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Abstract

Additive manufacturing procpssdgcsesumat asi &
|l ocalized melting obByarpomdbehbhymebdIpheol s and

density generate vergwpidkéfesaperml togst whehuct

traditional casti mal wtiornug hfte gtruwrceess ssuegh as c el
gr afi awtgh. Thbhé teeserescrostructures vary depel
all oy chemiostersys,i ngndar ameters. There i s a nee
under st anidnifnlgu eonfc et tehe | ocal ther mabncomhdi ti on
resurita mgstructure. Such understandianvgoiwdiilnig b ¢
mi crostructur al defect s-opiudmadsrgucaiems e s abl e p
isitu Longwave I nfrar éeéckfdumagnnpgroteas!|l aseuspd

the | ocal ther mal c¢omdintuif@arcd utrterdo balduwdts & dbdi ta
Haynepr@aB8egssed usi ng pgysteesmsa tpiaad almey ewar.i efhi s
correlated fomblesesvawuicowms ad f e atbuurielst ocfo ntdhietsi
This coamellyastiisonshows c¢cl ear influence of the |
sol i diofni ctahtei odni mensi ons of the dendritisecs micr o
for laMWUdl&Haynelshexs82 dendritic structures arise
as niobium during solidification, an observat

approach.
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1 Introduction

1. 1Background

Ni c-kabed s uwper &lnloowns f or maintaining streng
performance and resistance to cormpoeisesnurand o
These properbassdmakeenatkelysekhgynmat Eéprahsrrc
power tgeomer aSome componentemplfeyxageomebi nes ft e
ni clkeded superall oys a@ard Hebdiifcfaitceul tAdtdo t maveh i
(AM), a method thatpdbadesds, pamdlzsl e  mgepr oduc
compl ex geomet r imeasn uwWhaecrt eu rti rnagd inteitchmadls have | in
especially LBsero®owdReBdgBodh ensgb Bapypd i cati ons i
fabricating i ntwiitchattimmarpdairn e gmeanailtastiikosre danadc aer
[ 1[12] hbhPBsFystem, as the focused | aser beam sca
powderntr o the shape of the cross secHowevef ,h6 the
thibsui | ding processugenmnerast evs tihi dre@at uaed i ncl u
epitaxial gralvergr awtfhi ewlkinah frompt hboses & ©r sne d
as forging @amndceasi nggopcaaillaenehtearnadd Il olyi sahl@my st r
comitbute t o tthhees & e@$ uMaersd amvfeers,., mi crostructures
to mechanical performance such as tensile str
mi crostructubhaesedfsumer ali lckye,] BHByymweshaz®R2, mandi
PowdefFruBadldas er Wiernken eDigrye cDte p-D B Datrieo ns heaLvivu rien

LFi gua ei2g ure 3
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(b) @

FiguHaydes 282 built by | aser wire direct ene

i mage tshheowsqui axed grains and epitaxial grains
mor phol ogy indicated the variation of cooling
| ayers. (c) The cellular dendijatesttiagefer t

The deposition of | ayers in LPBFhiighv oll avseesr
scanning velocity and short icothei actoinen r rteisme t

t hermal gradients andifiightcoonl amg taduss causie
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growth accompame @ide bigi c r omit egsuwgtr lergead ,i pmeci pi t a
of metastflabh]Tahepltedeésl ar dendritic microstruct
showhi gwna eEi2g u.r e 3

Currently in the available |iterathene and
|l i mcoemgr ehensi on boeft wieheéknec apt ebbassohg par amet e
t her mal h ihiert folroyk he@eldocal thermal conditions di
resuritd mgss Myucwairke ai ms t o agdadpit dirghsc rtohsesir kuncot wil r eed
LPBF f ahbrcikcedeedlydoonmps ni ng processing monitorin
anal ysis and CALPHAD model ing. I will devel op

descripti onstorfuctthuer ep rroecleastsi onshi ps of LPBF sur

predict and-baotpitmimdrzes ttrhiectassr e. Thi s wi | | provi
the ability to better control mi crostructures
more consistent mechanical behavior of compon

apploincsat i
1. 2Research pl an

Il n whilkwj hde a designed experiment with inte
by varying | aser p,0weut aibnd choanstéerrapsstc an speddes
this alpypl daah |l ow fevariehattonwmely mpmoodeess param
maj ority of t hebanaftreaea aflr smh uddd feedctws lduch as «cr
anal ysi s wivlalr ifagdciuosn om tnhiebuendt reuwctadrse t head n wion
gener al lof chegrmedqual ity by end users.

