer approach. In the remainder of this
thesis LPBF setups aralternativelycalledd | aser AMG.

2.2.3.1Current Challenges of Laser AMfor Thin -Wall Part Fabrication

Thin-wall components are important for aerospace applicatsareh as fuel nozzles and turbine vanes
which consist of serpentine features difficult to fabricate using conventimnalifacturingnethodsLaser AM
is a convenient technique ¢oeate such parts, however build defects such asipgroesidual stress and miero
cracking could cause {process failureand diminish final part qualityThis sectbn defines these defects and

explains how they occur in LPBF.

2.2.3.1.1Porosity

Incomplete meltig is a common side effect of rapid heating and cooling cycles in laser AM. Fusion of
powder particles can be affected by surface defects such-afigyed particles, powder packaging and micro
segregation. This results in namelted regions or holes wdii are called pores in laser AM. Typically, the term
porosity is used instead of pores to describe the ratio of pore volume to the whole volume of the porous material.
LPBF parts exhibit surface and sslirface porosity in the transition zones betweeh#tehing zone and contour
path in the laser processed region. The presence of porosityRBRmaterial leads to increased local stress

concentration which could lead tomocess cracks as shownFigure 2-7.

In addition to surface defects, laser processing conditions significantly affect the formation of porosity
in a LPBF material. For instance, two specific modes of laser energy distribution, known as keyhole and

conduction modes, are responsible for the fdfom of different kinds of porosity. Keyhole mode is a product of
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high laser energy density which creates a vapor capillary or keyhole due to the induced recoil [@@gdlre
Conduction mode, on the other hand, is the preferred mode for laser AM due to smaller energy density (lower
laser power and faster scanning speeds) which reduces the probability of element vaporizatie@mcand h
minimizes porosityj42,43]. Melt pool stability is also negatively affected due to the keyhole effect, and this is

detrimental for the AMFigna?28&.ri al s microstructure (seec¢

Lack of Gas
fusion induced
pores porosity

500um

Figure 2-8: (a) Keyhole Porosity(b) Lack of Fusion Pores and Gas Induced Pord4Ry.

Laser power and scanning speed alone do not contribute to the overall material porosity. Shielding gas
and inadequate penetration of the molten pool of an upper layer into the substrate or previously deposited layer
also present opportunities for porosity formation (deigure 2-8). Rapid heating and cooling representative of
the laser AM process could lead to the formation of open or closed[gbte®pen pores are connected with a
surface and can be filled with fluids whereas closed pores are surrounded by rfiskyrdaterial. Low energy
densities and high dynamic viscosity lead to epere formatior{45]. Another type of porosity called shrinkage

porosity results dut part volumeshrinkageduring material solidification
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2.2.3.1.2Residual Stress

Thermal expansion and contraction due to the rapid heating and cooling cycles could residua
stressh et ween successive |l ayers. The residual stress in
stationary and at e q u i4b]liAscumulation of stresk concéngrationsiacaurcbetwedn n g s 0
solidified layers, at the corners or stress conedioins near the base plate. This may lead to stresses higher than

the strength of the material and lead to the formation of macro déadkas shown irFigure 2-9.

Stress formation mechanisms such as the temperature gradient mechanism (TGM)-dadc@biase
are responsible for the residual stresses imposedL&B& part. The TGM method explains how the material
reacts through elastic compression due to the thermal expansion of a layer on laser in{d&]ctiurther
heating up to the yield stress temperaturg (&sults in plastic compression. During the edoWwn phase, the
opposite phenomena describes the material exertindetestiséss to counteract the contraction due to cooling.
Plastic tension takes place as the temperature decreases b@I@\ The larger the localized heat fluctuations,

the larger the tirenal gradient, and this leads to increased residual stresses.

Figure 2-9: CrackFormationin M2 High Speed Ste&ue toResidual Stress GeneratedIBBF [47].

2.2.3.1.3In-ProcessCracking

Porosity and residual stress are two prodedaced defects which could initiate crackingadditively
manufactured metadpecimen, radting in fracture(mechanism of crack propagatioahd possibly material
failure. Inprocess cracking results from the rapid cooling of samples governed by laser processing conditions
such as laser power, scan speed, hatch spacing and scan stratéggufse2 10) [49,50] Laser AM cracking
can be subdivided into liquistatecrackingand solidstate cracking. Liquigtate crackingpccurs while the
materal is still undergoing liquid to solid phase transitaomd carbe furtherclassified as liquation cracking and
solidification cracking (seBigure 2-10). Solid-state cracking, whicbccursin the solid state wheihe solidified
material contracts during coolingan besubcategorized atuctility dip cracking (DDCynd strairage cracking
(SAC). Brief descriptions of theseracking mechanismare provided below, but further details are available in
Chapter 3.
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Weld soldification cracking is a type of liquidtate crack which occuvehen liquid films are distributed
along solidification grain boundari¢$5]. When theshrinkage strains produced from thermal contractions are
too large, and the terminal liquid is distributed along the grain boundaries as a continuous film, solidification
cracks begin to appear. Segregation (discussed in more de®aition 2.3.2 of minor alloying elements such
as phosphorus (P), sulfur (S), boron (B), carbon (C) and zirconium (Zr) to the grain bouralastrengly affect
the formation of solidification cracks in the fusion zone (FZ) of figh -bake superall®{15]. Lowering the
weight percentage of elements such as B andh¥e lshown to significantly improve resistance to solidification
cracks in these alloyas these elements have strasepregation tendencies during solidificatiand form

deleterious phasgS1].
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Figure 2-10: (a) Laser Processing Parameters Affecting Material Microstru¢bi (b) SEM Image Showing
Solidification Cracks in a HigiienergyLPBF Build [49].

Liquation cracking or heaffacted zone (HAZ) liquation cracking in precipitatistrengthened Nbase
superalloys occurs due to liquid film formation along grain boundaries in the partiligdizone (PMZ)15].
This type of cracking has been attributed to constitutional liquation of niobium carbides and laves phase as
intergranular films in Nlrich wrought magrials such as IN 718, which hlasen extensivelgtudiedin literature
due to its favorable welddity [52]. Alternatively, incast IN 718, ramelting of the laves phase in the inter

dendritic regions of the casting resutsHAZ liquation cracking during laser welding.

The DDC mechanism is a solistate cracking mechanismrmainly observed in solidolution
strengthened superalloys. The presence of DDC is determined through the loss of ductility in the material over

the tempeature range between the soliduss)(Bnd approximately 0.5%I To explain the effect of DDC,

Hemsworth et a[53] separated cracking into intergranuliguid-flm-o as ed fsegregati ono (or
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DDC as shown irFigure 2-11. The acronym DR stands for ductility temperature range and BTR stands for
brittleness temperature range. In precipitaitnengthened alloys, DDC has not been studied extensively as this
type of cracking does not require the formation of strengthening precipitatesaior bgpundary impurity
segregatiofl5].
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Figure 2-11: Ductility as a Function of Temperature. The Dotted Line Shows &ttt Dudtity Dip [54].

The strairage cracking (SAC) mnomenon is a formf solid-state crackingevealed due to local
accumulation of strain in the precipitatistrengthened microstructure. This occurs due to the relaxation of weld
residual stresses and precipitatioduced stresses in the solidified state Th e fiage dagedceacking i n st r
is derived from the process of precipitation and hardening during precipitate agihig not to be confused with
aging during heat treatmefit5]. N-b ased superall oys with highhardt®d® conten
weldkd due to t heir owinggochehgh leviels df Ti ang A(AlHOTi wE.% £6%). Reducing the
heat input and grain size of the base material has shomptove resistance to SAEB5,56]. Alloys strengthened
by 266, such as ind\basedipplicatians dele taithed ksistamce tor SBACA

2.3LPBF Microstructures

Beforedelvinginto the microstructurdieatures oLLPBFprocessed materialthekey attributes of the
LPBF process must be compared to those of diffepditprocessesThe LPBF process is a laser AM technique
which is capable of fully melting powder material to create a fully dense neshayg¢ component without pest
processing treatments. Also, compared to bitdesed laser sintering AM processes, higher product quality,

procesmg time and manufacturing reliability can be achief].
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The setup of arLPBF machine normally consists of a base plate to build the part, a powder bed from
which powder is spread onto the build plate, and a laser source to melt the powder according to the CAD model.
After the first layer of powder is spread onte thuild plate, the laser is scanned across the powder surface (X
direction inFigure 2-12) at scanning speeds between 15 to 400 nig@k During the laser scan, part of the
powder layer already scanned with the lasesm experiencdbermal contraction due to cooling, and tletp
which momentarily interacts with the beam undergoes thermal expansion as illustrgiguarén2-12. The hot
regions neighboring the molten pool are identified as the HAZ regions. Solidification microstractuaéfected
significantly due to the localized heat fluctuations in each layer as laser processing proceeds in the Z direction
(build direction). Therefore, thePBF microstructures need to be studied to understand how laser processing
affects the materigroperties.

i Cooling i Heating i
1 1 ]
1 ] '
e =) | o !
1 : 1 ]
:'Rlennal contraction { Thermal cxpansion |
l“--‘--.l’- --------------- [ il bl g
!
i
1 Metallic
—
Solidified sos8e PoVder
zone (AL
Heat _ $— 5~ Solidified
affected ——s layer

Figure 2-12: LPBF Process Showing Different Regions Affected by the Laser S¢birge

2.3.1Grain Structures and Texture

Many of the LPBF microstructures are similar to those observed in cast, wrought or directionally
solidified (DS) microstructures. These structures include planar, cellular, columnar, equiaxed, eutectic or
peritectic grains as shown kigure 2-13. Two key solidification parameters affecting the grain structures are the
thermal gradient (G) and the solidification (or gropthte (R). The ratio G/R igsed to determine the grain
morphology while G*R (often called theooling rat§ is used to determine the size of the solidified

microstructure, as shown kigure 2-14.
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Figure 2-13: Grain Structures in Metal Manufacturin@) Plarar, (b) Cellular,(c) Columnar,(d) Equiaxed(e)
Eutectic,(f) Peritectic[58i 60].
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Figure 2-14: Effect of Solidification Parameters on Grain Structures of a DS Majédial

2.3.1.1Cast/Directionally Solidified (DS) Microstructures

Cast/DS microstructures exhibit coarser grains due to slower cooling rafesIKs?) relative to laser
AM (seeSection 2.3.2for reasoning). As the cooling rate decreases, the dendrite arm spacing (DAS) increases
(seeFigure 2-15) and segregation of alloying ehents also increases due to more time for diffusion.
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Figure 2-15; Effect of Cooling Rate on Dendrite Arm Spacing in Cast Material (Addjpted[62]).

2.3.1.2Effect of LPBF Solidification Parameters on Gamma Prime Grain Morphology

The grain morphology of 96 changes from fine sphe
cooling rate decreases (sEigure 2-16). Adoption of the spherical shape is due to larger surfiaterfacia)
energy relative to strain energy which is volumeimicature Decreasing cooling rates lead to the formation of
cuboidal structures as more time is provided for the atoms to diffuse deeper into the melt pool, leading to increased
lattice strain energyArrays of cubes and dendrites start to form at slower cooling rates whethewwnalenergy
is available to promote crystal growth.

2.3.1.3Effect of LPBF Solidification Parameters on Grain Texture

Laserprocessed superalloys exhibit columnar grains in the liiétttion and finer equiaxed grains in
the normal direction. Popovic et 3] studed the effect of functional temperature gradients on the grain texture
of LPBFIN 718 by EBSDbased (se€ection2.6.2.5 inverse pole figure (IPF) colored maps. They determined
that regions of the material pregsed with higher laser power demonstrated columnar grain texture, while regions
processed with lower laser power showed finer equiaxed grainBi(gge 2-17). Zone 2 in the IPF map shown
in the figure illustraténighly directional (anisotropic) grains wifth00) crystal orientatiorT he strong anisotropy
of the columnar grains is caused by remelting of previous layers, epitaxial growth, competitive growth mechanism
and heat flow via conduction through previousel®§63,64]. The formation of large columnar grains for 950 W

laser power is attributed to larger and deeper melt pool due to higher agudiey[63]. Zones 1 and 3 show
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finer equiaxed grains with random orientations assallt of lower thermal gradient. This results in a lower G/R

ratio which results in equiaxed dendritic grains as shovifigare 2-14 and verified by Liu et al[65].

Figure 2-16: Gamma Prime Grain Morphology asdiog Rate is Decreased from Left to Rigfs) spherical,
(b) cuboidal,(c)-(d) Morphed Cuboidal(e) Array of Cubes(f) Dendritic Structure (Adapted frofd]).
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Figure 2-17: (a) LPBFIN 718 EBSD Imagé IPF Colored Map(b) Index Map of IPF and Reference
Coordinate, andc) Pole Figures for Zone [B3].

2.3.2Micro -Segregation of Alloying Elements

The termtificer@rlasa b e eintheadxilhowe\erdthe meanirg fand significance of
the term has not yet been clarified. The purpose of this section is to shed some light on Hsegnégation of
elements durindt PBF processing, and how that affecteth super al |l oyds microstructure
refers to differences in chemical compositig@6] which could occur in the macro or micro scale.

Microsegregation is the concentration gradient created due to local compositional differences as a result of solute
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partitioning at the solid/liquid interfadé7]. The length scale for microsegregation is comparable to the size of

cellular and dendritic structurés3].

For slower solidification rates, such as those used in directional solidification or single crystal casting,
sincethere is sufficient time for solute redistribution into the solid phase from the liquid plawdjticlevel
segregation is insignificanin LPBF, there is less time for diffusional changes at the solid/liquid interface, which
results in segregation @blute elements to the interdendritic regions where the last liquid solifif¢sNew

non-equilibrium secondary phases form and affect the homogeneity of the microstructure.

To better understand the effect on microstructure, the key factors affecting microsegregation of alloying
elements must be identified. The most impaottdriving force is the partitioning coefficient, k, which is given by
Equation (2-2), where6 and & represent the composition of the solid at equilibrium and the initial alloy

compositionrespectivelyThe lower the k value, the higher the amourintdrdendriticmicrosegregation.
Q 675 h (2-2)

The second major solidification parameter affecting microsegregation is the diffusivity coeff@ignt (
of the element embedded in the solid phase of the alloy. These two parameters are used to determine the
concentration of sdute in the solid phase. Many scientists have previously worked on improving the famous
solute segregatiorelationship proposed by Schédl @ p Q ) [30], but for the purpose of general
understandi ng, Brody and oRihgequationgEgquationd33), is shown &Jadikes ol ut e
Scheil 8ds equat i omatheBaticafingingassumeladkdiffusion ghich suggests that there

might be a small amount of solute redistribution in® gblid phase.
6 Q6 p Op |Q h (2-3)

where| 100 ¥Q, 0 is the local solidification timeQis half of the SDAS, an@is the solid fration. Even

though the rapid solidification of AM processes doesn
relationship is stildl more real i st isate diftusiopBothelldy t o Sch
solidification models, however, are formulated on the basis of straight liquidus and solidus lines which utilize a

constant partitioning ratif69].
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In precipitationstrengthened Nbase superalloysuch as IN718, microsegregation of alloying elements
such as Nb and Mo |l ead to the f or mat[i0lpasshown iHigare e s
2-18. This occurs due tthe rejection of Nb and Mosolute particleglow k values)at high solidification rates,
typical of LPBF processeq71].
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Figure 2-18 EDX Analysis Showing MicreSegregation of Mo and Nb in Interdendritic RegioAgldpted
From[70]).

2.4 Part Printing

In this work, thinwall part modelsvere designed using Sollorks©and posfprocessedising
Autodesk Netfablo generate step files (*cli formad} input for part processingtine LPBF machinelhe
components were constructed using the AcoMitviDI LPBF printerusing predefined laser conditiondaser
power2®@ W, scan speed 1000 mm/ s, hatch spacing, 90
and bidirectional scan strategie¥he operating laser processing conditions were optimized fonidirpart
processindased on previous studies performéetha discretion of the LPBF operatén exampleNetfabb

*.cli format file for a thinwall sampleprinted on a LPBF base plateattachedn Appendix A.

2.5Image Analysis and Statistical Methodologies

Image analysis is a witle used approach tguantify migostructure features of a specimen from
micrographs, typically acquired usimgtical or electron microscopylicrographs with known scale bars are
usedo obtain statistics of select features within the material microstructure. In this work, imagesastdtysire,
ImageJ72], coupled with visual bassdor applications (VBA}criptswereemployed to distinguish microracks
from surface contaminations anther defects sudds lackof-fusion voids and pores in théBF microstructure.
Figure 2-19illustrates the procedure used to obtain micrack statistics for eackample grind levelBetween
3 to 5 grindlevel planar XY surfaceswere analyzed per samplan excess of 100mages per sample were

analyzd to generate an adequate detdor statistical analysiBnage analysis datar micro-crackswerefiltered
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using the followingconditions:area  1500um?, minor axisvalue 5 pm, aspect ratio < 2.5, circulayik 0.5,

and roundness €.4.

Analyze Cracks

Set Scale &
Convert to

Binary
1. Total Crack Area (um?
Are (um?) Collect Data

2. Max. Feret’s Diameter (um)

1. Crack Area Fraction (%) 3. Ellipse Minor (um) j

2. Crack Length Density 4. Crack Count

(mm/mm?)
3. Crack Width (um) Analyze Data

4. Crack Count Density <::
(count/mm?)

Figure 2-19: Micro-Crack Analysis Process for LPBF THilall Parts

Micro-crack statistics such as crack area fraction (CAF), crack leeg#itg (CLD), craclcount density
(CCD), crack length(CLen), and crack widt{CWid) for a givenpolishedsurfacewere calculatedThe crack
area fractior(%) is defined as the sum oficro-crack areaper imagenormalized bytheimage are#0 ), as
shown inEquation (2-4). The crack length densitfmm/mn?) is defined as the sum of micaack lengths
(maximum ferret diametsy0 i » Wherewrepresents a single crggher ima@ normalized by the image area,
as shown irEquation (2-5). The crack count densifynnt?) is defined as the number (coua) of cracks per
image normalized by the image area, as shoviEgimtion (2-6). The crack lengtljum) and crack widthi{um)
parameters are defined as the average ruiaok length(0 i ) and width(w i ) per sample, as shown in

equationg2-7) and(2-8).

. on B 0
66® ——— pnmb (2-4)
e o 0
600G araa (2-5)
56 G 6 €
60 Qra 5 (2-6)
B 0 s
60 Q% a i 2-7)
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6 ©QQa (2-8)

All statistical datainclude95% confidence level@CLs) that provide meaningful representation of the
range within which the mean values arpeocted tdelie 95% of the timeupon repetition of the analysis with an
identical sample. The builh equation used to derive the confidence level usinytibmsoftEx c el A Descr i pt
St at i s-nischown inkqiation (2-9).
Bw o .
Bo o

wuBbd 0 p ——
€€ p

(2:9)
wherewrepresentshe observed valugfis the sample meaa,is the number of values in the sample population,
andd Js the 95% t valueletermined by Excel. Contrary tmnventional methods using , p®& @reliable

for € ¢ @ Excel automatically manipulates the value depending on the sample B@einstance, the
repeatability of the mean value is less reliable for smaller sanyds siue to larger 95%L values. The
confidence interval is determined by adding up the 2.5%ffwtalues at either end of thalistribution which

is slightly different from the normal curve in that it is flatter in its center and thicker in itslteilss study, the
sample population consists sémplemicrographs and the sample size is computed using the total number of
cleanimages per sample. Both the mean and ¥@%are computed ove3-5 different grind levels on the XZ

plane for each sampl@verage means and 95% confidence intervals are obtained and plottedsémpliés.