The | ocal t her mal conditiongeai dilvaededy t he LPE

super aNFfagd, Hayare R282ordsedtuspngcassi monitor.
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di fferent pvaarrtys nbgu iplrto duepsasn tpi asrivd nderruegsveim v € ar e d
(LWIdRA)t a t o c onrtsetnrpuecrta ttuhree thiinset ory at | ocati on:
experiment anhd sctoorrrieelsatwei tthh efseeat ur es of sol i di
spacingdet eami aed by cooling ratddredumoinng otrheng
data is correlated to the mic-baosttucobuondali bea
characteri ame & rlmy celpeg/c tarnan opt i c al mi ccor nopsacroepdy .
to compmbdel ongl of the segregation and dendri
sol i diwhiiccaht iaorne gener at ed by. Palmodgsett,h er OCOOLVRKAL
towards developing a deépehesywdemall daya |b etdlreea rsr
condition variationhduresg!l sbhgdmfccasioanctaad
better processnaodtesanglnys maoc rnmoistciogpaitce def ect s suc
al so micdedterca st sulxllhe apph ausngdse sama bh @gm ai n st r uct

The chart of the re&sgarreh 4pl an is illustra
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2 Literature Review

2. INi chabsupersal | oy

2.1.1 Composition
Super al Inoiytsi awelrye dievel oped forabkbrgbBpaempand

aviation. Thesesalpeagstareheetri mabdl| asies to m
strength, resistance to corrosion and resista
ggeater than 0. 6Y @f[ 7t] hSeu prneerlatlilnogy sp oairnet based on
which have shown a high tolerance for alloyin
widely used in extreme envioesméntieketvemhpdas i
generand onmhemi cal [p8]oNiebsakseeldg spulpeerrtad | oys are w

of turbine engines sutbmper bt pilescumbki gseks f

Pure nickelenftoeerrresd fcaudgpch a(sFeE ChAg maodt di ki ons a
chosen to i mprove tblaes eglersfu@reman d @ ysasf Eaoo b lsefe c i
these alloying el ements plays aannrdi mpost amutct uo

and affecting the nseuphearnalclady sp.r olpheer tfiierss to fc Itahs

cobalt, iron, chromium, molybdenum, rhenium a
nickel. They have alnphaafsfe nantdy tfeonrd tthoe satuashtielniiz
partitioning into it. The atpmat onifx themrs edied teon

| attice ansdolluetaidont of Gldelami gt heommech ggr oup of el eme
al umi hamj uimi ni obi um, and tantalum. They have
creation of har demnlrepcth apgdeid MEa htaht egmeh asbieddh a's

Mi nor el ements such as boron, cacbass bifrconi

el ements. They exhibit a tendency to form bor
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fphase due to their atomic sizes significant]\
tungsten, niobium, tantadam @mdomidtm@Aanamnd @Aoley |
promote the foCmadmiommodndoal wWimisnum can pr omot
Ot her el ements such as | anthanum, thorium and
resi $tQ@c®elTablle sts the al |l oybiansge de |seunpeenrtasl |iony si

their effects.