2.6 Experimental Methodologies

The experiments performed in this work includeatt design, sample preparation anitrostructure
characterizatiorBrief descriptions of therocesseare provided in this section.

2.6.1Materials Studied

Two cracksusceptibldiigh-o 6 -babed superalloys, RENE @865)and RENE 108R108) are chosen
for this research.The materials represent two extreme cases for herdv e | dstrengthened Nbased
superalloys, one just above t he ow@2od73]h and iorte withlai n e, Wi
significantly large 0 6 v o | u m&63% [T4], ctheoratically more susceptible to SAgpe cracks as
demonstrated ifrigure 3-11. The constutional alloying elements include N, Co, Al, Ti, Ta, W, Mo, Nb,
Hf, Fe, B, Zr, and Call of which are known to improve the material properties in some capBaitle 2-2 shows
the elemental contentgn wt.%) of R65 and R10&owder obtained usinghe inductive coupled plasnaptical

emission spectroscoiCP-OES techniqueat Activation Laboratories (ACTLABS © Canada)
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Table 2-2: Powder Composition of BNE 65 and RENE 108 in Weight Percent (wt.%).

Alloy Ni Cr Co Al Ti Ta W Mo Nb Hf Fe B Zr C

R65 Bal. 15.86 13.22 2.15 3.65 0.04 4.25 4.03 0.75 1 0.01 0.05 0.01

R108 Bal. 8.64 10 5.36 0.75 3.02 10.03 0.53 0.87 0.27 0.01 0.01 0.01

R108 has a higher Ak Ti wt.% content(6.11%) than R65(5.80%), hi gher 26 vforl ume fr
increased strength at elevated temperatdessonstrateligher susceptibilityo SAC andis designed to reduce
solidification cracking. The key alloying additionsRi08 include Hf and Tayhere Ta is a strong gamma prime
former and Hf is added to reduce solidification cracking through grain refinement. On the other hand, R65
contains more Zmwhich increases the solidification range. The two alloys have similar level of B, but different
amount of boride formers (Mo, W ar@t). Boride formers modify theolvustemperature othe boridesvhich
affects solidification cracking mechanism(s). Moreover, difference in major elehliken®, W, Mo, Al, Hf, Ta,

Zr and Balso impact the solidification rangkie to different partitioing ratios

Thelarge window of alloy compositiongpresentedsing R65 and R108lows observation of different
micro-cracking mechanisms as alloy composition changes. In addition, sincesasmgptible materials are hard
to process with LPBF, thimvall part failure mechanisms can be examined in d&aihprehensive understanding
of the micrecracking and irprocess failure mechanismsll enabledevelopment of methodologies to reduce

build failures andaptimize final part quality inhin-wall compornts processed usihdBF.

2.6.2Microstructure Characterization

2.6.2.10ptical Microscopy

Optical microscopy is a technique used to examine the-raagamicrestructural features of a reflective
surface. This method of microstruatwcharacterization is a widely usetkans of determining the grain size of
metals as detailed by the American Standards of Testing and Materials (ASTM). In addition to grain size
measurement, optical microscopy can also be used to identify and count other interesting features (sush as crack
within the parent microstructure. These featr€s2 um)are visible to the naked eye due to the elastic scattering

of visible light(4001 700 nmwavelength off the metal specimefr5].

2.6.2.2Scanning Electron Microscopy (SEM)

Contrary tooptical microscop, scanning electron microscopy (SEM), as the name suggests, makes use

of electrons instead of light (optics) to view a mateaiathe micrescale level The resolution of an SEM image

27



is in the order oD.1 nmi 0.3 um[75] due to the small wavelength dfet electron (in the range of picometers)

This allows the user to obtainclesep i mages of the materi al 06 snotwisie ostr uc:
using optical microscopyDepending on the emission of backscattered electrons (BSE) or seceleddrgns

(SE), various microstructural attributes such as surface morphology and phases can be observed.

The SEM is composed of the microscope column, signal detector systems, and computer hardware and
software to collect and process dpta]. Some disaghntages of the SEM compared to the optical microscope
include: (a) longer time taken to acquire a higholution image due to the vacuuming and image scanning

processand(b) higher usage cost due to the complexity of the setup.

2.6.2.3 Transmission Electron Microscopy (TEM)

Transmission electron microscopy (TEM)ae effectivetoolf or advanced analysis o
nance and micro-scalefeaturesHowever, TEM requires thin specimen (less than 100 nm) for electrons to pass
through the sample without eggrloss.Scattered electrons transmitted through the TEM specimen are collected
and processe view high resolutiorfin the order ofingstromsi mages of t he materi al s mo
TEM imaging requires high electron energies between 1000t&&dto generate sufficient transmitted electrons
The fundamental aspect which distinguishes TEM from other microstructural characterization methods is the
ability to imagebothin therealand reciprocadpacesat high resolutiondmagesobtainedn thereal spacerovide
morphologicalinformation of selectfeatures such gsrecipitates and dislocationghich affect the strength of
the material The crystallographiorientatiors of thesefeaturescan bedeterminedusingselective area electron
diffraction (SAED) pattera obtainedfrom the reciprocal spac&hetwo approaches can be used in tandem to

develop a sound understandinglidma t e rmicadtrdéctirettributeqd75].

Scanning TEM (STEM) is dighly versatile microstructurecharacterization metid that enables
imaging, diffraction, and spectroscopy a TEM specimerat atomic resolutionThe processinvolves raster
scaming of a select area otine material surfact® collect various types of scatteriag a function of position
[76]. Two types of detectorsthe energy dispersive Xay spectroscopy (EDX)and electron energy loss
spectroscopy (EELShre usedwith the STEMto obtain informatioron the compositional differences at the

atomic scaleFurther information on EDXemployedin parts ofthis work,is provided inSection 2.6.14.

2.6.2.4Energy Dispersive XRay Spectroscopy (EIX)

For further analysis of tdspersivespgecroscopy (BDS) oménergyo st r uc
dispersive Xray spectroscopy (EX) is required. This technique is used in cowjion with SEMor STEMto
identify local compositional differencesithin the microstructureThe operation principle of EDX isased on

the inelastic interaction between the incitlbeam and the materi&dhen the primary electrons @ract with the
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atons of a given alloying elemertharacteristic Xrays are emittedvhich enable detection of the element on the
EDX detector The current EDX systemgsethe silicon drift detector (SDDbhat converts the analog -ray
energy into digitainformation shownas a peak in the EDX spectrusn the computer screefihe spectrum
consists of peak®presenting characteristicrdy energiegor a range of elements depending onltwal phases,
precipitatesor particlesscanned by the incident beam.this work forinstance, the EDX was used to identify
key alloying elementand phases potentially responsible for micracking.The EELS approaghot used here,

can be used to provide more accurate detection of elements with lower atomic numbers, such as dastlmm and

2.6.2.5Electron Backscatter Diffraction (EBSD)

Electron backscatter diffraction (EBSDjs a neans of performing advanced microstructer
characterization in unison with SEM. The EBSD method employs a computer software which allows the user to
select a regio within the captured SEM image to determine the local crystallographic orientation of the specimen.
In LPBF Ni-based superalloys for instance, the crystal orientations obtained in the build direction (BD), normal
direction (ND) and transverse directiond)Thelp in evaluating the type of grains (columnar or equiaxed). This

helps shed further light on tmeateriab behaviorat the micrscopic scale

2.7 Modelling Methodology

Numericalsimulations are conducted usifigite element modelling (FEMyvith commercal software
ABAQUS. The FEM techniqe solves a 3D model of an actual part by dividing the geometry into smaller
segments called elements. Model elements are typically cuboidal and consist of 8 nodes and A f&oeite
element analysis (FEA) solves nodal displacemebtsiging the material stiffness Y and applied nodal forces
('Y) as shown irquation(2-10). Gaussian integration points are used to solve the FEM equations by the numerical
integration approach.

0w Y (2-10)

To simulate the AM process, tifidly or sequentially couplethodelling methodcan beemployed The
fully coupled methodllows simultaneousimulations of the thermal and mechanical equatiassshown in
Equation (2-11). In this case,tiis assumed that the mechanical behavior tffdte thermal behavior of the
materialand vice versaConversely, in theequentially couplethodelling approach, the thermal behavior affects

the mechanical belvior but not vice vers&quations (2-12) and(2-13) define thesequentially couplethethod.

(2-11)
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o O Y (2-12
O — Y (2-13)

Thematricesh) and0 define the thermal and mechanical properties, respectivelgxternal load
and boundargonditions areepresented by and'Y ; and the temperature and nodal displacements are given
by —and®, respectivelyThe sequentiallycoupled approach iesscomputationally expensive thamet coupled
approactandallowsthe thermal and ecthanical equatiorte be solved separateljjhis enablegreater flexibility

during modellingasvarious schemes can be chosen to reduce the solvei7@ine

The governing equations fosimulating thethermal history and mechanicatesponse to LPBRre
providedbelow:

1. Thermal model
a. Temperature fieldY ofchofd obtained through the domain:

6— — - — O - 0, (2-19

where"Yrepresents the temperatutds the density is the specific heals the heat conductivity,

andv is the latent heat.
b. Boundary conditios
i. Heat radiation
n - YOy, (2-15)

where- is the surface emissivity, is the StefarBoltzmann constant is the surface

temperature of the workpiece, aid is the ambient temperature.
ii. Heat convection
n Qv "y, (2-196)
where'Qis the convetive heat transfer coefficient.
2. Mechanical model
a. General form
n, T, (2-17)
where, is the stress.
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b. Mechanical constitutive law:
. 0, (2-18)
whered is the fourth order material stiffness tensor ani elastic strain.
c. Strain for small deformation
- - - - (2-19
where-, - , and- are the total stin, plastic strain, and thermal strain, respectively.
i. Thermal strain:
- 1YY (2-20)
wherg is the thermal expansion coefficient a8 is the reference temperature.

ii. Plastc strain

Q ., ., -A[y m (2-21)
Y (2-22)
o — (2-23)

where™Qis the yield function,, is Mises stress, is yield stress; is the equivalent

plastic strain, andis the flow vectof79].

The purpose of the numerical simutats conducted in this study is poedict the stresses and strains
developed in the LPBF proceskhe stressstrainresults from the model cdme used to better understand the

mechanisms of faire in LPBF thinwall parts made of high 6 -b&ked superalloys.
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Chapter 3
LiteratuikalReive atwi-Wanl lofCoalrhpanent s
LPB#®Strengt tbaarseedd Niuper al |l oy s

Failure in materials can result from damage through external influence, by detericof material
properties over time or through internal defects incurred during manufacturing -garposssing. The formation
of micro-cracks within regions susceptible to crack initiation can be linked to mechanical failure following
fracture. Contlling the microstructure during manufacturing is necessary to avoid reeal® fracture and

maintain the integrity of the desired commercial part.

Several factors can cause twall part failure duringrapid solidification processingncluding i)
macioscopic stresseand ii) material compositions. igh-o0 6 ni c k e | super aledpeciplly ar e k
susceptible to weld crackihdl]. Thisincreases the chanceshafild failure during processingnd reduces the
final part quality.To better understanthe underlying mechanisms for p&atlure and fird means to optimize
part processabilitythe effecs of part geometryalloy compositionandlaser parameterseed tdbe studiedThe
goal of this chapter is to provide the readerfundamental understanding ofthe conventional failure
mechanismsin rapid solidification processingand a review oliterature oninherentfailure in LPBF thinrwall

parts andhigh-o 6 -babked superalloys.

3.1 Introduction

Localized heatingnd coolingof metals or metal alloys brings about phase changes from solid to liquid
and liquid to solid respectivelyPhase changeseate stresses within the material dugpingcessingvhich wuld
promotemicro-cracking and irgprocess failureThe elastic and plastic stresses generated by the heatiigg
effect within the material are demstrated irFigure 3-1 (a). When the laser beanradiates the material surface,
the material state changes froppwderto liquid phaseas the temperature exceeds the melting point of the
material.In the liquid stée, the atoms move freely and stress is generatefls the laser beam moves away from
the irradiated surfacandthe material begins to cool doywe material state changes from liquid to sphdse
During the liquid-solid phasetransition while the material is still hot, the locally solidified region exerts tensile

stresses to the surroundisgjidified regions To counterbalance the tensile stresses and aatgavequilibrium

! Laser processing is considered analogous to weldingodibe localized heating/melting of the material.
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the neighboring regionsxert compressive stressas the locallysolidified region The heatingnduced stress
creationmechanism is defineals theemperature gradient mechani§iM), aspreviously discussed iBection
2.2.3.1.2 As the material cools dowfurther, thelocally sdidified region exerts compressive stresdesthe
surrounding regions, whichniturnexerts tensile stresses the materialThe coolinginduced stressreation
mechanism is defined as the calmwn phaseAccumulation of tensile stresspsrpendiculard the crack growth

directionfavorsmicro-cracking in locdly susceptible regions within the material.

During laser AM, the heat distribution surrounding the melt pool determines the consegaéntd
temperature gradientooling rateand stressesvhich affect the finamaterialmicrostructureand part properties
The heat distributiomvithin the materials affected bythe partbuild conditionsLocal variations irheating and
coolingintroduce local changes tompositionand stresseduring procedsg. High cooling rates inherent in
LPBF (1C-10" K/s [80]) result in dendritic microstructuress thematerialsolidifies. Such extreme conditions
could generateextensive ricro-segregatiorandlocalized regions of teile stresseswhich could promote in
process micraracking Excessive builelip of in-process stressesuld also ultimately lead to maciscale build
failure. To better understand the underlying failure mechanisimsrentin LPBF, the regionssurroundingthe
melt pool must be identifieds demonstrated Figure 3-1 (b). Upon interaction with the laser beam, gwvder
materialis completely meltedndrapidly liquifiesresulting in the formation of a melt poolr(fwsion zone (FZ)).
The heat generatdbm the lasecreates two distinct zongsamely the partially melted zone (PMZ) and the heat
affected zone (HAZ)surrounding the mefiool. The PMZ is defined as the transition region between 100% liquid
to 100% slid state across the fusion boundgg8¥]. The trueHAZ (T-HAZ) describes the regimaround the melt
pool where all metallurgical reactions occur in salidte and no melting occui&l].

a) b) Laser Scan
Meing Powder Laser Beam Direction )
and Heating \ * / Heated Zone — Build
Comprossive Stross Plate
Zone Legend:
A. Melt Pool or Fusion Zone (FZ) Solidified
B. Partially Melted Zone (PMZ) Material
C. True Heat Affected Zone (T-HAZ)
D. Remelted Zone
Cooling E. Powder Zone
E .
Layer I DX ]
Width ¥ e e ey
Thermal Gradient Mechanism

Figure 3-1: (a) Demonstration of the @mperaturé&radient Mechanism ihPBF[82]. (b) Simplified
lllustration Showing Different CrosSectional Regions Developed DuribBBF.
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Dendrite growthoccurs as the it pool solidifies and the growth direction is dependent on the
preferential direction for heat flown LPBF, thedendritestypically exhibit columnarmorphologiesalong the
build direction (BD)and small PDAS valuedue to the high coolingates[80,83,84] As thelaser beam scans the
part, the solidification process continuesdthe primarydendrites coalesce to form grainseating asolid part
However, during solidificationseveral defects such gmrosities, voids and micreracks can affecpart
processabilityandthe final part qulity. Micro-cracking whichis especially important fdnardto-weld high-o 6

Ni-based superalloysan be further exacerbatdde to bcalized regions dh-procesdensile stresses

To better understanthe micro-crackingphenomenonit is important to cosiderboth the inprocess
stresses anthe stress ate surrounding the micrarack openingThe stress statean be fully derived from the
Lode angle parameter and the stress triaxi§#is}. The Lode angle parameter is derived from the deviatoric
stress components augi on the material. However, ilPBF, stress triaxiality is more representative of the stress
state and more likely to contributertocro-cracking due to the influence of thermal gradient on hydrostatic stress.
Stress triaxiality is defined as a utessparameter given by the ratio of the hydrostatic stresg éand the
equivalent stress () which is equated to the Von Mises yield criterion (Bgeation (3-1)) [86]. The terms, ,
» and, are known as the principal stress terms. High triaxiality results in lower fracture toughness and increased
cracking propensit}86,87].

w o @1

Significant work has been performed on garéle modelling techniques defiing the residual stress
and associated plastic deformation in complex parts fabricated by lasg3888], however there is lack of
knowledge on the mechanisms affecting cracking at the microstructurainexBF. The following sections
explain two different categories oficro-cracking mechanisms relewn t -strengtrerded Nbased superalloys
and identify methods used to distinguish the different typesiafo-cracks.

3.2 Liquid -State Micro -Cracking

Liquid-statemicro-cracking occurs when the surrounding tensile stss®ated by thermal shrinkage
arownd the liquid exceeds the interfacial energy. The two types of lgfaigmicro-cracking have traditionally
been defined as liquation and solidification crackiag identified inChapter 2. However, in the rest of this
sectian, the terminology used to describe the different phases of {&jaté cracking will béaot cracking and
hot tearing, which form as a result of the material solidification process during cooling. This section aims to
impart further knowledge to the readm the mechanisms and means of identifying ligstatemicro-cracks.
Examples of hot cracks and hot teirti-based superalloys are provided below for reference.
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3.2.1Solidification Cracking Mechanism

Welding literature describes solidification crackingtzs type of liquidfilm -basedmicro-cracking
phenomenavhich occurs in the terminal stages of melt pool solidificaf@ij. The presence of liquid film
along the solidification grain boundary (SGB) and thermal shrinkage of the surrounding material result in the

formation of solidification cracks.

Various theories describing the mechamisf solidification cracking have been proposed by materials
scientists from the late 1940s to early 1968%]. Among these theories, the modified generalized theory
developed by Matsuda et §080,91] has been widely accepted as the root mechanism for the formation of
solidification cracks. However, inthikesis a modi fi ed version of Matsudads
al. [92] will be presentedo describe the different stages of solidification which lead to solidificatiorkiogc
(Figure 3-2). The solidification stages are grouped into two zoindlse hot tear zone { 8 lv 8)
exhibiting interdendritic fracture morphologiesand thehot crack zone lv 8 ) exhibiting intergranular

fracture morphologies respectivdB2].

According to Santillana, the hot tear zone begins at a temperature where the solute Ie)dﬁcmo{und
0.8 (denoted the zero strength temperature (ZST) limiigure 3-2 (a)) and ends as the material cools to a
temperature where the solute fractln 8 . The increase in solute fractionones due to the segregation of
solute particles to the interdendritic regions as the liquid cools. This region is identified by dendritic features
(Figure 3-2 (b)) and a high volume fraction of liquid as the matetéamperature drops below the liquidus
following localized heating. The hot crack zone approximately begins #tjthe isolation temperature (LIT)
which shows granular morphology up to a temperature close to the solidus (known as tHactikio
temperature (ZDT)) near the end of solidification. This zone reflects the transition from dendritic to granular
morphology as the dendrites coalesce to form grains. The region between the ZST and ZDT, called the brittle
temperature range (BTR), helps qualifgtttrack sensitivity{93,94] Solid-state cracking occurs when the

material is cooled below the solidus as explainegdation3.3,

Crack initiation occurs when thendercoolediquid is trapped between the interlocking dendrites as the
solute fraction increases aboly 8 during solidification This is attributed to the formation of isolated
droplets and the resultant lestrength nofcontinuous liquid film between the primary dendrii@2]. Dantzig et
al. [95] described this process psrcolation and Lippold et al[81] confirmed that solidification cracks formed
by this method are affected by material composj presence of grain boundary (GB) liquid films and intrinsic

or extrinsic restrains imposed on the material by thermal or mechanical means. Distinguishing solidification
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cracks through microstructural characterization is required to understand theadxdamage inflicted by the
above factors.

a) Solidus (f,=1)
z LIT ,=050)
?‘“ Oymo99) RT (0.80<1,<0.90) Liquidus (1,=0)

ZST (1,=0.8)

Duct:my :

=

Decreasing Temperature

\ /
Y » A

Hot Crack Zone Hot Tear Zone

Figure 3-2: (a) Schematic Showing the Hot Crack and Hot Tear Zones Representing Solidification Cracks
(Adapted fron792]). (b) High Magnification Scanning Electron Microscope (SEM) Image Showing Dendritic
Features Representative of Hot Tdarkigho &PBF CM247LC Alloy [96].

Hot tears are correlated with the formation of dendritic arms in the grain microstructure as shown in
Figure 3-3 (a). The fracture morphology of the hot tear zone clearly indicates the formation of dendritic features
as liquid solidifies at the ZST. A closg of the dendrite ifrigure 3-3 (a) reveals the presence of liquid in the
interdendritic regions as illustrated by the observation of wicidored features ifigure 3-3 (b).

Figure 3-3: SEM Image Showing Fracture Surface Indicating DiticdFeatures Representative of Hot Tears in
(a) Low Magpnification andb) High Magnification (Adapted frorf92]).
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Hot cracks are characterized by faceted microstructures and liquid films along clearly identifiable GBs
as shown irFigure 3-4. The formation of hot cracks takes place in the PMittvis consistent with the attributes
of liquation cracks in reheated weld metals. Closer inspectibigafe 3-4 (b) shows the presence of lighter and
darker regions in the PMZ, reflective of eutectic morphology.

The fracture morphology provides further insight into eutectic structures in the hot cracked zone as
shown inFigure 3-5. As temperature lowers below the LIT (d&igure 3-5 (a)), the liquid films transform to
isolated droplets, and the resultant features are eutectic in nature. Rec&kfrthom2.3.1, eutectic or lamellar
morphologies are commonly seen in rapidly solidified metallic materiaiellar growth occurs due to
competition between solute particles leading to solute rejection at the interface between two distinct solid phases
formed as a result of rapid coolifguring reheating, elements and compounds with low melting points segregate
to the highly energetic GBs between the lamellae. Since eutectics melt at lower temperatures, microsegregation

at the eutectigrainboundaries is prominent icPBF during repeated heating.

Cooling a material up to the ZDT (or the minimum ductility terapere (MDT) as described by
Santillana) promotes grain growth portrayed by the faceted planes obseRigdria 3-5 (b). Liquid film and
voids are trapped at the GBs due to the percolation behavior and wettieg@Bt Segregation of elements to
theintergranular liquid film lowers the melting point of the liquid. Similar to the case of eutectics, reheating
promotes microsegregation at the GB due to the low melting point of this r@tieseverity of hot crackinin
LPBFis significantly affected by the type, size and distribution of particles segregating to these grain boundaries
[97199].

fusion zone

#_  partially |
P - ‘pmcllcdy/onc ¢ e 5 Sl
NS - . o . 4‘”4,,-4;' i -ﬁ‘ /"’:'.,l_: ql(} » ’ i
- o e : e N L L G
SR 2 % liquated material along s
= unmelted & i Ty
400um | : material _a) Qg cin boundary (GB) )Y 1)

Figure 3-4: Appearance of Hot Cracks in the PMZ of @dstal Arc Welded (GMAW) 6061 Aluminum shown
in (&) Low Magnification andb) High Magnification (Adapted frorf61]).
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Figure 3-5: SEM Images Showing Fracture Surfaces of(#)&_IT and(b) ZDT Regions (Adapted fror®2]).

Themicro-crack mechanism describedthis section offers a reasonable understanding of the different
stages of solidification cracking. However, a detailed illustration showing the effect of the solidification process
on material microstructure is necessary to clearly distinguish the btegions susceptible to solidification
cracking. The subsequent subsection attempts to explain a unified solidification crack theory proposed by Lee

Alan Aucott[100] based on synchrotron-iy imaging studies.

3.2.2Unification Theory of Solidification Cracks

In addition to the hot tearingnd hot cracking zones, intermediate solidification stages are required to
develop a sound understandingcedick initiation, growth and propagation at the microstructural level. The
metallurgical science behind microscale crackingan be used as a buildimlock to improve modelling and
process optimization in the part scale. Note that the following paragraphs offer two different metallurgical
explanations for the solidif i esautmomtaringpfrweldceasksf®)f met al s

No plausible explanation hasbeen presentedfor solidification cracking in LPBF or laser AM processes

Considering the schematic showrFigure 3-6, welding of a local region within a metal alloy with poor
wettability leads to melting and weld gldormation (synonymous to the melt pool showirigure 3-1 (b)) near
the interface between the welding electrode and the material surface. The ensuing solidification stages are named:
stageAli subsurface intggranular hot crack initiatiorstageA2 i hot crack coalescencgtageA3 i hot tearing.
Solidification of the molten liquid begins as the temperature drops following the localized melting inflicted by
the moving electrode. BneFgywered3-2 ¢a)) theSsalute friadtidn atrihe Beginnimgcofi e ma t i
solidification is low and as the temperature decreases below the liquidus, the material microstructure transforms

from dendrites to grains. This transitioocurs in the HAZ region below the weld pool, where the volume fraction
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of the liquid ("I) is low and solute elements segregate to the grain boundaries lowering the melting point of the
liquid film. Hot cracks initiate within this region and form around the circumference of the weld pool upon the
application of a bending load generhtey cooling of the surrounding mater{atageAl). As the bending load
increases, hot cracks coalesce and propagate into the dendritic region in the solidifying weld pool through the
fracture of network separating bridg@sage A2). To accommodate fohé increased bending load and the hot
cracks in the y direction, the transverse tensile strain in the x direction increases and results in the separation of
the primary dendrites. This behavior corresponds to the interdendritic hot tears observed ttlessuttace

where the weld electrode initially interacted with the solid metal aIonnl;ds high(stageA3). The direction

of crack propagation depends on the growth direction of dendrites dictated by the G/R ratio corresponding to
welding in ths case.

An alternative justification for the cracking behavior pertaining to the transformation from intergranular
hot cracks to interdendritic hot tears in alloyed material is illustratdeigure 3-7. Solidificaion stages are
labelled:stage B1i precursors to cracking composedstdge Bla(base metal microstructure) asthge Blb
(grain growth in HAZ) stage B2i solidification and precipitation of precipitate particles highlighted as black
circles;stage B3i microvoid nucleation around precipitate particles (Ti (C,N) in this cataje B4 microvoid
coalescence and propagatistgge B5i hot tearing. The base material has fine grained features with precipitate
particles made up of the alloyed elements@,iN) occupying intergranular sitestige B13a. As the weld arc
comes in contact with the material surface, melting occurs and the precipitate particles dissolve in the molten
weld pool. Precipitate growth allows grain growth due to reduced Zener pirfficigrey (stage B1h. When
the weld electrode moves away, the weld pool solidifies and epitaxial growth occurs above the solid in the
underlying HAZ. Anisotropic columnar solidification ensues due to favoratile¢) orientation promoted by
G, R and comgtitive grain growth. The coalescence of primary dendrites is triggered by the precipitate particles
in the interdendritic regionsstge B2). The application of tensile strain leads to ductile fracture around the
precipitate creating microvoidstége B3). Coalescence of these microvoids in the intergranular regiage(

B4) leads to hot crack propagation and consequent hot tearing in favorable sites along the interdendritic regions
(stage BS.

The mechanisms described above provide deeper insight enttrabk nucleation and growth during
wel d solidification, however, the actual source of
various other factors affected by process parameters and material characteristics. Particularly highsGiR rat
LPBF mean that melt pool solidification occurs rapidly, and some phases may not have the chance to grow

completely. This would imply a higher degree of segregation of low melting point elements (such as carbides like
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NbC and TiC[81]) in interdendritic regions, which could worsen during reheating. To shed further light on the

potertial crack initiation regions during rapid solidification, setithte cracking is discussed below.

a)

Isolated
intergranular
hot cracks

Coalesced
intergranular
hot eracks

Fusion boundary,
Vfi=0

2

Figure 3-6: Schematics Showing the Microstructural Evoluti&age A3) of a Metal Alloy With Poor
Weldablity During Solidification in (a) 3D, and (b) 2D (Adapted frgf00]).

a) b)
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¥
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Figure 3-7: Schematics Showing the Microstructural Evoluti®age B5) of a Metal Alloy during
Solidification in(a) 3D, and(b) 2D (Adapted froni100]).
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3.3 Solid-State Micro-Cracking

Solid-state micrecracking occurs in the-HAZ where no melting occurs, and only sefithte phase
transitions take place. This type of cracking is common in steelsadé alloys, Gibase alloys, and aluminium
alloys [81]. In Ni-base superalloys processed IIBBF, high solidification rates result in rapid cooling of the
microstructure increasing the tédeshydrostatic strains imposed by the surrounding material during cool down.
These strains can surpass the materi al 6s -sthté aracks e d

along highangle grain boundaries (HAGBS).

Contrary toliquid-state micro-cracking, where hot tears and hot cracks exhibit interdendritic and
intergranular microstructure morphologies respectively, ssilite micro-cracks(both DDC and SAL show
intergranular crackingalong straight grain boundaries (d&igure 3-8). Solid-statemicro-cracking is observed
below solidus and is suspected to range between
maximum ductility temperature (MaxDT). Due to the intergranulaufeatin hot tears and soladate cracks, it
is hard to distinguish between the twe and further studies need to be performed to achieve a more

comprehensive understanding of cracking during the transition from Jgfaid to soliestate cracking. Also,

fra

t he

note that the ductility starts decreasing below MaxDT as the atoms become more closely packed (representative

of solid structures) and get harder to stretch at lower temperatures.
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Figure 3-8: Extension of te Solidification Schematic Showing Approximate Regions for Setate Cracking

and Solidification Cracking in Metal Alloys. The

Temperatures as Variability May Exist due to Microsegregation. (Adapied[92]).
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The aim of this section is to provide the background to differentiateeeen DDC and SAC and
recognize the main mechanisms responsible for stéite cracking. Note that a majority of the mechanisms
covered in this section are based on welding literature and are not specifically dirdcRRBFtetudies. Most
welding papes deal with instances of DDC in filler or base metals, andPiBF, the effect of layered deposition
on powder bed must be taken into consideration. Therefore, the following mechanisms should only be used as a
reference to obtain general knowledge on fhedamentals of solidtate cracking in rapid solidification

processing.

3.3.1Ductility Dip Cracking
3.3.1.1Conditions and Criteria

Austenitic (FCC) alloys are known to exhibit DDC along grain boundaries in both the weld metal and
HAZ. Literature survey shows that DDI@ weld metals are more common than those in HAZ27] The
presence of DDC in the weld metal is justified by a sharp dip in ductility in a temperature range between the
solidus (YY) and half of the solidus as showrHigure 3-9 (a) [81]. Materials susceptible to DDC normally show
a significant reduction in ductility between approximate$) Y and @Y which corresponds to a temperature
range between 800 °C and 1150 °C in stainless steels dmasBlialloysespectively. The formation of DDC is
dependent on many factors such as grain boundary character, temperature, composition and restraint. The effect
of restraint on the ductility or minimum strain in the ductile temperature region (DTR) is shdviguie 3-9
(b). As the restraint applied to the material increases with increasing temperature, the possibility of DDC crack
formation increases. This is especially important for figghperature application of materidis; instance, high

temperature gradients PBF lead to high thermal stresses during solidification.

a) b) i Ts

Normal ductility signature Ductility

curve

Duectility
or strain

High restraint

Ductility
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DDC range |
[A—

i Duetility dip
| ]
7. Ts 0.5Tg

Temperature Temperature or lime

Figure 3-9: (a) Ductility Dip Signature in DDC, an¢b) Effect of Restraint on DDC (Adapted frdi&]).
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3.3.1.2Mechanism

Elevated temperature DDC is common in saladution strengthened Miasealloys, but not significant
in precipitationstrengthened alloys according to LippdRil]. This is because the DDC appears along the
migration grain boundary (MGB) which has a different composition component from its parent solidification
grain boundary (SGB). These boundaries often represent high crystallographic misorientationtfgue&@°)
which are typical of HAGBs. Lippold claims that for precipitatistnengthened alloys, the SGB cannot migrate
due to grain boundary pinning of precipitate particles. Grain boundary sliding (GBS) results in the formation of
voids at triple poirg of straight grain boundaries where the stress concentration is the highest. The inclusion of
precipitates at the grain boundaries make these reg
mechanical locking effect of the tortuous bound&yj. Since the stresses are now concentrated at both the triple
point and the precipitatgrain boundary interface, the possibility of DDC formation in the material is lowered

due to stress distribution.

Many other scientists before Lippold have proposed that grain boundary shiebiig sulfur
segregation and embrittlemda02], a combination of effects up to restsllization temperatufd. 03], GBS and
microvoid formation[104], and carbide distribution and morphology at the grain boundd?¥] could be
responsible for DDC formatiofi5]. A rather contradictory theory to Ramirg04] and Lippold[81], involving
precipitationinduced cracking, was suggested by Young et al. in 2008]. Carbide precipitation at the grain
boundaries and stresses induced during heating and solidification result in the creation of microscopic voids (see
Figure 3-10(a)). These voids act as crack initiation points under large stresses produced by thermal or mechanical
restraint imposed on the material during processing. Recently, Boswell [&03], further highlighted the
difficulty in pinpointing the mechanism of DDC formation. Cracks showing ductility dip appeared at grain
boundary irregularities such as carbides armltrie poi nt s, which is consistent wi
in 1983[108].

a) M,;C¢ Carbides b) - !'
s carbtdes \

,ntravgrannula[y, NS
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Figure 3-10: lllustration of the DDC Mechanism Usirafa) Schematid1,106], and(b) SEM Imag€g107].
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Since the cracking mechanism linked to DDC is still highly unclear, and widely debated amongst
materials scientists, this is an avenue which needs further investigation. Special attention to thenfofmatio
HAGB cracking typical of DDC inLPBF Ni-base superalloys is nheeded, as the phenomena is not well studied in
laser AM. Qian et al. recently reported that etigee dislocations are responsible for introducing high stress
concentrations at HAGBSs in a 3Dinted Nibase superallojd09]. This was attributed to high thermal gradients
and the accompanying tensile thermal stresses activating geometrically necessary dislocations (GNDs).
Ultimately, it was suggested that discomntires at these HAGBs result in local strain which surpass the material
ductility leading to void formation, coalescence and eventual crack fornfai®h Note, that this conclusion
was made solely from a uXRbased statistal study, and further studies are required to better predict the DDC

mechanism.

3.3.2Strain Age Cracking
3.3.2.1Conditions and Criteria

Unlike DDC, strain age cracking (SAC) has been identified as a common cracking mechanism in
precipitationstrengthened matet& specifically higko 6 -bake superalloys. In most-Nase superalloys alloys
with Al+Ti ratios greater than-8%[110], t he SAC susceptibility is high due
(seeFigure 3-11) . The line (referred to as the fAweldability
highlighted in red and shad®n either side to emphasize the effect of restraint on SAC. Metal alloys exhibiting

SAC behavior are considered unweldable due to the high residual stresses imposed during welding.

Most authors have linked the occurrence of SAC to the stresses gemasratessult of precipitation and
thermal stresses introduced during heating and coflfa@1,104] If the rate of precipitation ifaster than the
rate at which the surrounding material relaxes by creep deformation, the chances of SAC are higher.
Consequently, as precipitation increases, the likelihood of SAC occurring during reheating-weldoseat
treatment (PWHT) increases. Aad representation of such behavior is observed when-theve is overlapped
with the heating curves for the alloy as showFigure 3-12 (a). The Gcurve indicates the effect of temperature
and time on precipiteon. Both heating curves intersecting the@ve show tendencies of cracking, while the
other heating curves show resistance to cracking. The importance of thermal tdstbeydevelopment of
residual stresses, stress relaxation and precipitate agiimgdvelding (or laser AM) is further emphasized in

Figure 3-12(b), and the associated mechanism is presented in the following section.
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Figure 3-11. Effect of Al and Ti content on susceptibility to SAC (Adapted frii1]).
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Figure 3-12: (a) Effect of Heating Rate and Precipitation Behavior on SAC Susceptitili3], and(b)
Thermal History During Welding and PWHT of {Biase Superalloyd13].

3.3.2.2Mechanism

Similar to DDC, the strabagecracking mechanism in Ndase alloys is not clearly defined, but previous
studies show that SAC is dependent on comjpwsit and restraint factors affected by the thermal prgilg.
According to Lippdd [81], rapid heating to subsolidus folled by rapid coolingnitiates grain growh depending
on the thermal cycle and base material microstructure. This could also be accompanied by HAZ liquation
(synonymous to hot cracking as plee terminology introduced iBection2.3.1) at the fusion boundary. In stage
B, the liquid films solidify, and residual stress begins to accumulate in the system. Reheating to & solution

annealing temperature slightly abov&®”Y results in some stress relaxation, but upon heating into the
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precipitation temperature range, c@ttion stresses accumulate due to precipitation. A culmination of

precipitation and relaxation stresses promottergranular crackingn stage D.

A simpler take on the SAC mechanism involves considering a si@ss plot showing two different

curves(Figure 3-13 (a)) i one showing ductile fracture (marked in red), and the other showing brittle fracture

(marked in blue). Initially, the precipitation rate is slower than the relaxation of stigssesep deforntaon,

therefore the material exhibits ductile behavior, and the strain to fracture is high. As the precipitation rate becomes

faster than the rate of relaxation, the material strength increases, ductility decreases and the strain to fracture
rate, the Section2B.0.3andtlye o f

decreases.Depdn g o n

precipitation ra¢ [81]. The material with high Al + Ti content requires finer control of the heaitegto suppress

t he
ductility due to precipitation is affected. The latter case suggests that the material is more susceptible to SAC
when precipitatiorstresses exceed the relaxation stredsigsire 3-13 (b) indicates that Nbased superalloys

with higher Al + Ti content are more susceptible to SAC due to higher amount of precipitation and faster

cool

precipitation and reduce cracking propensity.
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Figure 3-13: (a) Stress vs. Strain Plot Showing the Effect of Precipitation Rate on SAC Forngh)i@raph
Showing the Susceptibility Diffence of Alloys with High and Low Al + Ti Content Respectiviy].