TableEdf fects of alloybageeél empatal i aysi ck

Al|l B C|Co/Cr|Fe Hf|Mo|Nb| O | Re| Tal Ti|W | Zr

Sol uti
sength

[Njor me| 2 2 2 2
NfNp r me 2

Carbid
f or mer

Gr ain
bounda 2 2 2 2
streng

Oxi dat
resi st

2.1.2 Strengthening mechanism

Thmacr opda@apitd ¢ deéf metmat 5 0 nnso tciaalnsaeody eb yn utnmbee r
ofli s| oddteireenieocrh asit ctah gtem haamr eabet by ypatoihn g iari ng
di sl ocat Thoen pmoitnicoinp.l e st rsienitthaedseump e smdadrl@yni s m
Solsiod uti on gsptrreecn gotiteaatnimogp k omwan grfeci pi tati on |
age hamda@ai nigec | eamaé r g esti megy g(zdelesna nlkgn éPvert cahs Hall

strengthening)
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Solsoldut i on sdmies@alhlfeanyimnggo Batdodnisstoiband t , 1 r on,
chr omindml| y b deenmbuend da mdy dinslifenat.r nlghe dinsfttdciret i on
maXr icsam emdgiteh alrlecsys ilcyte nmegn tt hoef malBvsd Eiad U o s

5.

¢
00000 'tOOO

00.*0’::000

1 ©. 6.6 6 6666

FiguSel &ldutsi on strengthening

Precipitati wonrg&sr eéeggt hemdlolg maad etwiooldds yofp ha:

whiarael so known abepeepipgicitthdatsssso.bst acl es to di ¢

within the crystal |l attice, Iimpeding the moti
The size, distribution, and density of these
melcani c al properties of the material.

Grain sizeialsenghb®aialg salehgéehgnaing boul
act asta bast ioeian i towmo madtphgemb s n Boumgtlai ywsofwi t
di fferenscoulirecaftahecsddostbange otfh enodhienmenect ngn
from one gr,aiwi ttlo ¢ dme odihregcta fofnesc teix\pe rgternes N ¢
direction of .8ecbdbwdat hendimelta odmits onrst iwn Uilt ynecef

pl anat the gr aiAn flgo@en chaedwmae pira md more tot al
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aresualkkhybits greater hardnesgramndesilTimanegth at
grain size and grain orienmtantpindg ex2an be chang
2.1.3 Phases and microstructure
Genertalel y,r eci pinti actikeedselphersaedsy moalplhéd ses such

x> cabobr gdd,e,,and LTahvee spapmas es f orstprremaqptph t at i
armené®pol ogi cpd d kye cpllfodssedy ‘,saold wagveeosher ent

wi t hh as e smoa ttrhiaxo f tt eenyndasatiedd ensmi r e d-b adseunpiecrkaelll oy s
[ 1,0 iB5The phasebsasiend nsiucpkeerlal | oy af &[] H]ulérhari zed

[ 1.7]

Aphase

This phase composes thbkbabtadkgupendl matyrrii Xhied c

a solid solution austenitic phase wittlhmhudnd FCC
prowildsed uti on shy angt pelneamagmtgsobakth, asron, <chr
mol ybdenum, rhenium and tungsten

sp hase

|t ipsgitnlte pal strengt hemisreg phuigged shtafsamgany ni ck
centered cubdbercsesg FICE)ure. The composition of t|
,E!'MEBEwvi th Ni atoms at the cube cfuaiceersn earnsd iesi t he
coherent wimah ri kewkF €@ a | attice parameter tha
has a relati.vel g phghbsehsatptaisefigri dhmg ss plbebwhciaclh t o
depends Meemi stnhatecrhy st al siephaaeaduS&Maef o@rfamhs

al oy FReaseeowWBi gunre 6
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Aemeh a s e

feegmehase has t heE. dAomptoss ictriyosnt adfe rett @ ruecd utreet ri asg dma
oo deredsDOhbBwgu.teges7 t he principalthaek renwgt Néh8 n ¢
Thiegmer eci pi t at es iakree puasrualcllyesdiwsicc h an average
form on plhaehsdet.0 83 mablae phasermopghadfaAvéhi chansf

i's incolfementhewittelmped att o0C 280 ange 650
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500 Nm=——=