In summarysuperalloysthat arententionally designed to exhibit higgirength characteristics at
elevated temperatures are susceptible to SAC due to the rapid precipitation by the higH volamet i o n

precipitates. In laser AM, the high temperature gradientcaalihg rates result in ductility reductipsolute

trapping andincreagd precipitationrateswhich promot micro-cracking.
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3.4 Micro -Cracking in LPBF-Processed Higho 6 -Blisied Superalloys

Weld cracking of Nibased superalloys has been well documenteieiraiure[4,15,28,81] however
interest in LPBF micrecracking of higho & -baked superalloys has only blossomed recébiiyvi1,114116]
to meet risinglemandso produceparts with complex geométs Recent researdias underlined the importance
of optimizing process parameters on the temperature distribution and the residual stresses durirlg laser A
processing48,117,118] However, the alloy composition must be adapted td_B&F process to produce high
quality complex pag. This can be achieved by distinguishing mhiero-cracking mechanisms, identifying the
root causes ofmicro-cracking and proposing an appropriate solution to mitigate cracking duwirgf. For
instance, if the dominanmicro-cracking mechanism is liquistate micro-cracking and the root cause is
solidificationor micro-segregation, then the solidification range must be reduced. Conversely, if DDC is observed
and the root cause is GB and void precipitation at GBs, then the composition must be modsfiededhe GB
precipitates. If the method ahicro-cracking is SAC and the root cause is the competing stresses due to
precipitation and stress relaxation by creep def or m:
Therefore, further investigation is required to realize a sound thermomechanical model including metallurgical
considerations predicting theicro-cracking behavior in laser AMThe following section explains the

significance of different factoraffecting micrecracking inLPBFprocessed high 6 -baked superalloys.

3.4.1Factors Affecting LPBF Micro -Cracking

The difficulty with laser processing li@s the challenge of controlling many different factors to mitigate
micro-cracking in the sample. Specifically, for lay®y-layer printing usind-PBF, rapid cooling rates result in
strains and anisotropic microstructures whictuld promotemicro-cracking.Similarly, porosities and lack of
fusion defects due to gas bubbles and incomplete melting of the powder particles lead to increased crack
propensity. Among many factors affectimgicro-cracking, material composition, scanning strategies, laser
process pameters, powder thickness and part geometry have shown profound effect on the produ¢d gluality

Fine control of these parameters is essential to maintain mechanical integrity dumtoratking

As highlighted inChapter 1, high-temperature control is necessary to avoid material failure during
thermal cycling representative of the on and off cycles experienced by the gas turbine enginekienif and
landing in airplanes. Hence, factors affectimigro-cracking need to be elucidatediéarn the actual behavior
of the material from a microstructural point of view during LPBF processing Specifically, three factors are
chosen to emphasizhecombined effectof part geometrylaser scanningandmaterialon micro-cracking, and
these are: (1puild part thickness(2) laser scan (vectotgngth, and (3plloy compositionBuild part thickness
is a critical factor due to the challengesiagdrom the fabrication of parts with complex geometries and serpent
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like shapes such as nozzle guide vanes and turbine wéaeer lengths considered becauseaitfects the melt

pool sizeand allows the melt pool to remain in the conduction asitieout decreasing the build spedgnce

reducing costsAlloy composition is choseroffacilitate transitiorandenableadapation of high-o 6

superalloy

from slower (10 °C/s) conventional manufacturing processeshe faster(10°-107 °C/s[80]) LPBF process.

3.4.1.1Part Thickness

Few authors havexplained the influence ofuidd part thickness othe processability of thimvall parts

usingLPBF. For instanceAhmed et al[119] reporedsignificantlyreducedistortionabovea wall thickness of
0.5mm (Figure 3-14 (a)). The authors attributithis behaviorto reducedhermal strains, shrinkage and bergli
asthe wallthickness increase$he thinner samples between 0.5 to 1.5 mm show statistically larger variations in

distortion Figure 3-14 (b)) compared to the thicker samples duénttreasedsusceptibity to residual stresses

developed from laser heat thermal cycl[ad9]. Wu et al.[120] performed a detailed study on the fabrication

limits of thin-wall parts produced using LPBEhddemonstratettigh surface roughness jrartsthinner than 0.3

mm. The authorsuggestedsingdifferent scarstrategiegor different ranges of wall thicknessesoptimize part

fabricationandrecommende@ddingsupport structurewith spacings smaller tha80 mm to avoid part failure

due todistortion. Support structures are usefalminimizing the effect of material shrinkage and the inherent

stressein LPBF, buttheyareexpensive and generate material wisd].
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9 10 1+ 12
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b)

Figure 3-14: (a) Distortion Profile of AISi10Mg, andgb) Distorted ThinWall Sample (Taken frorfi19]).

Both studiesighlightedthe significance of high thermal stressle® to rapid cooling (P81 °C/s)on

thin-wall processabilitylncreasedn-procesgensilestresse promotemicro-crackng duringpart construction

Therefore, it is important to correlatee thickness effect on-process stress@sth themicro-cracking behavior

at the microstructure levebo far,no scientific studies have directly examined theceffethinwall thickness on
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micro-crackingand there exists no clear correlation between mimtacking and irprocess failurdor LPBF
processed parts

3.4.1.2Alloy Composition

Cracking literature presents the importance of material composition on the csaektshility of LPBF
processed Nbased superalloyd3,49,107,122]Fa instance, Chauvet et al. highlight hot cracking as the root
cracking mechanism in a high 6 -b&sied superalloy composed of Ti + Al wt% = BL8]. Borides (of the MB,

M2B and MBs type) rich in Cr and Mo are shown to reside along grain boundaries close to cracked regions (see
Figure 3-15(a) and (b)). The intergranular HAGB cracks in a sample sr&sctioned in the XZ plane parallel to

BD (Figure 3-16(a)) coincide with the presence of continuous liquid films, and dendritic morphologyi(gee

3-16 (b)), which accaoding to the terminology adopted Bection 3.2, reflect hot tearing and the onset of hot
cracking respectively. These lemelting point phases are formed due to the increased tendency of borides to
segregate to the grain boumigs [123], which lowers the solidus temperature and increases the solidification
range. Ashe solidification range increases, the susceptibility of the material to solidification cracking (or liquid
state cracking) increaseghis is especially important in laser melting because remelting of previous layers
promotes dissolution and cooling o&tmtergranular boride precipitates, which, in combination with low eutectic
wetting of the GB enhances the severity of microsegregation and aggravates cracking at the grain bdinedaries
uncracked region is claimed to have dimples and isolated liqajsdfigure 3-16 c)) linked to the coalescence

of secondary dendrite arrfs3].

Concetration, at.%

Distance, nm

Figure 3-15: (a) Borides (indicated by white arrows) at the Grain Boundaries of a-dligh-Biised Superalloy
with Ti + Al wt% = 8.6 Observed atthe TipofaCra@@Concent rati on ProBlnterlace Anal ys
Showing Concentration of Ni, Al, Co, Mo, B and Crdgd on Atom Probe Tomography (APT) Near Crack
Tips. The Red Shaded Region Indicates Suspected Liquid Film (Takeflfspm
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Another hareto-weld Ni-based superalloy, CM247LC (variant of R108), composed of Al + Ti wt% =
6.2, was manufactured by LPBF and subjettegostprocess heat treatments to determine the main causes for
cracking[107]. Evidence of DDC and SAC was shown through SEM images, and attributed to the presence of
carbides (se€igure 3-10 b)), observation of triple point cracks (s€égure 3-17 (a)) and void coalescence at
higher temperatures indicative of creep fracture Bgare 3-17 (b)) [107]. This shows that solidtate cracks
are also possible in high 6 -babed superalloys produced by LPBF depending on the thermal history. On the
contrary, Lee et a[122] show that segregatioof minor elements such as Ta and W contribute to lijio-
based cracking in the final stages of solidification of LPBF-M247 (Al + Ti wt% = 6.2%). The difference
between the cracked and crdcée region is clearly discernible as the crfigde regon does not exhibit any
elemental segregation.

Cracked
- e

Uncracked
- -

——
MRS SERRI SNERARERRAARARARREREY

Figure 3-16: (a) OpticalMicrograph Showing Macrostructure of Sample CiSsstioned in the XZ Plane
Parallel to the Build Direction along the Z Axis. The Tidalf of the Sample has Cracks and the Bottom Half
does not have Crack@) Fracture Morphology of the Cracked Region Showing Dendritic Morpholayy.
Fracture Morphology of the Uncracked Region Showing Dimples (Marked by Red Arrows) and Suspected
Isolaied Liquid Drops (Highlighted using Red Circles) (Taken fidaj).

Zhang et al[49] demonstrate the appearance of DDC cracks at GB triple p&iigisré 3-18 (a), (b)
and(c)) and at the bottom of liquation cracksdure 3-18 (d)). Cracking is attributed to high accumulated stress
at the GBs which occurs due t o tFigure 3118 (&))deiading to eavity on o f
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nucleation. Oxides richiAl are also observed near the triple points as showigimre 3-18 (c). Such behavior

is claimed to be a product of dynamic embrittlement (DE) and stress assisted grain boundary oxidation (SAGBO)
which is attribtied to short and long range diffusion of oxygen in front of the etiac]d9]. The authors make

this claim based on the deduction that the necessagitoons for inprocess LMD cracking are similar to that

of fatigue crack mechanisms.

Figure 3-17: Effect of PostProcessing obPBF CM247LC Cracking(a) DDC (b) SAC (Taken fronf107]).

All the examples described above signal the significance of alloy composition on cracking observed in
LPBFprocessed Nbased supelays. BothChauvet et a[13] and Lee et a[122] propose liquigstatecracking
as the dominant cracking mechanism duridgeam and laser processing respectiv@bnverselyBoswell et al.
[107] suggest that solidtate cracking is prevalent in pgsbcessed PBF parts. Others such as Zhang e{f49]
argue that DDC is observed it | i quati on or finbne bfdhese autharkpsovide Bl com@etee r
picture of the cracking behavior associated with kiglh -ba$éd superalloys fabricated biBF. Moreover, the
explanations for the claimed cracking mechanisms are not conclusive due to a lack of advancedaticabstru
characterization (such as APT or Transmission Electron MicroscdBM), thermomechanical modelling and

FEM-based modelling to further validate the claims.

For instance, the SEM images showing carbiéégufe 3-10 (b)) and boridesKigure 3-15 (a)) appear
the same, and Boswell et ElI07] do not perform high magnification microstructure characterization to show the
formation of fine M3Cs at elevated temperatures. They claim that the appearance of a Cr peak observed through
energy dispersive Xay spectroscopy (EDS) analysistbé cracked region is associated with the transformation
of MC to MasCs p | u ELO7D @n the other hand, Chauvet et[&B] are not able to clarify the exact reason for
the crack. They also suggest that unknown black regions (reféguoe 3-16 (c)) are entrapped liquid drops,
and the uncracked region shows signs of ductile failure. The latter proposition is not clear from the SEM image,

and further evidence is required to differentiate the cracked and uncracked regions. In both cases, the crack
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mechanism is not well definedna any thermodynamic analysis performed is not representative of the type of
crack formed (for example, the solute fraction determined by Chauvet{&8indicates hot cracking, not hot
tearing as claimed by the authors). This might also have to do with a lack of consistency in the terminologies used

to define cracking in materials processed by LPBF.

Finally, recall that the reasoningrfcrack category diversifications stems from old terminologies such
as fAsolidification crackod or Aliquation cr gapkrs 0, not
consideing solute fraction usthe ScheHGulliver equatiorf124,125] which assumes complete mixing in liquid
and nodiffusion in solid state. Most authors who present thermodynamic analyses use theGdhedr
equation to predict the lower bound for solidus and obtain a larger solidification temperaturd-cange:
equilibrium solidification, common ihPBF, Brody andFlemings[126] provide a better estimate of the actual
solidus temperature due the inclusion of a bacHiffusion coefficient during thermodynamic calculations.
Furthermorethere are many variants of highd -b&ked superalloys with very different alloy compositions
which could contribute to different cracking behaviors. Therefore, there is a significant need to distinguish
cracking regimes folLPBF-processed Nbased supeliays by implementing appropriate crack resolution

strategies through the means of advanced microstructural characterization and modelling methods.

Figure 3-18: (a) DDC observed at GB Triple Poirtb) Close-up Image of Triple Point Crackc) Presence of
NanometeiScale Oxide Particlddear the DDC(d) DDC Embedded in the Base of Liquation Crack Showing
Coarse MC Carbidddear the Cracked Region (Taken fr¢49]).
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3.4.1.3Vector Length

The effect of scan strategies IoRBF micro-cracking has been studied extensively by the likes of Carter
et al.[96], Cheng et al[127], CatchpoleSmith et al[128] and Li et al[117]. Island scan strategieBi§ure 3-19
(a)) have been recommendemldistribute the heating more evelf®6], while 45° line scanning and 67° rotate
scanning method have been implemented to reduce the effect of reheating on the previously prifi&¥]ayer
All three methods attempt to reduce the accumulation of thermal stéfimizing the possibility of crack
formation. However, there is limited literature directly demonstrating the effect ofdearrlength oh.PBF

micro-crackingand thinwall part inprocess failure

Fractal scan strategies with reduced vector lengths in the order of 1Gdgure(3-19 (b) and(c)) have
been suggested by Catchp@mithet al.[128] as means to increase bulk denskig(re 3-19 (d)) and reduce
crack length densityHigure 3-19 (e)). Uniform thermal strains are generated duthe mathematical area filling

strategy which reduces thermal anisotropy representative of contour and raster scans.

Li et al. [117] show that the thermal stresses in thialled parts built on a Ti6Al4V powder bed (see
Figure 3-20(a)) are influenced by the scan length. The neighboring geator produces the highésiperature,
and the second peak temperature is above the melting point, implying formation of a molten pool in the
neighboring region (se€igure 3-20 (b)). As scan length increasediet maximum temperature remains
unchanged, but the second peak temperature decreases as shayunerB-20 (c). This is attributed to wider
heat spread for longer vector lengths and more homogeneous temperddudéstidution for shorter vector
lengths. Asymmetry in heat flow increases the generation elindarm thermal strains resulting in increased

crack susceptibility duringPBF material processing.

Deficiencies in describing the miecacking mechaniss linked to the observed trend for scan length
versus temperature and thermal stresses prevents the reader from forming a clear connection between the residual
stress and crack formation. It is not apparent iftileemomechanicallyinducedstrains are @umulated during
solid-state or liquidstate, and further information is necessary to determine the location of void formation,
coalescenceand ensuing development into migrtacks. In addition, there appears to be no clear identification

for scan lendt cutoff in LPBF cracking.
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Figure 3-19: (a) Optimum Island Scan Strategy Determined by Carter @&jli 5 mm x 5 mm Islands with
Contour andRaster Fills. Fractal Scan Strategies Employing MathematicalRiigag Curves with Scan
Vector Lengths in the Order of 100 pf) Hilbert and(c) Gosper. Effect of Scan Strategy @) Bulk Density
and(e) Crack Length Density in the YZ Plane Parattethe Build Direction (Taken frorfi128]).
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Figure 3-20: (a) 3D FEM Model Showing a Single Layer ThAalled Part Built on Ti6Al4V Powder Bed. (b)
Variations of Temperature at Node 1, Node 2 and 3. (c) Temperature Variations at Node 2 for Different Scan
Lengths (Taken fronfL17]).
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3.4.2Knowledge Gars

Through thorougHiterature survey of failure in AM thiwall structuregkey works detailed in the
preceding sectionwithin this chaptey, thefollowing knowledge gaps weiidentifiect

1. There arsostudies on the mechanism foacroscalefailure of thinwall componentsMostliterary works
on LPBF thinwall structureselucidate the influence of wall thickness louild defects such as distortion,
surface roughnesand residual stressedhe presented studieslearly explain the significance ofwall
thicknesson final part qualityand printabilitybut fail to provide the underlying reasofor part failure
Industrially, it is widely understood that thimall structures faildue to inprocess cracking, buthis
hypothesishas not beeproven in literatureFurther studies on the mattean help better understahand
mitigate thinwall macroscalefailure.

2. No clear consensusn themicro-crackingphenomenaf high-o 6 -baééd superalloylsas beemeachedyet
Authors are primarily split between the solidification cracking (ligstate) and SAC (solidtate)
medianisms.To reduce micrecracking,improve printability and facilitate the development of the next
generation of superalloys for appliita in LPBF processes, the following untouched subjects must be
investigated in detail:

a. Theeffect of part geometry otihe micro-crackingmechanism remains unexploréche effect ofwall
thicknessandbuild positionalong the part height on micayackingphenomenois especiallypertinent
to thin-wall part design.

b. Theinfluence of alloy composition on the miactackingmechanisnhas not beewliscussedn depth
for a wide range of higly 6 -ba$ed superalloy$-or instance, lboys richer inhafnium can promote the
formation ofHf-rich carbideswhich could promote solidificatiofliquid-state)cracking Conversely,
alloys richer in Al and Ti are reported to exhibit thrain age(solid-state) cracking mechanism.
Advancedmicrostructural characterization andmericalsimulatiors must beconductedo isolae the

rootcauses and understand how to mitigaternalmicro-crackingmechanismin superalloys

3. Processing parameters can greatly affect the stresses and minimize LPBF buildidefextsr thereis no
known notable work on the effect tdser vector length on the microracking tendencieso-date The
continuousb7° scanrotationstrategyis widely considered the optimptocessingstrategyfor LPBF parts
However the effect otheoptimal scarstrategy has not beémvestigated for different part geometridésore
particularly,there are no studigeerformed orthecorrelation between scan strategies anadrttoeo-cracking
mechanismVector lengthmodificationis an easierand cheapeprocessalterationapproachto studythe
mitigation of micrecrackingtailored for LPBF thinwall parts
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Chapter 4

Research Overview

4.1 Reseach Strategy

To address the knowledge gdpghlighted inSection3.4.2 the research is broken down into five key
areasto explain LPBF thirwall build failure at the macraand micrescales with specialemphais onmicro-
cracking inhigh-o 6 -ba@$éd superallay The studies emplogxtensive experimaitand simulation analyses,

providing both metallurgical and mechanistic informatiorotiiain optimal thinwall part processability

4.1.1Analysis of theMacro-Scale Failure Mechanisms inLPBF High-o 6 -b&ked
Superalloy Thin-Wall Parts T Knowledge Gas 1&2, Paper 1, Chapter 5

This studycombines experimental amdimericaimodelling techniques to examine the causes of racro
scale failurein LPBF thinwall parts.In-process failurds quantifiel using thelimiting build heéght (LBH)
parameteithat defines the height at which the thiwall part aborts during LPBFabrication Microstructure
characterization and ststiical analyse are performed fotwo different types of higly 6 -babked superalys
covering the lower and upper extremesmiéro-cracking.Evaluation of micrecrackingis especially significant
asindustries have previoustyrrelated macracale failure to high microracking in thinwall parts Micro-crack
densities are analyzddr different wall thicknesset® determine if micrecracking is a dominant cause tbe
LBH. Numerical modelling techniques are employed to evaluate the effeepoddess stressestraingandpart
distortionon LBH. Experimental and simulation ressilarecompared and a theofgr macrescale failure in

LPBFbasedhin-wall parts is proposed.