Figu(erabeentered cubiLd 2( B € € ap d ra.dce r g B(rb
Pri manrdySe€cprneanr ysubsol vus heat6btréheedrinvgbtugpht
grain boonmfrbe) ibeosr i des.
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. [cemh bhsedy nt ered tetragoesalruCcBOGTpep.orde

ebais®td ism ptetr-a#, ¢ loty,- #st ypdicar bi des are c

ndr bades &G CChiarneds# f orm by the decomposi

ed wliadihef o eamaei e be sbetnen uilnatrr asgirtaes and

D

s wiglho brlalnadoso,m dctuddciixcty mor phol ogy. Al th
considered deleterious, they are used

e the structuati of athehimgherempermatu n:

se is formedesebpos d@ atcloimplsitleimper @t u
rms by cellular reaction at | ow aging
ng temperaturesor Bedemamesambunssi hbe
refinement.
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Hdand Laves phase

These thrdaeopmhHaoage addTegCHcH apseecp pc kead e and ar e
i n supéephasdegmbohepdiraaset i sganas . phhra a g.0 kgl

are bordvitltll er@aduce the fdomatr é ke gtemantsl adiedp lient es all
sol usttiroenngt heni ng.

2.1.4 Processing of nickelbasedsuperalloys

Ni cdbalsed s uwper alvlao ysoldlhe cast vamidcmvnd@eueg ht f c
i ngot met alFlour gy opseeonpgd 6 sorygseabd | s e gr egdthieon i s
ingot metal] |l poggepr meteackhlourcgeyy i s another

Thaegobot metal éncgmpas ®eenexchhe nticearl mavior ki ng o
gperated through vacuusid aog druecmhe lotni moge,l tamd ,v ad u
Billets produced using thitasnmeulgdd Tphres ddutgghpss a
ofngot met al dne dw sphncgdugrsis] i8n

Theevel oogbmevmatcuum mel ting technol ebgvatedl .
|l evel s of-hprdenpngatiements sutibwad®sal hmi num
strength of theseimatethel santdongedbebtbhldty
Si mul t amempulsd xy | dlelacvy il yg alsluc yReedd g r9abd easnd RR1 000
resumnmnhcreaseddseigng §@éélloonntghepewdasemies al |l urgy
pref ®&wed. meadblbuwuohbyes utilizing vacuum induc!
preliminary step, followed by subspelgausemmat r e me
atomizati on Tioe ypewde rrp omwateal. | ur gayl Imey $h opgired wir d &
advantage of produeingdubi fbetms H6rnpltegforms f
base maheaxdmyenti onal i ngot metatcbwmpegylePplwot és s

The process of powdRkirguwre@&]a9 | urgy I s shown in
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Additi ve m@AMYsact nreiwn g r d i scshenlgge dned lhpar al |
airsiimgthe | ast id ehaeesdbeucrsaadecdm 3ged el ect ron beam or
join matepodel svos ech aggeos mhyH ¢ satylee & Mo bgposocdt .

fl exi aliithy icmmpl ex engiMeree | ahdgd ixtiolmgpeo mfeannt uisf a c |

wi || bei dihfecclulsesweidh g onssiisn. t his the

> =l r>—

Vacuum induction melt Electro-slag refine Vacuum arc remelt
— g l
1] }’
1
' 1
Anneal Upset and draw Forge

Fi guinego8. met al.l uRrigeytiusr dc g r ef erence
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Vacuum induction melt Remelt and atomise

(G

Cup, 1
Vacuum ""I':z': N\
Tundish
Furnace
Gas inlat Exhaust
/ -~
1 Atomization
(A— Cyclone chamber
saparator
A Double valves s " —Double valves
Metal """ """ Secondary R
droplets collector == Primary collector
(b)
b7 g Tundish

High-pressure
water manifold

Water ~&gs | |
atomization o> Dewatering

(©

Figul(ea)dMlwdemrodupcrtackenscst ur e f if &th) réderathecrmi zat
Picture fi®ddWaeéeranBmcrzateohfd@]reference