4.1.2Explaining the Micro -Cracking Phenomenon in Higho 68li-Based Superalloy
Thin-Wall Parts Produced byLPBF i Knowledge Gap b, Paper 2 Chapter 6

Themicro-cracking mechanism in thiwall parts produced by LPBF is investiga@simicro-cracking
affects processabilitgnd dminishesfinal part quality The main focus of this work i® study the effect of part
thickness on micreracking. Experimental characterizatip image and statistical analysis, and numerical
modelling techniques are useduiaderstand the microracking mechanisni.he importance of stress triaxiality
on the micrecracking mechanism is demonstratesing numerical simulationsThe simulated restd are
correlated to experimental findings explaining the metallurgical factors responsible foranzsicking.A theory

for micro-cracking in LPBFprocessedhin-wall parts is proposelased on the results
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4.1.3Investigating the Effect of Build Position on Micro-Cracking in LPBF-Based
Thin-Wall Componentsi Knowledge Gap2a, Paper 3 Chapter 7

To further understand the significance of stress triaxiality on nuicoking, he effect obuild position
on microcrackingdensitiesis investigated usingxperimerdl and numerical simulation methodologidhe
LPBF process is known to exhibit variation nmcrostructureand generate iprocess stressedong the part
heightdue to the rapid heating and cooling effeGtse degree of change in miecoacking along ta part height
is examined using statistical methods and compared using stress triaxiality plots created using numerical
simulation methodsThe results agree well with theew thatstress triaxialitycausesnicro-cracking in LPBF
thin-wall parts

4.1.4Examining the Effect of Composition onMicro-Cracking in High-o 6 -Bhised
Superalloy Thin-Wall Structures Produced by LPBFi Knowledge Gap 2b,Paper 5
Chapter 8

This work elucidates the effect of composition micrecracking observed ihigh-o &Ni-based
superdbys processed with LPBF. Fabrication of crefcle parts are especially challenging for these alloys and
is further complicated by theapid solidificationprocess and fingcale geometriegepresentative of thiwall
componentsTwo differentalloyswithv ar yi ng | e v satestudied to exgdain tieetalturgioat factors
responsible for micra@racking.Experimental approaches are used to determine the-griack statistics fothe
two alloys under fixed processing conditiarsd wall thicknessAdvanced microstructure characterization tools

are employed to investigate the differencesampositions and their effects on the micracking behaviors.

4.1.5LPBF Thin-Wall Part Micro -Cracking Mitigation Using Laser Scanning
Strategiesi Knowledge Gap 3,Paper 4, Chapter 9

Due to the heightened significance ofdrocess stresses and stress triaxialities (as discussed in previous
sections), the effects of wall thickness and scan strategies onrghec#ss stresses, stress triaxialities, and micro
cracking propensities in LPBF high 6 -b&bked superalloy thiwall parts are investigated. A largeale design
of experiment (DOE) encompassing four different wall thicknesses between 0.25 mm and 1 mm and ten different
laser scan strategies are developed turmize microcracking. Experimental and statistical analyses are used to
explain the micrecracking tendencies for different build conditions. The experimental findings are linked to in

process stresses and stress triaxialities, predicted using numenidalling methods, to gain comprehensive

57



understanding of LPBF thiwall micro-cracking. Based on the presented findings, scan strategies to minimize

in-process stresses amitigate micro-cracking are proposed.

4.2 Research Map

To provide a holistic viewf the correlatiors betweertheresearch strategi€Section4.1), goal(Section

1.2), and objectivegSection 1.2), a research ap is presented ifigure 4-1. The inprocess failurestudy

presented irfChapter 5 (Paper 1xoversknowledge gapl and 2 whereas thenicro-cracking workspresented

in Chapter 6-Chapter 8 (Papers 2, 3 and Spverknowledge gap .ZThe effect of changing vector length on

micro-crackmitigation knowledge gap) is presented itChapter 9 (Paper 4).

( LPBF Thin-Wall W
| Build Failure J
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'd ™
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Figure 4-1: Research Mapemonstrating Correlations Between Research StratBgesented as Papers.
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Chapter 5
Anal yshMacoSa al e Mad hsamigeh PBF 10 g h
NiBased SulplreHNal | oPPart s

In this chaptera mechanism famacroscalethin-wall part failure during LPBF processing proposed
Experimental andumerical simulation techniques @amployed to evaluate the effect of micamd macrescale
factorsonpart failure Statistical toolsare used to evaluate the mianacking propensities of two different crack
susceptiblematerials.High-o 6 -babed superalloys are used as they are known to be susceptibierdo
cracking underapid solidificationprocessing condition®lumerical simulation approaches are used to depict the
effect of macroscale factors such as stresses, straind part distortion on part failur@&he experimental

observations are successfully verified usimgudated results.

The chapter presents an accepted manuscript of an article published in the Journal of Materials Science &
Technology.

Journal of Materials Science & Technology 98 (2022): 2233.https://doi.org/10.1016/j.jmst.2021.05.017
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5.1 Introduction

Laser powder bed fusion (LPBF) is a type of laser additive manufacturing (AM) technique that enables
costeffective production of parts with complex shajpé®,129] Aerospace applications such as serpentine
shaped turbine vanes and curved thil fuel nozzles have greatly benefited from the growth of LPBF
technologies worldwid¢30,130] Conventional fabrication of these critical aircraft components by casting and
welding technologs have empoyed hi gh g a mibased pupératays, Whictd providei high
temperature creep and fatigue strength coupled with excellent oxidation and corrosion regiSthri5]
Processing of these higitrength alloys through LPBF provides a promising route to construction ehatar

shape, tightolerance components capable of withstanding extreme environmental and loading cof@difions

The LPBF manufacturing process is complex and requires optimization of process parameters to
fabricate defeefree, highquality parts. Thirwall part fabrication using LPBF is especially challenging and the
thinnest parts successfully produceetitite measure 100 pb36]. Rapid solidification of small powder particles
[115] couldgenerate undesirable properties and consequently reduce final part irfiet®ity37,138] Internal
micro-cracking has been identileas a source of failure in LPB¥ased thiavall parts [15,28] Alloy
composition significantly affects iprocess micrarack formation in precipitatiostrengthened Nbased
superalloy$13,124,139] The formation of solidification and sofstate micrecracks are attributed to insufficient
liquid feeding andrittle grain boundary (GB) phases such as carbides and borides. Changes in macro properties
(such as stresses and distortion) between 0.25 and [l 1@7i40]wall thickness also contribute to part failure.
Thermal stresses develop from large thermal strain fluctuations induced by rapid heating and cooling of material,
which coud upset the overall stress balance and affect the final ddilj141] Part distortion has been attributed
to phenomena such asmperature gradient mechanism (TGMB8] and constraining foreeduced distortion
(CFID) [137,142] According to Yang et a[137], longer and taller thiwall structures are more vulnerable to
distortion due to inconsistencies in microstructures and melt pool boundaries. Despite concerted efforts in
identifying specific causes for part failure in complex LPBdSed structures, systematic studies on theréil

mechanism(s) in thiwall sections are yet to be conducted.

The aim of this study is to explore the effect of internal mararking, thermal stressemnd distortion
on the limiting build height (LBH) of LPB#based thirwall parts. Statistical imagenalysis and microstructure
characterization techniques are used to determine if internal-oriacking leads to part failure. Subsequently,
finite element modelling (FEM) is employed to determine stress distributions with respect to part thickness.
Finaly, displacements from experiments and simulations are compared to demonstrate the effect of distortion on
LBH.
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5.2 Experimental Procedures

5.2.1Materials

Two di ff er ebaded suderglioys, RENE N5 (R65) and RENE 108 (R108), were used for
high

LPBF.Bothalloyxs ont ai n hi gh Al

+

Ti

content
of 5.6 and 2906 vol3ymanfdradt2ZlomR1®fB8 H©ha%

and
a

Al

+

20
Ti

fraction of 63%474]. These alloys are categorized as crsgkceptible materials according to welding literature
[110]. The initial R65 and R108 powders were -g&smized by ATI Powder Metals and Powder Alloy

v ol

wt .

Corporation (PAC), respectively. Both R65 and R108 constitute of mostly spherical powder particles with a size

range (Qo-Dgo) of 1240 pm. The median particle sizess¢Pfor both R65 and R108 are ~19 um. Both powders

contain small fraction of satellifgarticles attached to larger particles. Sample images of the powder morphology

and particle size distribution (PSD) of R108 are showrrigure 5-1 (a) and (b), respectively. Chemical

compositions of both alloys argiven inTable 5-1. The elemental contents (in wt.%) were determined by

inductively coupled plasmaoptical emission spectroscopy (ICFES) at Activation Laboratories (ACTLABS

© Canada).

Figure 5-1: (a) SEMImage Showindgr108Powder Morphology(b) CumulativeParticle Size Distribution of
R108Powder.Both R65and R108had Similar Powder Morphologies and Particle Size Distributions.

Table 5-1: PowderCompositions of R65 and R108 in wt.%.
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5.2.2LPBF Printing

Parts were constructed using the AconityTM MIDI under the build conditions listédlile 5-2. A
design of experiment (DOE) including two different alloy compositiom®5 and R108 and three different
pat thicknesse$ 0.25 mm, 1.00 (1) mm and 5.00 (5) nimvas constructed. A thredimensional (3D) view of
the setup, including the three parts and the build substrate, is shown for one sampld-mate i5-2 (a). The
three thinwall parts (5 mm, 1 mm and 0.25 mm) were printed at the center of the build plate and had the same
scan orientations. Two repeats for both alloys were printed to demonstrate the repeatability of the experimental
results. Overall, four budl plates, one for each alloy and its repeats for the three part thicknesses, were used to

avoid build variation due to neighboring parts during printing.

Bidirectional scan strategy with a hatch angle of 15 degiigure 5-2 (b)) with respect to the part
thickness was employed to print the first layer and scans were not rotated for subsequent layers. All scans were
performed at an angle of 45 degrees relative to the recoating direction to avoid sample pripgndipaar to
the recoaterb6s movement. No further par ameter opt i mi
Finished parts with smaller wall thicknesses exhibited reduced LBiEsré 5-3), correspondingp the final part

heights after printing.

Table 5-2: Build Parameters for LPBIBased R65 and R10Bhin-Wall Parts.

Build Parameter Value
LaserPower, P (W) 200
ScanSpeed, v (mm/s) 1000
SpotSize, dpot (M) 120
HatchSpacing, h (um) 90

HatchAn gl e, d 15

PowderLayerThickness, t (um) 40
DesignatedPart Height (mm) 50

PartThickness, gt (Mmm) 0.25,1,5
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Figure 5-2: CAD Model of a Printed Platevith the Three ThiAwall Parts.In (a) 3D View and (b) Top View
Showing ThinWall Parts with Thicknesses 5 mm, 1 mm, and 0.25mm, RespectivelyThe Red Boxin (b)
Highlightsthe 5 Mm Thick Part witla Corresponding Clos&lp Image Showias an Inset.Blue Arrows

Indicate Bidirectional Scan Strateglya Hatch Angleof 15 Degreesvith respecto the Part Thickness,
Employedfor al the ThinrWall SamplesThe Laserwas Scannedt a45-Degree Anglevith Respect to the
Recoating Direction (Top Right).
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Figure 5-3: (a) As-Built LPBF R108Thin-Wall Parts Arranged in Ordef Increasing Thicknessg6.25 mm-

1 mmi 5 mm)from Left to Right. TheRed Dashed.ine Shows theVariation in LBH forEachPart. (b)

Exampleof a Specimen Takefromthe Center Regioaf a1 mm Sampldor Metallurgical Studies.

5.2.3Microscopic Characterization

Optical micrographs were analyzed to calculate the crack densities for the different conditions
considered in the DOE. Agrinted samples were e&tted from the build platéigure 5-3 (a)) and the YZplane
midsection Figure 5-3 (b)) was selected for metallurgical studies to avoid heterogeneities in microstructure at
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the part edges. Sectioned specimens were mounted, gremohgolished for microstructure observation. Final

polishing was performed using 0.04 um colloidal silica finish and the polished samples were viewed under the
Keyence VKkX200 confocal optical miascope.

Failure analysis of the dsuilt parts was performed under the JEOL JB8800F FEGSEM equipped
with an Oxford Instruments ¥lax 80 mm energy dispersive spectroscopy (EDS) detector. Key metallurgical

attributes such as pores, particles and lactusibn zones were identified to help explain possible sources of
failure associated with the LBHs observedrigure 5-3 (a).

5.2.4Image Analysis and Internal Micro-Crack Quantification

To determine internal microrackpropensity of the abuilt parts, crack area fractions were quantified
using the procedure outlined and showikigure 5-4. The crack area fraction (CAF) is defined as a percentage
of the total area of cracks in anage normalized by the image area. All samples were ground and polished five
(5) times to provide an adequate number of planes (approximately 1 mplariar distance) for CAF analyses.
The XZ plane was chosen to observe cracks along BD over a laegea@oss the part thickness. Total sample
image area was between 2.5 frand 32 mridepending on part thickness. More than 30 optical images per plane
were collected from the midsection of each polishedwai specimen. The image analysis program ledagas

employed to segregate the cracks from the parent matrix and compute the average CAF values with 95%
confidence levels for each sample.
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Figure 5-4: ImageAnalysis Process for Crack QuantificatiohR65 Thin-Wall SamplesTheRed Dots in The

Processed Image Indicate Cracks Identifigdmagel.
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5.3Modeling Methodology

Rapidly changing stresses cannot be extracted experimentally, thereforeptbedss thermal stresses
were predicted through finite elemt modelling (FEM) of thirwall parts with different wall thicknesses. The
ABAQUS-based FEM methodology proposed by Yang eflall] was used to simulate these stresses. Both
substrate and thiwall part were modelled with identical experimental setups. An example of a 5 mm thick sample
is shown inFigure 5-5. A simplified layerheating approach was used to reduce the computational time of the
simulations[143]. Each element layer was composed of 5 build layers (40 um powder layer thickness) in the
build direction. A sequentially coupled thermmechanical procedure was used to obtain thermal strains and
stresse§l44]. This method allows accurate prediction of mechanical results such as strain, stress and distortion
[145] according to Yang et g143]. RENE 65 was chosen to simulate the effect of thermal stresses on the LBH
phenomenon. Temperatudependent material properties of R65, including density, specific heat, fegat,

thermal conductivity, Youngdéds modulus, plasticity,

Printed wall

50 mm |{

Substrate

5 mm
z
(BD)
X Y
(Thickness) (Length)

Figure 5-5: The FEModel Geometry and Mesh of ThiWall Structure Printedn SubstrateMeshSizeis
Refinedfor the Printed Walbnd Coarsdor The Substrate.

Thermal analysis was performed with three steps for each elemerit @gposition, heating, and ceol
down. The heating time was determined by the laser interaction time with the powder (t), anditigeticoel
consists of both the time required to cool the powder (9 seconds) and the powder recoating time (1 seconds). The
simulation began with the build plate and sequentially activated each mesh layer using an activation time
resembling the real printingrocess. Each layer included 196 scanning lines lumped into one concentrated heat
source, which along with reduced number of model elements increases the time effii@hclyaser scanning
pattern was implemented using event series replicating the movement of the laser scanning strategy
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[141,146,147]Based on the mesh sensitivity study, four elements in the X direction and one hundred elements
in the Y diection were found adequate. The element type used for the thermal study was DC3D8. Build
parameters identical to the actual LPBF printing conditiofeble 5-2) were used to create the thermo

mechanical models. Stdard equations for heat loss due to convection and radiation accounted for the surfaces

exposed to the environmdii3].

After completion of the thermal model, the thermal history was imported as a predefined field in the
mechanical analysis to drive the prediction of thermal stresses and distortion in thealthparts. The
mechanical model mesh setwas identical to the thermal model. For the mechanical boundary conditions, all
the nodes on the substratesd surfaces [@B;fheeldmiented i n

type used for the mechanical model was C3D8.

5.4 Results

5.4.1Limiting Build Height and Internal Micro -Cracking

The effects of part thicless (PT) on LBH for R65 and R108 are showkigure 5-6 (a). Full build
height is achieved at 5 mm thickness for both alloys: the average LBH values are {13R85 mm, and (2)
R108i 47.92 mm. The small vatian in LBH for the 5 mm thick part is associated with inexact sample removal
from the build plate. As PT decreases below 5 mm, LBH average value also decreases: (a) at PT =1 mm, LBH
values were 31.62 mm and 31.17 mm for R65 and R108, respectively)atdP{b= 0.25 mm, LBHs were 8.70
mm and 9.95 mm for R65 and R108, respectively.

CAFs of R65 and R108 for part thicknesses of 5 mm, 1 mm and 0.25 mm are quanttiigarén5-6
(b). For both alloys, CAF is relatly stable at 5 mm and 1 mm and decreases rapidly at 0.25 mm. As PT decreases
from 1 mm to 0.25 mm, CAF decreases by approximately 99% from 0.462% to 0.006% for R65 and by
approximately 77% from 1.980% to 0.454% for R108. Alloy composition also signlficfects internal micro
cracking, as observed by higher CAF values for R108 compared to R65. As the material changes from R108 to
R65, (1) at PT =5 mm, CAF decreases by 80% from 1.781% to 0.352% , (2) at PT = 1 mm, CAF decreases by
77% from 1.98% to 08R2%, and (3) at PT = 0.25 mm, CAF decrease by approximately 99% from 0.454% to
0.006%. The large error bars for PT = 1 mriigure 5-6 indicate inconsistencies in internal mieracking due

to interplanar crackdensity variation.

Cracks for both alloys are aligned with BD as demonstrated by optical micrographs of parts with wall
thicknesses of 5 mmF{gure 5-7). However, the number of cracks in R108 are visibly higher fR&5.

Furthermore, the crack morphologies are straighter in Rgfue 5-7 (a)) and more serrated in R10Biure
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5-7 (b)). Micro-cracking in high gamma prime superalloyieas place by solidification and ductility dip cracking
[148].
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Figure 5-7: InternalMicro-CracksAlong BD in 5 mmThick (a) R65 andb) R108Thin-Wall Parts.

5.4.2Numerical Simulation of 3D Parts

SinceFigure 5-6 (a) demonstrates negligible effect of alloy composition on LBH, only R65 was chosen
for the FEM simulations. Three thimall parts were simulated to demonstrate the effect of part thickness on
LBH and equivalent stress distributidfigure 5-8). The simulations for parts with wall thicknesses @50mm
(Figure 5-8 (a)) and 1 mm[igure 5-8 (b)) terminated prematurely due to negative Jacobian matrices caused by
excessive mesh distortion, while the 5 mm thick gagyre 5-8 (c)) simulated to the full designated build height
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(50 mm) similar to the actual test runs. The 0.25 mm part simulation of distortion began experiencing convergency
issues at a height of 6.20 mm and consetiyi@borted at 8.50 mm. The correspondingbait 0.25 mm parts

failed at average heights of 8.70 mm and 9.95 mm for R65 and R108, respectivElgse®-6 (a)). Similarly,

the 1 mm part simulation first demdreted convergency problems at a height of 24.0 mm and consequently
aborted at 25.8 mm. The correspondindpast 1 mm parts failed at average heights of 31.62 mm and 31.17 mm

for R65 and R108, respectively (deigure 5-6 (a)).

S, Mises

(Avg: 100%)
+1.642e+09
+1.505e+09
+1.368e+09
+1.231e+09
+1.095e+09
+9.578e+08
+8.210e+08
+6.842e+08
+5.473e+08
+4.105e+08
+2.737e+08
+1.368e+08
+0.000e+00

(Length) (Thickness)

@) (b) (©

Figure 5-8: Simulated Von Mise$Stress Distribution in Fully PrinteddPBF Thin-Walled Structuresvith
Varying Thicknesse&) 0.25 mm,(b) 1 mm, andc) 5 mm. Thicknessesowerthan 5mm ShowLBH.

5.4.3Predicted Stress Distributions in 3D Parts

In-process stress distributions in the 0.25 mm, 1 mm and 5 mm parts were predicted using FEM
simulations. The stresses along the X (thickness), Y (length) and Z (BD) directions were investigateg.carefull
The stress distribution along BD is found to be more relevant since it helps capture the evolution of the stress
with respect to the LBH. The regions chosen to examine stress distributions in thalthparts are shown in
Figure 5-9. Stresses are computed at the edge and center within the midsection (pamedof each part as
shown inFigure 5-9 (a). The midplane was chosen because the temperature distributiorréshmmogeneous
in the middle. The lines were placed parallel to BD along the edge and center of the XZ plane as Blyusa in
5-9(b). Since the model applies the heat uniformly on each subsequent build lageesbealistribution through
the X and Y directions are symmetric. Therefore, only one of the edges was chosen to extract stresses near either

part edge. The stresses were extracted one second after the deposition of the final layer.
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Figure 5-9: (a) 3D CrossSection ofa5 mmThin-Wall Part Takeriromthe Middleof the Y Axis Showing
Centerand Edge Dashed Lines Usgat Extractionof Stress Data(b) CrossSection of the XZPlane Showing

theLocations othe ExtractedStresses and Demonstrating Symmetrical Stress Distributithre iRart.

Stresses were computed at a common restricted part height of 6 mm (corresponding to the height
observed in the 0.25 mm part) to develop a fair comparison between fardfferent wall thicknessegigure
5-10 (a) and(b) show Mises stress distributions computed at different positions after all parts grow 6 mm tall.
Stress plots along the part ed§ég@ire 5-10 (a)) show that the stresses are highest in the 5 mm part and remain
relatively constant at different positions along the restricted part height. The stress behavior in the central section
(Figure 5-10 (b)) indicates higher stresses in thinner parts at some locations near the final part height. For
instance, the stress taken at 5 mm along the restricted part height is around 900 MPa for the butis gag
MPa for the thicker 5 mm part. @erally, though, the stress component magnitudes are higher in thicker parts.

This is also observed in the X and Y directions (not shown here).

To determine the effect of-iprocess stress variations on LBH of thiall structures, it is necessary to
evduate the stress direction (tensile or compressive) for each part. The stresses along BD are coRigared in
5-10 (c) and(d) for the three thicknesses. The stress is compressive at theFégige 6-10 (¢)) and becomes
tensile closer to the centdfigure 5-10 (d)) for all simulated parts. Thicker parts have higher stresses near the
substrate and lower stresses near the top suiisses along the length (Y) direction are also shown for the
three thicknesses Figure 5-10 (e) and(f). These stresses are compressive and of comparable magnitude through
the part thickness. In some regiotignner parts (1 mm and 0.25 mm) have even higher stress magnitudes than
the thicker part. For example, the stresses extracted at 5 mm along the restricted part height are approximately
860 MPa for the 1 mm part and 600 MPa for the 0.25 mm part, compebd® MPa for the thicker 5 mm part.

69



1600 1400
—025mm —I1lmm —5mm —025mm —I1lmm —5mm
1400 1200
_ ] -
7 1200 F om0
2, 1000 - =
z 2 800
Z %
£ o £
7] @ 600
g 60 g
= 400 s
200 - 200
0 - . . 0 : i
0 1 2 3 4 5 0 1 2 3 4 5 6
Position Along Restricted Part Height (mm) Position Along Restricted Part Height (mm)
(@) (b)
300 1200 =
—025mm —I1lmm —S5Smm —0.25mm —I1mm —5mm "
100 ; ; ; ; ; 1000 = o 8
56 5. X K 1
100 1 2 3 T — 6 57 58°3.9 ”-w ;
| 800 =
o Rasition () 1
—_— _— 'osition {(mm \
T sy £ 600 \\\ \
= 700 = \ \
= 400 . '
w900 - o N .
N \
-1100 | 200 - SO\
~ A
-1300
0 = : : : . . 7
-1500 1 1 2 3 4 5N
-1700 200
Position Along Restricted Part Height (mm) Position Along Restricted Part Height (mm)
(c) (d)
300 400
—025mm —Imm —5mm —025mm —1mm —5mm
100 200
» ; ‘ ‘ ‘ RINY
-200
E -300
400
£ -500
& -600
w700
-800
200 -1000
-1100 1200
-1300 -1400
Position Along Restricted Part Height (mm) Position Along Restricted Part Height (mm)
(e) )

Figure 5-10: SimulatedStresses of Thiwall Partswith Different Thicknesses Extracteti(a),(c),(e)the Edge
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Stresse®bserved in thé&inal Layers for thelhinner 0.25 mm and 1 mParts. TheStress Distributions were

Taken aDifferent PositionsAlong theBuild Direction asShown inFigure 5-9.
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5.5Discussion

Analysis of the experimental results indicates no correlation between the internalcraicks and
LBHSs. Internal mico-cracks are parallel to BOF{gure 5-7) while LBHs result from failure perpendicular to BD
(Figure 5-3 (a)). Parts with thinner walls have fewer internal micracks and lwer LBHs, while parts with
thicker walls have higher number of cracks and larger LBHs. Furthermore, when the alloy composition changes
from R65 to R108, there is a significant increase in crack quantity but negligible change in LBH. These findings
suggesthat LBH primarily depends on thickness and is minimally affected by the build material and internal
micro-cracks.

In general,Figure 5-8 and Figure 5-10 show that stressesre higher in parts with thicker walls.
Considering the successful build completion of the 5 mm part, it is evident that the stress magnitude is not the
most important parameter contributing to part failure. Accordingly, the top surfaces of the faiseD 2drtmm
and 1 mm) do not exhibit features associated with fractures observed in metals. An example of a SEM image
showing the top surface of a R65 part with a wall thickness of 0.25 mm is shdugune 5-11. The surface
exhibits features associated with the powder melting prd®&s%49,150] Lack of fusion zones (red box in
Figure 5-11 (a)) and track irregularities (black arrow igure 5-11 (b)) represent typical solidification defects
in the LPBF process. In additiofjgure 5-11 (b) shows dendritic morphologies depicting solidified regions.
These observations show that the LBH phenomena is not associated with a conventional fract[k®Ifode

Y LAy
P
(Length)

L :& g .

(Mhicknesd™

Figure 5-11: Top Surface SEM micrographs of 0.25 mbhick R65As-Built Thin-Wall Part Indicatinga (a)
Lack of Fusion Zonand(b) Track Irregularity Surroundeloly Dendritic Features Showing Material
Solidification.

In thin-wall structures, the stress direction (tension versus compression) plays an important role in the

stability of the structure. Long and slender members are susceptible to lateral deflection when subjected to
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compressive loading. To explain the LBH obsehin thinner parts during LPBF processing, two factors will be
considered in the following sections. Firstly, the effect of part thickness on stress state will be discussed. The
crosssection area affects the cooling rate angriocess stress distribution the part. Secondly, the effect of in
process local distortion on the final built part integrity will be discussed. Thinner walls can support less stress and

are more susceptible to warpage during LBPF.

5.5.1Effect of Part Thickness on Stress Rate

Closer ewluation of the stresses at different positions along BEigare 5-10 (c) and(d) shows fully
compressive stresses aligned with BD in the last deposited layers (from theFédges-10 (c)) to the center
(Figure 5-10 (d)) in the thinner walls, as observed at a height of 5.8 mm for the 1 mm and 0.25 mm parts. The
inset inFigure 5-10 (d) shavs compressive stresses of 105 MPa and 20 MPa in 0.25 mm and 1 mm parts,
respectively. Conversely, the stress along the center reaches approximately zero at the same height for the 5 mm
part. A top view (XY plane) of the last layer deposited at 6 mm haight is shown ifrigure 5-12. In the 5 mm
part, most of the crossection is under tensile stress along the BD and a small area along the edges is in
compression. On the other hand, the entire surface of thexr2&nd 1 mm parts remain in compression one

second after the completion of the build.

The simulation results showniigure 5-10(e) and(f) also indicate that the parts are under compressive
stresses of similar ngaitude along the Y direction for all part thicknesses. Compression from the Y and Z
directions in the last deposited layer constrains the thinner parts, favoring warping along the X direction.

X (thickness)

y

Figure 5-12: StresDistribution in the XY Plane of the_astLayersTaken at 6 mnBuild Height. It
Corresponds to thnsetRegion inFigure 5-10 (d). TheRed andBlue ColorsHighlight RegionsUndergoing

Compressive an@ensileStressesRespectively.
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5.5.2Effect of Part Thickness on Local Distortion

To evaluate the effect of lateral deflection of the parts on LH#lre 5-13 shows the maximum part
displacement in the X direction as a function of positiongthe unrestricted part height for the three thicknesses
investigated in this study. These displacements are measured after the deposition of each layer up to the part
surface. Each data point represents the maximum displacement extracted fromréhpagntip to a position
along the unrestricted part height. For instance, in the 5 mm part, the maximum displacement for the entire part

at 10 mm of the build height is around 0.04 mm.

The maximum displacement in the 5 mm part increases rapidly up o laefght of approximately 4
mm and remains relatively constant afterward. For the first built layer, the heating mass increases due to the
specific heat capacity. When a new layer is added to the structure, it conducts heat to the previous layexg increasi
the total mass contributing to the distortion of the part. As the build progresses, the heat affected zone reaches a
constant mass leading to the steady state displacement regime obseRigdrén5-13. The stedy state
displacement is smaller in thinner parts as the mass of material that is undergoing contraction during cooling is
smaller.

Experimental LBH Experimental LBH
for PT =0.25 mm for PT =1 mm

—0.25 mm
—1 mm
—5 mm

0.06 |

0.04 |

Maximum Part Displacement
Along the X Direction (mm)

0 1II] 2I0 30 4I0 50
Position Along Unrestricted Part Height (mm)
Figure 5-13: Maximum Part Displacemenilong the X Part Thickness)Direction as aunction of thePosition
Along theUnrestrictedPart Height SeeFigure 5-12 for ReferenceAxes). Thredifferent Part Thicknesses
(0.25 mm, 1 mm, and 5 mm) aBemparedere. TheExperimental LBHValues are alsblarkedUsing
Dashed.ines.
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The displacements rise sharply in the thinner parts near the final part height due to high distortion in the
top build layers. Closep images of distortion observed in thepamted and simulated cases for the 0.25 mm
R65 thinwall partare shown irFigure 5-14 (a) and(b). In both cases, major distortion is observed close to the
prematurely terminated built height. igure 5-14 (a), the distortion along direction near the part surface is
exemplified by the redlashed line indicating displacement of the center {dashed) line. This coincides with
the compressive stresses constraining the thinner parts inZhdiréctions as explained Bection5.5.1 The
simulated 3D model ifrigure 5-14 (b) also displays warfike distortion along the Xirection and significant

distortion near the terminated part height.
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Figure 5-14: PartDistortionObserved in the R68.25 mmThin-Wall Part in (a)As-Printed and (bsimulated

Conditions.

The propensity of a thiwall partfor distortion can be angtedwith the slenderness rat{@y. The

slenderness ratio is the critical geometrical factor for calculation of the Euler buckling defined as

¢

oy (5-1)

~| <

where the effective height of a fixed free suppodg (& twice the LBH of the part. The average LBH shown in
Figure 5-6 (a) is used for buckling calculations. The radius of gyratiohi§ calculated from the second moment

of area (I) as

i -8 (52
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The lowest ik and |y values are used to determine the slenderness ratio. Finally, the area (A) represents the cross
sectional area of the-X plane.

The slenderness ratios for R65 and R108 are showalie 5-3. The reduced LBHs observed in the
0.25 mm (~9 mm LBH) and 1 mm (~31 mm LBH) parts are associated with similarly high slenderness ratios of
~215 and ~275, respectively. The 5 mm parts have a much lower~+&6d €ven though the effective height
used for the calculation is much higher (~47 mm). This clearly demonstrates that the thinner parts are more

susceptible to buckling during LPBF and that the LBH correlates well with the slenderness ratio of thidpart bu

Table 5-3: SlendernesRatios for R65 and R108hin-Wall Parts.

Part thickness Slenderness  Slenderness

(mm) ratio (R65) ratio (R108)
0.25 241.1 275.7

1 219.0 215.9

5 65.7 66.4

5.5.3Effect of Thin-wall Distortion During LPBF

The simple FE models presentedrigure 5-8 are valuable means to estimate the LBH phenomena. The
built heights derived from the three model predictions of distortion for part failure matchvitelneasured
LBH values for actual abuilt thin-wall parts (~95%, ~86% and 100% accuracy for the 0.25 mm, 1 mm, and 5
mm R65 parts, respectively). When lateral bending begins in the parts due to buckling, the new layer becomes
shifted from the previouslane. This causes the compressive stresses to be applied off the centerline of the part
leading to more distortion. The model cannot capture the excessive distortion generated in the thinner walls.
Hence, the simulation underestimates the maximum buighhassociated with the part thickness as discussed
in Section5.4.2

In real life, this mechanism would likely cause part failure due to excessive stress applied on the side of
the parts. However, the LBH obsed/in thirwall parts is not caused by a fracture mechanism, as discussed
previously. Hence, the LBH cannot be caused solely by the buckling observed during the simulation. During
LPBF manufacturing, the subsequent layers become harder to build wherdiafgaement of the solid section

happensFigure 5-15 (a) shows that a new layer cannot be placed on the previous layer of the build when the

thinnwa | | di splaces by U0 in the X direction. Thus, t hel
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previously printed layers. Accordingly, the build becomes staggar&ijure 5-14 (a) when the part begins
bending along the >éxis, ultimately leading to part failure. This effect becomes less detrimental when part
thickness increases. If the wall thickness showRigure 5-15 (a) becomes four (4) times largdfigure 5-15

(b)), the new layer would be printed and overlapped on top of the previous layer and the printing process would

continue.
() o (b) o
— — —
qu—' New [ ]

i Printed Center Line of ——————p{ 4—— Center Line Of

i Layer the Printed Wall New Printed Layer
Printed
Thin Wall 4X Thicker Part

| D
Substrate Substrate

Figure 5-15. Schematiddemonstrating th&echanismAssociated withLimiting Build Height inThin-Wall
Parts. ThinnePartslike (a) areMore Sensitive toDisplacement in XCompared tdrhicker Partslike (b) 7 4X
Thicker than(a).

5.6 Conclusions

The effect of part thickness on the LBH in LRB&sed thirwall structures was investigated. The
materials studied were chosenfortwoht)dve | d  h ibgahs eodd sNuiper al l oys with diffe
fraction to initially identify differencesni internal micrecrack mechanisms and later determine LBH in as
processed thiwall parts. Asprinted samples were examined at the microscopic and macroscopic levels for both
alloys to discover the causes behind reduced LBH observed in thinner walls.nTdirepotential sources of

failure were studied internal micrecracks, inprocess stresses, and part distortion.

The internal micrecracks were significantly affected by alloy composition and part thickness, and were
all aligned parallel to BD. The R1G&amples had higher internal miezcacks than R65 and the thicker walls
exhibited higher crack densities. These results indicated no correlation between reduced LBH and internal micro
cracking. FEM simulations of the stress distributions along the buiitghtseof R65 thiawall parts showed that

the stress component magnitudes also do not contribute to LBHs as the stresses generally increase with part
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thickness. Analysis of surface morphology showed identical surfaces for bottbdillyand failed thirwall

parts. These results showed reduced LBH is not related to fracture mechanisms.

Experimental observations coupled with FEM simulations showed reduced LBH is a disteldied
build problem in asuilt thin-wall parts. Higher irprocess distortion reka in subsequent layer misalignment
with the part centerline as the build progresses along the part height, causing LBH. Walls thinner than 5 mm were
found to be more susceptible tepnocess distortion in the current study. A combination of compressagses
in the length (Y) and height (Z) directions is observed in the last layers of the thinner walls. The unbalanced
stresses constrain the thinner parts leading to warpage, hence reducing LBH. It is suggested that thinner wall
sections in complex AMamponents are designed carefully with respect to part geometry and build parameters.
Thereupon, the slenderness ratio appears to be a valuable tool to evaluate the propensity for lateral deflection and
LBH in thin-wall parts. To reduce the distortion amdrease the build to design height ratio, it is also important
to reduce the variation of thermal stresses and strains during processing. This can be achieved by reducing the
thermal gradients and cooling rates, which affect the-whilh parts more sevegethan the thicker parts. For
example, the scanning strategy, substrate temperature or part width are among engineering solutions that can
reduce the thermal constraints and increase the LBH.
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Chapter 6
Ex pilnaitnhgei cMCoacki ng Pheéln gobeiBasedn
Superal Way | THPRao d boye d PBF

In this chaptera mechanism foinherent micrecracking inthin-wall parts during LPBF processmis
proposedbased onboth experimental and numerical simulation methddgcro-cracking is a sgnificant
challenge as iadversely affects theart processabilityand quality.This is especiallyrue for hareto-weld Ni-
based superalloys and thivall structuresused in aerospace applications suctudsine vanes and fuel nozzles
Microstructure baracterization and statistical analytsisls areused to quantify micraracking fora higho 6 - N
based superallgyRENE 108, for different wall thicknessésivanced microstructure characterization techniques
are used to identifypnetallurgical factors (such as phasesgponsible for micr@racking.Numerical simulation
approaches are ub¢o predict the stresses and stress teliies at the layer and beam scal@be experimental

observations are successfully verified using simulated results.

The chapter presents an accepted manuscript of an article published in the journal Materials Today
Communications.