2. 2Additive manufacturing
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Addi ti veurmanngu f(aAcM) , more commonly known as
el oped in the | &stdeffend idticoane e sa fab fpar codeMisn g
joining materials to make objects from 3D
ractive manuf acft2di f hegr met hdédomoghesconvent
cesses ftrh@aamb wluk matrarsi al, additive manuf act
eri al |l ayer by | ayer, inchemguoeabhl yowShehbi
compl ex geometries and structures which ar
venti onal manufacturing methods. Il n addi ti
vides the opportunit y atra sr,e praainru faancd umaei ntna
fabricate net 19HRa0pl®upat bstbeseemanvadnt ages
It by AM have been applied to various indu
me @ hmiad r. o starnmdetc ha@s c a l properties of the a
ts have shown a -hiighedépeesencygl odi hgegasn
e, dendritesarifmaspag @nmagdendaysdausacl.e tsithree as

cbeditions are closely related to the manu
ufacturing such as | aser poweat ch hepdaisreg c
rli ap beltavwveem tthiackrsess, conltjour parameters
ThAEM process begins with the creation of a
ng caoimdpeudt edce si gn ( CAD) software. Then this
i zongdedt icaomals | ayer sl ifdieldet hhes n 8Mpto p st tieadd ¢ Ot H ¢
nt the designed part. After printing, the

ded. For exampl e, i f support structures we

typically through mechaenipcaarlt so rmacyh eum dcearl g omeat dnho
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machining, grinding, or polishing to achieve
heat treatments to relieve residual stresses

2.2.1 Metal additive manufacturing technologies

Met al vadhabhufacturing systems can be cl ass|
stock and energy source. The femthost eoakrggpubd
are |l aser, electron bearifoarmiellieecst roifc anhe taarlc .A M
powder bed fusie@&npr ggye sphs poacsedstsd. o nFeocrt t he powde
proempowder bed systemdainserugtyi |diezpeodsp o W doenr dpirroecce
feed swpwitreen foeed § Y[F2.lmMmni «di AHMeedyesnit ems, t he mat
depositio-buratemithesasuctures and the need f
on the energy sbabldtesasdvheedust mekal AM tech

Tab2Met al additive manufacturing tech

Powder ©be Di reeceher gy depos

Powder bed Powder f ec Wi re feed

Laser powde Lasereddnee Laser weadped

Lase (LPBF) deposi-DED) deposi tDOED)

El ectr on elde
X energy depo
DED)/ Sci a

El ecit El ectron b
bean ( EBM)

I n the powder bed fusion processybatntdata. |
Then the powdetedsbgetbetprvefyammbddenheedyrsap
form the designed shape. Theenpeorvwgdye rs obuerdc es yisst ec

powder bed fusikbmowheBEFti Ve [ asat smelting (S
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| arsesi nter [ a5 (DMhLBIpowder bed system with an
el ectron beam powder bed fusion 2@BRPMBF) or el e

I n theederggtdeposition processtetdhédybase
introducing either powder or feeding wire fee
sour ce. I n a powder fed system with [ aser, th
protective inert gas amdt lsd nfudat lass enrueweh yacfh od & p
t he |l mmen al o-8 xi vBsguab sptrreat e. Thel bae hewriteorggyyy i s c
deposi-DED)n, (direct | gserl ackdegrpangettiadon ( OLMD) or
engineered neéeft283d4apl gt (bENBeam cannot be wuse
foapowder fed system because the electron beam
powdnairbte f ed wi tdwiirnee rfte egda ss.y sltnem, t he energy
el ectron beam or el ectrilacsadr awicrken ddhigryesayte p e s t |
(LWED#g ,ectron beam diredtEDerercg ya kdyaghahdit twv @ re (QE
manufactur i i.d R(9WAGAIM)

Figurid |luGtr apoeved enrowb,ggadnwslyest & mmwdisryes tfeemd sy st
wor k. The pictur[e2sFlaguer(das)iladwsr eaf @roevideiet hb d da sseyrs
A pewdbed is created bybuwiplrck aplibhtegs e@oropvdegr amme
to deliver energymedttimg ourfcsane eof nghé hlreg ow
This process is reepepbowdelf apedndgebagpowwdsr tr
goes up to aealpi €vwad Fti gea r(bdbo)idiOo shter asttersu ctt ur e of &
fed system. Powder is delivered at gascoAst aste
is used to melt a monol ayer or more of the po

repeated taiaoresmastieonalt lcroamponent . Théiree waorrek t w
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piece is fixed, amd dépodicelpomasd theafli medesand

mov.ddhe schematic of a wiRkiege €1d0 hsey sptreont eisss iilnltur
metal wire into a molten pool ewm d¢m ias hd ghatva
environment. The electron beam couples effect
LASER SCANNER
-_v ?AMBER