Materials Today Communication80 (2022)https//doi.org/10.1016/{.mtcomm.2022.103139
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6.1 Introduction

Laser powder bed fusion (LPBF) additive manufacturing (AM) is of grdarest to automotive,
aerospace and medical industries for neasshape metal part fabricati¢®0,152,153] The LPBF technology is
especially useful for fabricatingpmplex serpentinshaped cooling paths in combustors, diffusors, and nozzles,
prevalent in the aerengine and gas turbine power industries. Such components are conventionally produced
using stamped sheet metals, composed of cast or welded-baded Ki-based) superalloys, at low yields and
high costs. Befittingly, LPBF offers a viable alternatiltee to added design flexibility and higher part tolerances
(0100 Om) at increased production s pe[EdK5] bowdverr educed
studies highlight significant manufacturing challenges, which must be overcome to successfully produce thin
metallic part4120,156,157]

Wu et al.[120] reported difficulties in producing parts with wall thicknesses smaller than 300 pum.
Material shrinkage and scan strategiesdafthe final wall thickness and-asinted part quality. Part distortion
has also been identified as a major challenge in the fabrication ef#licomponents. Yang et 4lL37] found
that longer and taller structures are more susceptible to distortion due to larger variaiimostracture, while
Ahmed et al[119] demonstrated larger distortion for thinner parisn@rsely, Brown et aJ140] suggested that
parts thinner than 0.25 mm are not feasible for fabrication due to high surface roughness and imperfections.
Furthermore, Chakraborty et.4lL58] recently showed that the limiting buildeight (LBH) effect must be
considered for varying part thicknesses. Smaller LBHSs for thinner walls are attributed to part distortion and larger
slenderness ratios. Hence, the wall thickness must be controlled carefully to maintain part integrity during

processing.

Furthermore, common LPBF material defects, such as porespfidokion voids, spatter particles and
micro-cracks, can negatively influence mechanical properties, bulk density, and final part integrity. Pores can be
generated due to high poweensities, gas entrapments or insufficient melt pool penetration into the previous
layers during buildind42,159] Inadequate melt pool penetration can also produaegated laclof-fusion
voids, which are much larger than the-graduced porositiegl60]. In addition, spatter particles can be produced
in high power densities due to high recoil pressure resulting in ejection of molten droplets from the melt pool
[161]. Micro-cracking also occurs due to stresses which accumulate along the grain boundaries due to the rapid
heating and cooling of the surrounding material during processing. Defects can be minimized by selective
manufacturing opowder with optimized rheology, morphology and particle size distribution (PSD) to improve
powder flowability, packing density and thermal conducti{it§2]. For thinwall part fabrication, fine spherical

powderswi t h medi an sizes (D50) between 16 em and 24 e&m
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layer thicknesseEL15]. Provided optimal powder characteristics for the construction ofwhlhparts, micre

cracking is difficult to eliminate for hartb-weld materials processed using LPBF.

Several micrecracking mechanisms have beenreportedintitera e f or hi gh -gagechma pr i n
superalloyd13,96,139,146]Laser processing parameters strongly influence nuok formation during part
fabrication. Carter el. [96] observed different microracking mechanisms by varying laser scanning conditions.

The authors proposed that lower energy densities are linked to straightcnasicks aligned with théuild

direction, while higher energy densities promote #peldl microcracking. The melpool micrecracks were

shown to be more sensitive to energy density variation. Li ia¥] modified part lengths to examine the
influence of scanning length otrasses. The authors demonstrated larger stress variation with increasing scanning
length. Cheng et a]127] performeda detailed study on the effect of scan strategies on stresses and deformation.
The authors found that the scan vector angle and interlayer scan rotation affect the residual stresses and the heat
distribution. These studies show the importance of lasempeters on heat distribution, residual stresses, and
micro-cracking, but they do not consider the effect of part thickness, which can alter the scanning length and the
thermal gradients during processing. The effect of part thickness on-enémking lar@ly remains unexplored

and requires thorough investigation.

In this study, the effect of part thickness on the mawacking mechanismina LPBr ocessed hi gh
Ni-based superalloy is investigated using microstructure characterization and numeridahgnta#niques.
Statistical crack analysis is performed to quantify and categorize -griactis observed in the microstructure.
Scanning electron microscopy (SEM), transmission electron microscopy (TEM) and electron backscatter
diffraction (EBSD) are enipyed to assess mictrack morphologies, evaluate cooling rates and identify phases
assisting micrecrack formation and growth. Finally, finite element modelling (FEM) methodologies replicating

the experimental conditions are developed to simulate theoitess stresses and stress triaxialities.

6.2 Experimental Procedures

6.2.1Materials

The cracksusceptible Nbased superalloy RENE (R108), comprised of 6.15 wt.% Al+Ti content and
63% 20 Vol [dneas tisedaacfdbiicatenLPBfased thirwall structures. Gaatomized R108 powder
provided by Powder Alloy Corporation, consisting of mostly spherical powder particles with a size range (D
Dgg) of 1240 pm and median pécte size (o) of ~19 pm, was used for this study. Thereseived powder
contains a small fraction of satellite particles attached to larger particles. Images of the powder morphology and

PSD are shown ifigure 6-1 (a) and(b), respectively. Chemical composition, including contents (in wt.%) of
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the alloying elements determined by inductively coupled plasamdical emission spectroscopy (IEFES) at
Activation Laboratories (ACTLABS © Canada), is provided'able 6-1.
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Figure 6-1: (a) SEM ImageShowing R108PowderMorphology.(b) ParticleSize Distribution of R108
Powder.

Table 6-1: PowderComposition of R108 in wt.%.

Ni Cr Co Al Ti Ta W Mo Hf B Zr C

Bal. 8.64 10 53 0v5 3.02 1003 053 087 001 001 0.01

6.2.2LPBF Printing

In this study, thirwall parts were directly built on a stainless steel substrate in an ABbMIYDI LPBF
printer using the build parameters giveTable 6-2. The parameters were selectively chosen to achieve optimal
final part quality with minimal defects such as pores, vadsl micracracks. A threalimensional3D) view of
the full setup including the parts and the substrate is showigime 6-2 (a). Bidirectional scan strategy with a
hatch angle of 75 degredsigure 6-2 (b)) to the thickness axis (X) was utilized to print all build layers and no
scan rotation was employed between layers. The laser was scanned at an angle of 45 degrees relative to the
recoating direction to avoid processing the parts perpendicular to the reéoate mo v e me nwallparEhr ee t h
with wall thicknesses of 5.00 (5) mm, 1.00 (1) mm and 0.25 mm were used, and a single sample was printed for
each condition, as shown kigure 6-2 (b). The design part height amddth for each specimen was maintained
at 50 mm. The thickest part reached the design height, but the 1 mm and 0.25 mm parts failed at LBHs of 30.12
mm and 9.53 mm, respectively. The cause for reduced LBH in thinner parts is explained in detail byottigakrab
et al. [158]. According to the authors, tHeBH effect is repeatable for different wall thicknesses under fixed
processing conditions.
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Table 6-2: Build Parameters fot PBFBased R108 hin-Wall Parts.

Build parameter Value
Laser power, P (W) 200
Scanspeed, v (mm/s) 1000
Spot size, got( € m) 120
Hatch spacin 90
Hatch angl e 75
Powder | ayer t 40
Designated part height (mm) 50
Part thicknesspdi: (mm) 0.25,1,5

(b)

Recoating
Direction

b4
<'(Length)
X

X (Thickness) Not to Scale

Figure 6-2: PrintModel of LPBFThin-Wall Parts in(a) 3D View and(b) Top View Showing Thin-Wall Parts

with Thicknesses of 5 mm, 1 mmand 0.25 mmRespectively. Th&edBox in (b) Highlights the 5 mnThick
Part with aCorrespondingCloseUp ImageShownas annset. BlueArrows Indicate Bidirectional Scan
Strategyat aHatch Angleof 75 Degreeawith respect to th@art ThicknesEEmployed forAll the Thin-Wall

SamplesLaserScanning isPerformed at a 4begreeAngle Compared to th&®ecoating Direction (dp Right)
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6.2.3Microstructure Characterization

6.2.3.10ptical Microscopy

The asprinted parts were removed from the build plate andwhait sections, 5 mm x 15 mm (length
Y x heightZ) in dimension, were extracted for metallurgical sample preparation. Due tartfiegvL BH values
and to evaluate the effect of part thickness, centtatigted regions along the XZ plane were taken at different
heights (24 mm for 5 mm, 15 mm for 1 mm and, 4.75 mm for 0.25 mm) with respect to the base plate. The center
location was bosen for microstructure analysis to avoid microstructure heterogeneities generally observed near
the edges and in the vicinity of the base plate. All specimens were mounted, ground, and polished using standard
metallography methods. Final polishing wasrfprmed using 0.04 pum colloidal silica finish and the polished
samples were viewed under the Keyence VHX7000 digital microscope. Optical micrographs were analyzed to

calculate statistical microrack attributes such as crack densities, lengths, widttssaentricities.

6.2.3.2Scanning Electron Microscopy

As-polished samples were etched with glyceregia (15 mL HCI, 10 mL Glycerol, 5 mLsHdMNALO0 s
to reveal melt pools, dendrites, and micracking tendencies. Microstructure characterization was performed
using a JEOL JSM600F field emission gun SEM (FEEEM) equipped with an Oxford Instrumentshkax 80
mm EDX detector. Low, medium, and high magnification SEM micrographs were obtained to examinre micro
crack morphologies for different part thicknesses. Elealeahalyses were performed using EDX at an
accelerating voltage of 10 kV, beam current of 1.9 nA
phases in the gsrocessed microstructures. Advanced microstructure characterization was congicte a
Thermo Scientific Quattro Environmental FESEM equipped with Thermo Scientific Lumis EBSD detector.
Five different regions from the 5 mm, 1 mm and 0.25 mm parts were analyzed at an accelerating voltage of 20
kV using a step size of 200 nm to gesite EBSD plots with respect to the build direction (BD). The EBSD data
was further processed using TSL CGMcoupled with a MATLAB script to obtain maps showing grain
misorientations (GMOs) and kernel average misorientations (KAMs). KAM maps illustrateavterage
intragranular misorientations and serve as good indicators of strain in crystalline materials. The acquired data was
used to identify differences in local and intergranular misorientations, and qualitatively analyze strain

distributions at higtangle boundaries (HABs) for different miecoack morphologies.

6.2.3.3Transmission Electron Microscopy

A 1x3 mm XY section near the center position along the part height ofrindésd 1 mm thick part
was extracted, mounted, ground and polished using sthntallography methods. The XY plane was selected

to allow the use of the IHbut method in focused ion beam (FIB). A final sample thickness (alongdivecion)
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of around 1 mm was achieved using a Gatan disc grinder. TheSEHMGwas operated in seatary electron

(SE) and backscatter electron (BSE) modes to select a region containing a HAB close to@aticrdhe

specimen was fixed to a copper-liftut TEM grid, and a thiniXx&Zm¥)lwasa (5 e&m
selectively extracted usireg HITACHI FB-2000A GaFIB. Microstructure on the lamella, perpendicular to the

XY plane, was examined using a JEOL 2100 FEEM, equipped with an Oxford Xplore TEM EDX detector.

Imaging and phase analysis at the HAB was performed at 190 kV in both donaeEM and scanning TEM

(STEM) modes.

6.2.4Image Analysis and Internal Micro-Crack Quantification

Image analysis software, Imadé2], and custom VB scripts were used to digtiish micrecracks from
other characteristics such as pores, voids, and contaminations through comprehensive examination of around 500
optical micrographs taken from the-pslished specimen (s&ection 6.2.3.). Feature parameters such as area,
ellipse minor axis length, aspect ratio, circularity and roundii€83 were used to filter out hunwanted defects
and extract only micrarack statistics. Feature areas less than 1560minor axis lengths less than 5 um, aspect
ratios less than 2.5, circularities less than 0.5 and roundness values less than 0.4 were chosen based on the selected
images. Micrecrack lengths and widths were calculated by averaging maximum feret and minor axis lengths of
the filtered features over each optical micrograph.

Internal micrecrack propensity for different thicknesses were obtained by computing eraek
fractions and crack count densities using the procedure outlined previo{s58inCrack area fraction (CAF)
is defined as a percentage of the total area of ruixoks per image normalized by the image area. Crack count
density (CCD) is defined as the total number of mimracks per image noralized by the image area.
Furthermore, crack eccentricities were calculated to distinguish 4miaok morphologies for different
thicknesses, as done [[b64]. Eccentricity (ECC) is defined as a function of the mirgrand major axisc)

lengths of a ricro-crack, and is given by:

| €

066 p —hHQEd dh (6-1)

€

where he low ECC values (minimum near zero) indicate circular micagks while high ECC values (maximum

1) represent eloraged needlshaped micreracks.

All samples were ground and polished five times to generate an adequate number of planes
(approximately 1 mm inteplanar distance) for microrack geometry and density analyses. Micrack

guantification along BD acroghe part thickness was fully captured by performing image analysis on the XZ
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plane. Cumulative sample areas of 18.75?n#B mnt and 375 mrhwere used for the 0.25 mm, 1 mm, and 5
mm parts, respectively. Over 150 centraljuated optical images (30 pelape) were analyzed to compute

micro-crack quantities including 95% confidence levels for each sample.

6.2.5Primary Dendrite Arm Spacing

Four 5000X magnification BSBEM images, from different cradkee regions near straight columnar
dendrites, were taken #te center of the LBH where the crack analysis was performed for eaehahipart
(seeSection6.2.3.]. These regions were located centrally within the melt pool to allow easier quantification of
dendrites. The images weneadyzed using the linear intercept metlip@5,166]to determine the average primary

dendrite arm spacing (PDAS) values the parts.

6.3 Modeling Methodology

The effect of varying wall thickness on-fmocess stresses is evaluated using the FEM technique.
However, the simulation of the entire part at the laser beam scale is not feasible because of the computation time.
The LPB- process covers a large length scale, from the laser spot size (50 um to 250 um) to the final part scale
(centimeter range). Accurate modeling of thepmcess microand macroscopic thermmechanical behavior
using the finite element (FE) method reqaigeminimum of 1®elements and increment tinfie67]. In order to
overcome these limitations, two FE models are used to simulate the material behavior ardheamd

macroscopic scales in this study.

For both models, some common conditions are employed. Convective and radiative heat losses are
incorporated for all surfaces exposed to the external environment, having a temperature of 25 °C. The convection
coeficients are adjusted to the part geometry following the procedures described bgt@h§l68] to account

for the conduction between the solid build material and the surrounding powder bed.

Temperaturedependent material properties of R108uiing density, specific heat, latent heat, thermal
conductivity, Youngos modul us, pl astici tylependentd t her
thermal properties between room temperature and 1400 °C were kindly provided by and proprig¢smsr&d
Electric, while the mechanical properties below 1150 °C were taken from Martif3l.Forthe mechanical
properties above 1150 °C, constant yield strength and ultimate tensile strength values were taken from Kissinger
et al.[170]. The implicit solver in ABAQUS is used for both thermal and mechanical modéis.output from
the thermal model is fed intbé mechanical model to obtain stres®in properties. This method allows accurate

prediction of mechanical results such as strain, stress and dis{@in
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6.3.1Beam Heat Source Model

For the microscopic evaluation of-process stresses, a beacale model is developed. The laser beam
heat source is simulated using the exponbyti@caying mode]171]. The heat input model and phase transition
were implemented using DFLUX andSDFLD subroutines. The framework and details of implementation are
explained in[172,173] Results are computed using a sequentially coupled thereobanical modelling
procedure similar tfil44]. The geometry of the model includes both powder and solidified layers sized 2x1x0.25
mm as shown iirigure 6-3 (a). Based on a meslessitivity study, the region interacting with the laser requires
el ement sizes of 301 1[@73MLI0addition, coarser efementsiresaauses tbr régions
further away from the laser track. The element types for the thermal and mechanical models are DC3D8 and
C3D8, respectively. These are fully integrated brick elements formulated lisear shape functions
implemented in ABAQUS. Since the track is surrounded by solidified layers, planar symmetric boundary
conditions are considered for all surfaces. To obtain accurate prediction of the cooling rate and temperature
distribution, the coduction coefficient of the powder is reduced to 1.5% of solid state as recommended by Sih et
al. [174] for the packing density of 65%. The initial nodal temperatures flemast layer are incorporated to
mimic the printing process. The residual stresses from the previous layer are not considered here due to problems
in transferring stress tensors over different simulation scales. The initial stress state is thusséthe peinting
process continues for 2 ms until the laser reaches the end of the track:prbeeiss results are captured at the
center of the track inside the melt pool (40 pum in depth) and at the melt pool boundary (60 pum in depth), as shown

in Figure 6-3 (a).

6.3.2Layer Heat Source Model

For the macroscopic evaluation ofpnocess stresses, the ABAQWSsed FEM methodology proposed
by Yang et al[141] is employed. Like bearacale, the coupled FE model is utilized to predict thermal and
mechanical results for R108 at the layer scale. Togel works by lumping all the tracks into a single heat
source. Five physical layers are combined into a single layer in the model (200 pum thickness) to improve

computational efficiency.

All part geometries and boundary conditions are developed basd& experimental setup to replicate
the effect of wall thickness on thermal stresses during LPBF proce$si@dotal printing time varies between
3.5 hrs and 4.5 hrs depending on the wall thickness and is replicated in the simiilagionput energyas
implemented using the toolpathesh intersection module that applies uniform heat into pretrained elements to
calculate the nodal temperatiité1,158] The element preparation and deposition follow machine settings using

the event series as explained[141]. All the model preparation settings including heat input definitions and
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material deposition were conducted using the ABAQUS additive manufacturing [l4diii46,147] Element

sizes of 250 and 200 were used for Y (length) and Z (height), and at least 4 elements were used for the wall
thickness (as done i[158]) in both thermal and meahical modelsThe predicted results have shown to be
independent of the mesh size. The element types and formulations are the same as those used for the beam scale
model (seeSection 6.3.1). The remaining details of the modaleaexplained in a previous study on LBH,
conducted by Chakraborty et E158].

The methodology is described in detail by Chakrabettgl.[158]. Part heights for 5 mm, 1 mm and
0.25 mm thick samples are normalized using their LBHs to provide comparable evaluation of the predicted results.
The nomenclature used to describe the normalized heiging Hie Z direction is labelled build progress (BP).
A point central to the part thickness (along the X direction) and length (along the Y direction) is used in this study
for stress analysis as shownFigure 6-3 (b). The stress is always analyzed at the build height of LBH/2 as this
was where micr@racks were characterized. Thepirocess stress is recorded at this point (BP = 50%) as
subsequent layers are added up to LBH (BP = 100%).

(@) (b)
T

First point within
melt pool, around
40 pm in depth

Printed wall :
Second point at melt % \ /

pool boundary, around
60 pm in depth

(=)

/

Substrate

Figure 6-3: CrossSectionlmagedllustrating(a) the Beam andb) the LayerHeatSourceModelsUsed to
Simulate theStresse€xperienced by &hin-Wall Part During LPBF. Results arfextracted at (a) thBlack
Points in theBeamScaleModel, andb) the Blue Point in theLayerScaleModel.d , 5= ands Represent the
Length,Width, andHeight of theBeamScaleModel, Whereas!, s+ andy Represent theength,Width, and
Height of theLayerScale model. Th&art Thickness @ Used forthis Demonstration is 0.25 mm and LBH
Represats theLimiting Build Height.
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6.4 Results and Discussion

6.4.1Micro -Crack Quantification

Figure 6-4 (a) shows the effect of part thickness on the average lengths and widths ofcnaicks. As
the part thickness increas#se microcracks grow longer and wider. For instance, the 5 mm part contains micro
cracksthatare24.565m | ong and 3.62 em wide on aver xm@akswitwhi | e
average |l engths and widths of 9Figar2 6-&£(thshaws that he 22nm ¢ m,
part has higher CAF0.91%) compared to the 0.25 mm (0.29%) part. However, the 1 mm part breaks the trend
as the micrecrack propensity is higher (1.46%) and demonstrates larger variati80%9 compared to the
thicker part. The large variation of CAF in 1 mm reflects igant differences in micr@racking densities
between micrographs observed on the XZ plane through 5 mm of the part length (alonditbetiyn). This
means that some planes along the part length demonstrate highecraaking propensity compared athers.
Similar anomalous microracking behavior, including large intptanar variations, at the 1 mm part thickness
has previously been reported in literature for other materials and build condit&8js Therefore, the higher
micro-crack propensity at the 1 mm part thickness found in this studgtiuncharacteristic and will be further

investigated (se8ection6.4.4).

Typical micracracks observed in R108 are showrFigure 6-5. The micrecracks are either straight
(red arrovs) or jagged (black arrows) for all the thiall parts. Extensive SEM work was completed to ensure
that the micrecracks are not caused by lagkfusion defects, gasntrapped porosities, voids, or spatter
contamination (seéection 6.1). Micro-cracks resulting from these defects exhibit different morphologies,
dissimilar to those shown iRigure 6-5. In addition, customized ImageJ mierack selection criteria (see
Section 6.2.49 were used to isolate micyacks characteristic of the material. Ghoussoub ef184]
distinguished inherent micraracking modes in a similar materi&@M247LC, using the crack eccentricity
criterion (seeSection 6.2.4. High ECC micrecracks, such as the straight miamacks inFigure 6-5, were
attributed to the solidtate cracking nwhanism, whereas the jaggsdaped low ECC microracks were

correlated to the solidification cracking mechanism.

Figure 6-6 demonstrates the distribution of CAFs for different ECCs at part thicknesses of 5 mm, 1 mm
and 0.25 mm. The CAF values for the 1 mm part are highest for most ECCs followed by the 5 mm and 0.25 mm
parts, consistent with the overall CAF results reportefigure 6-4 (b). Furthermore, the 1 mm part dispda
larger variation (see error bars kigure 6-4 and Figure 6-6) in CAF compared to the other parts. The crack
density increases with higher ECC for all parts, indicating tdndency to form straighter miecoacks.

Subsequently, since the CAF valueskigure 6-4 (b) andFigure 6-6 result from crack nucleation and growth,
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both phenomena arewsidered in the following sections to elucidate the m@rezking mechanism and discuss
the effect of wall thickness on CAF.
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Figure 6-4. PlotsShowing(a) the AverageCrackLengths andVidths, andb) AverageCrackArea fractions
for Thin-Wall Part Thicknesses of 5 mm, 1 mand 0.25 mm.

- Lox

Figure 6-5: ExampleSecondarnElectron SEM (SESEM) Images ofa) 1 mm andb) 0.25 mmParts
DemonstratingCrackswith High ECC (>0.99) irRed and.o w  E C C  ( Bléck A9réws, Réspectively.
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Figure 6-6: Plot Showing theCrack AreaFractions forDifferent Crack EccentricitiesEncompassing hin-Wall

Part Thicknesses of 5 mm, 1 mmand 0.25 mm.

6.4.2Micro -Cracking Mechanism

6.4.2.1Micro -Cracks with High ECC Values (>0.99)

Straight micrecracks are aligned with BD for all three parts 5 mm, 1 mm, and 0.25-igare 6-7 (a)
shows an example of a straight miamack with highECC (~0.99). Carter et dll] also observed straight micro
cracks in a similar alloy (CM247LC), but could not isolate the crack formation mechanism, suggesting either
solidification (interdendritic) or solidtate cracking (iergranular). In this case, the dendritic nature of micro
cracks can be observed clearly in the clog&SEM image ifrigure 6-7 (b). The cracked boundary is sandwiched
by dendrites of two distinct necomplementaryrientations preferentially propagating along BD. EBSD maps
taken near the three high ECC mi@macks highlighting the GMO and KAM are showrHigure 6-8. The GMO
map inFigure 6-8 (a) shows three micraracks propagating towards BD along dendrite boundaries with high
misorientation angle (>15°). Hariharan et[4l/5] observed similar micraracks in IN738LC also propagating
along boundaries with high misorientation angles and classified them as solidification cracks. According to
Rappaz et a[176], the liquid film remains more stable and continuous at lower temperatures, hence facilitating

the formation of micrecracks.

Figure 6-7 (b) shows a large amount of fine (=80 nm diameter) spherical whitgarticles,
homogeneously distributed in the matrix. Ramirez and Lipfald] suggested a solistate cracking mechanism

based on high stress concentrations due to the combined effect of grain boundary sliding andddckiag.
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Accordingly, the KAM map irFigure 6-8 (b) shows high ECC microracks forming preferentially in highly

strained regions.

Detailed microstructure characterization near a HAB region close to a-onawk 5 performed using
bright field TEM (BFTEM) and dark field STEM (DFSTEM), accompanied with EDX analysis, as shown in
Figure 6-9. The small white particles observedFigure 6-9 effectively consist of carbides rich in Hf, Ti and
Ta, neighboring lower concentrations of fine oxide particles rich in Hf. However, the carbides appear to be fine
and discrete particles unlikely to assist s@lidte cracking.

Figure 6-7: SE-SEM Micrographsshowing Examples oHigh-Eccentricity Straight) Micro-Cracks with
EccentricityValuesBetween 0.99 and 1. RepresentativélediumMagnificationlmageTaken af(a) 2000X
Showing aStraightMicro-Crack, PropagatingAlong BD, Indicated by &ed Arrow. High Magnification
ImagesTaken ai(b) 10000XShowing DendriticMorphologies foilOne Such Micro-Crack.

Figure 6-8: EBSD (a) GMO and(b) KAM MapsDemamstratingHigh-EccentricityMicro-Cracks. RedArrows
Show ThreeSuchMicro-CracksPropagatingAlong ColumnarBoundariesParallel to BD.
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Figure 6-9: Bright Field (BF) TEM andDark Field (DF) STEMImages withCorresponding ED$aps at a
HAB near aMicro-crack. The HAB idHomogeneouslistributed withPrecipitateParticlesConsisting of Hf
and TiRich Carbides and\pparent HfRich Oxides. TheséarticlesAlso ContainTraceQuantities of Ta and

areDepleted inMatrix Elements such as Ni, Co, Cr and Al.

6.4.2.2Micro -Cracks with Low ECC Values ©0 . 9 9)

Two examples of low ECC microracks are shown iRigure 6-10 (a)-(d). The jagged micr@rack
(~0.98 ECC) irFigure 6-10 (a) is irregular in shape while the second instance (~ 0.95 ECEyiure 6-10 (c)
clearly forms along the melt pool boundary. In both cases, the -tiaok surfaces portray dendit
morphologies as shown Figure 6-10 (b) and(d). The GMO and KAM maps are taken in regions where-melt
pool micracracks form as shown Figure 6-11. These micrecracks é&so form along HABs in regions portraying
high local deformation. Both characteristics suggest solidification cracking during the terminal stage of
solidification[178], consistetiwith Cartef1] who observed solidification cracking in a similar alloy, CM247LC,

under high energy density conditions.
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Figure 6-10. SESEM MicrographsShowing Examples ofLow-EccentricityMicro-cracks withEccentricity

ValuesBetween(a)-(b) 0.96 and 0.99, ant)-(d) Less than oEqual to 0.96. MediunMagnificationimages
Taken at 2000>showing Different Micro-CrackMorphologies)ndicated byrRed Arrows, areShown in(a) and
(c). High magnificationmagesTaken atb) 10000X andd) 5000X Showing DendriticMorphologies forAll
Low-EccentricityMicro-Cracks. BlackArrows in(c) Point TowardsMelt Pool BoundariesStackedAlong BD.

Figure 6-11: EBSD (a) GMO and(b) KAM MapsDemonstratinglicro-Cracks withLow Eccentricities. Red
Arrows Show ThreeSuch Micro-CracksPropagatingAlong Melt Pool BoundariePerpendicular to BD.
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6.4.2.3Evaluation of Micro-Cracking Mechanism Using the BeanScale Model

Irrespective of the mickarack eccentricity, the formation and propagation of marnacks are
influenced by strains and stresses developed during processingidaes 6-8 and Figure 6-11). Moattari et
al. [179] showed that evaluation of the stress triaxiality is more important than the individual stress components
for micro-crack initiation and growthalong a weld line. Stress triaxiality (T), commonly used in fracture
mechanics to predict crack initiation and groy&6,179] is defined as a unitless parameter given by the ratio of

the hydrostatic stress () and the equivalent stress {:
Yo (6-2)

The beanrscale model described fBection 6.3.1is used to evaluate the stress triaxiality state and
temperature at the mgdbol scale to differeiate between the solistate and solidification cracking mechanisms.
Figure 6-12 (a)-(b) show the stress triaxialities and temperature profiles simulated at the center of the melt pool
(where the >0.99 ECC crackseaobserved) and close to the melt pool boundary (where low ECC cracks are
observed). In both cases, the stress triaxiality is negative under the heat source (~1 ms) and increases rapidly as
the material cools (>1 ms). The stress triaxiality must be pesitir crack nucleation under the absence of
external loading180]. Accordingly, the simulation ifrigure 6-12 (a) shows that the stress triaxiality becomes
positive inside the melt pool at a temperature (~1400 °C) situated above the solidus of R108[EHAN This
combination of positive stress triaxigliand supesolidus temperature supports the view of high ECC cracks

resulting from the solidification cracking mechanism.

The stress triaxiality becomes positive at a lower temperature (~1200 °C) close to the melt pool
boundary, as shown Figure 6-12 (b). This means that the formation of miaracks is less favorable along the
melt pool boundaries compared to the columnar dendrite boundaries. Accordingly, the fraction of low ECC cracks
is significantly lower tha the high ECC micr@racks inFigure 6-6 for all the parts, which also suggests that

significant undercooling occurs during LPBF.

Higher cooling rates result in reduced solidus temperatures, which contribute doveager
solidification rangg181] and undercooling182]. The coupled effect of large undercooling and solidification
range promotes solidification craokj along the melt pool boundaries. Increasing the temperature inside the melt
pool increases the temperature along the melt pool boundary, potentially achieved by increasing the line energy
density[183,184] This could explain why meftool micracracking increases as the laser power increases and

scan speed decreagths
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Figure 6-12 BeamHeatSourceSimulation of theStressTriaxiality andTemperaturé/ariationDuring
Processinga) within the Melt Pool and(b) close to theMelt Pool Boundary. TheRed BoxesHighlight the

Temperatures for th®nset ofPositive StressTriaxialities.

6.4.3Effect of Wall Thickness on Micro-Cracking

Micro-c r ac ki ng -basedbupaatioysodéperids on several criteria, including alloy composition
[175], HAB misorientation and stresses (§égure 6-8 andFigure 6-11). In this study, the micrgrack variation
between the different wall thicknesses observelignire 6-4 cannot be attributed to composition as the same
material isused for all the parts. The HAB also plays an important role in reicok formationFigure 6-13
compares HAB area fractions for different wall thicknesses. The HAB area fraction is highest in the 0.25 mm
part, havever, the CAF value is clearly lowest in the thinnest part as sholigune 6-4 (b). This indicates that
there is no correlation between HAB area fraction and the roiercking phenomena observed in the vl
parts. Part geometry has a significant effect on theagess stress during LPBE68]. Consequently, changing

the wall thickness is likely to affectHorocess stresses and micracking.

6.4.3.1Analysis of Thermal Stresses Using the Layer Heat Soce Model

To evaluate the effect of wall thickness on stresses, the FEdegkr model described 8ection 6.3.2
is employed. The time increment used for the layer heat source model produces a uniformrimatodist
through the layer and is unable to predict the stress state during the early stages of melt pool solidification
accurately. The model can thus provide limited information on the crack nucleation tendency. However, it is fairly
accurate in prediatg the residual stresses that develop during the cool down of the part as shown by Yang et al.
[141]. Consequently, the layacale model can provide a good indication of the effect of wall thickness on the

propagation of the microracks.
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Figure 6-14 shows the stress distributions at tlemter of the part as a function of the build progress
(BP) for the three wall thicknesses. Since the final height (LBH) is dependent on part thickness, BP is used to
provide a comparison of the computed stress distributions for different wall thicknesiseslaser processing
(seeSection6.3.2. When BP = 50%, the layer temperature rises causing thermal expansion of the material. This
leads to compressive stresses in the material along the X and Y directshwmasinFigure 6-14 (a) and(b).
When BP increases, the material cools causing thermal contraction and development of tensile stresses at the
centers of all parts as shownRigure 6-14 (a) and(b). When BP = 100%, the last layer is heated indicating the
completion of the part. This expansioantraction of the material during LPBF is consistent with previous
observation$185].
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Figure 6-13: Plot Showing theEffect of Part Thickness oHigh Angle Boundary (HAB)AreaFraction. Values
ComputedUsing 4 EBSDScansTaken fromDifferent Regions forEachPart Thickness.

The effect of part thkness on stress distributions can be explained with respect to the plate theory
[186,187] Thinwall parts can only support loads along theplane direction (¥Z) and the stresses in the
throughthickness dtection (X) are negligible. The plane stress condition is clearly seen in the 0.25 mm part in
Figure 6-14 where the stress in the-drection Figure 6-14 (a)) vanishes raplily once BP exceeds 56%.
Increasing wall thickness allows more stress to be supported in the thihocighess direction as seen by the
increased stress magnitudes for the 1 mm and 5 mm pdtigure 6-14 (a). Thestresses in the Y direction in
Figure 6-14 (b) are mostly compressive but transition to tensile as BP progresses for the 1 mm and 5 mm parts.
Interestingly, the Ystress in the 0.25 mm part remains in compres#mneasing continuously with BP until it

reaches a negative steady state valu8@0 MPa).

In the unconstrained Z direction (BD), all parts develop very low compressive stresses at the beginning

(seeFigure 6-14 (c)). As the build progresses, cooling of the compressed upper layer causes material shrinkage
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towards the laser path introducing tensile stress in BD, as demonstratgdria6-14 (c). The stress magnitudes

in the Z direction increase with part thickness due to the higher cooling rates and thermal gradients towards BD
caused by the added wall thickness (Seetion 6.4.4.9. This tensile stress is likely to favor the fation and
propagation of micra&racks along the melt pool boundaries (note that the stress axis is mostly perpendicular to
the melt pool plane). Considering the CAF values for 5 mm, 1 mm and 0.25 mm part thicknesses at different
micro-crack eccentricitieg¢seeFigure 6-6), thicker wall structures have higher proportion of mpelol (ECC
00.99) to str ai gcratks thaR thitnerwalls @.9,)1.6 and t.3 imthe 5 mm, 1 mm, and 0.25
mm, respectively).
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Figure 6-14: LayerHeatSourceSimulation of theStresses in (a) Xirection, (b) YDirection and (c) Z
Direction SeeFigure 6-2 (a) for Axis ReferenceExtracted at BP = 509Buring theProcess up to thend of
Simulation (BP = 100%). ResultacludeStresses for the 5 mnBlack), 1 mm Red) and 0.25 mmBlue) Thin-
Wall Parts.

6.4.3.2Analysis of Stress Triaxiality Using the Layer Heat Source Model

The evolution of stress triaxiality calculated at the center of the parts with respect to BP is shown in
Figure 6-15. The negative stress triaxiality a@yged when the first layer is activated is due to the large step
increment and the uniform heat distribution through the layer as mentioned earlier. As the build progresses, the
wall thickness is shown to impact the residual stress significantly. The sti@dality value increases with
increasing part thickness, suggesting favored ricagk growth for larger wall thicknesses. This is consistent
with Figure 6-4 (a) where the micrecrack size increases with tharpthickness. The 0.25 mm part rapidly reaches
steady state at T-0.33, corresponding to uniaxial compressiorFigure 6-15. Micro-crack growth is thus
suppressed as the build progresses, which partially expierssgnificantly lower CAF value in the thinnest part
(Figure 6-4 (b)).
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Furthermore, residual stresses from previous layers affectciaok growth. Higher residual stresses
in the part are likely to affect tHecal stress triaxiality surrounding the melt pool region and delay the transition
between negative and positive stress triaxialities showRignre 6-12. Consequently, increasing the part
thickness should resulhihigher propensity to microracking. Accordingly, micra&rack quantification in Fig.
4b indicates more microracks in the thickest part (5 mm) compared to the thinnest part (0.25 mm), suggesting

direct proportionality between part thickness and mirexk propensity.
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Figure 6-15: LayerHeatSourceSimulation of theStressTriaxialities for the 5 mm, 1 mpand 0.25 mnkarts.

However, the higher CAF in the 1 mm part compared to the 5 mm part represisctsirality in this
trend. A similar micrecrack analysis performed using different build conditions (15° scan angle relative to the
X-direction) and materials (RENE 65 and RENE 108) reached similar conclis&8jsIn all cases, the 1 mm
part always showed higher crack density and higher localtiarieompared to its counterparts. Therefore, the
trend of higher crack density for larger wall thickneSigre 6-4 (b)) clearly exhibits an anomalous behavior
between 0.25 mm and 5 mm wall thickness. Simple FBetsodetailed irSection 6.3 are not sufficient for
explaining the anomalous behavior associated with heterogeneous distribution eéraik®in the 1 mm part.

The macre and micrescale models are unable tapture the thermal interaction between adjacent laser tracks,
thus, the local thermal gradient cannot be captured. To capture thealmhgshorHrange thermal gradients

responsible for micr@racking, a more efficient mulicale LPBF model is required.

6.4.4Anomalous Micro-Cracking Behavior in Thin-Wall Structures

Microstructures are the strategic link between materials processing and behavior. The dendritic structure
is the most frequently observed pattern in solidified alloys. The microstructural scakesdoites control the

segregation profiles, the formation of secondary phases within interdendritic regions, and therawkirg
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behavior. The following subections evaluate the effect of wall thickness on the dendritic structure in an attempt

to explan the anomalous micreracking behavior observed in the 1 mm thick parts.

6.4.4.1Effect of Wall Thickness on PDAS

Figure 6-16 (a)-(c) show sample BSISEM images illustrating dendrite morphologies for 5 mm, 1 mm,
and 0.25 m parts, respectively. All dendrites exhibit columnar morphologies and small PDASs typical of high
cooling rates observed in laser ABD,83,84] Columnar dendrites near the melt pool centerline are aligned with
BD. Intersecting dendrites away from the tyedol centerline exhibit a wide range of growth angles with respect
to BD. These angles vary between 9° and 77° for 5 mm, 5° and 63° for 1 mm, and 7° and 21° for 0.25 mm.
Deviations in dendrite angles occur due to heterogeneous nucleation sites ang keatiflow directions
developed along the melt pool boundafi&8,189] Decreasing the wall thickness leads to more directional heat

flow and preferential dendrite growth along BD.

(©) (d)

Figure 6-16. BSE-SEM Imagesshowing Fine ColumnarDendrites foParts withWall Thicknesses ofa) 5
mm, (b) 1 mm andc) 0.25 mm.(d) Plot Showing Effect of Part Thickness on PDAS ardooling Rate. PDAS
Values werdvleasured at th€enter of theMelt Pool, and aSolidification Rate of 0.6 m/s waChosen to
Calculate theCooling Rates.
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