COMPONENT

POWDER BED

POWDER SUPPLY

AM DEPOSIT

—
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EB Gun
%

Electron Beam

Wire Feed
—
/ / =
7 N
( Deposition Layers Substrate

FigurMetladl. additive manufacturing systems. (a)
system. (c) Wire feedc¢2ylsjt em. |l mages from ref
Ot her novel metal AM proceaesflesci hohusdgei coWw

Cold spray technol ogti hpepdeuatsi Itihzee eknienTehtyi cp oewndeereg

partdarcd essccel er as peledvi ¢ énsdnsatdrhéearghat o a substr a;

deformation, resultingheasitdhealf ogtmaes Deas oif n ac
predominantly re30he brodeco)] et sppaosess invol
bi nder wi tehr ,meatnadl tphoewdbi nder i1 s selectively so
shape. Subsequently, theouptrndesesisandmohedmeh

sintered to achieve iPbasffidnalrodessiway.ksdiwednd |-
with unwel @Thferd iectmeam!| st i r addsftriomme snoad n udf ascttautrei
procesSemeanedtalH e rAM hparvoec ensoste sbeen ful ly studied
physi calv/iacpboerpmb sRYICYPsheenaktamhecti ve el ectrod
and direcf3ipk writing

2.2.2 Challenges and limitations of metal AM

Whi dei ai ve maasgf aanyr adgehé agaepabukht pasof

compl ex gvd drenteseleap e, t het onceleidnsgotosleiqtute,iné machi

35



m ni mal wasdtmmguiacck -ahdfdecostwve producttherne odr e roh
di sadvantages. For example, the material depo
| ower than convemet bBodobr. nsaunruffaaccet ufriinnigsh and di
are also common cbmeeAMsprfomace snetlads AMoc al heat
much higher than conventional casting or forg
|l ead t oy pureovbhsoaursMed mi crostwgaut nds i @amolcwinmg t u
significaahdakRirogtinepyyevere ther mal gradi ent
in the generation of potentiallyrecgnpfocass
parameters or complex geometric ared ptoledremal ¢
and | ack 109f]Af st bps anaditnaareagcntieirnésbtniecrsce on t he
mechani cal p r d prearntuif easc t aufrnetadsl Bcootm pebruadmpelse ,hasv e s h
that the fatigue resistance of additive manuf
size and crystcalulsaghrebhaiye rtbarx tt R @ B,JpAr2odd e s s

The c¢haolimeeamdeAM wi | | be discussed in the f
considerations includi ng rnoecteasirstrki M Irsoysstt reuntcst, u rAavis
post processing.

AMmat eri alasi priogeasd devel opment

Thessémnmntiyaofdi metval maduf ac twelidign g[ sh7jJoucsets sa
The similarity ehabheseuswoboopiovessegate and
manufacturing (AM) wusing techniTgheeknbol rdged
gained fr om iwenlcdeisngc aenx pper ovi de valuabl e insigh
perform effectively or encounter ch#Mahgnodes I

the defects observed during an AM process hav
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Matiearl sel ecti omfobomdAMbedrdalba | ity ofckéake mat e
super alweolydsabitlhietcy of materials is highly corr
titawhiuenh are | mparnt dghteacempdhé hosig hi Al e @amnido A

added to superalloys to [feptmiprédipbvanl amahb a

@ ncreheeprobability -wdl &€drhe&ti ntgr elatr menrgt poastpl
fist raagen c o[a.K]i ggmpe olvli des t he weldability of so
content of aluminum and titanium in the alloy
1 T T T T T
6 ’-713@?: ®B1900 -
. IN10O
©R108 Mar-M-200 ®
> f ®  AR-DA l
Udimet 700
S 4t Udimet 600® ® Astroloy -
?: GMR 235
E 3 | Inconel 700 \@ Difficult to weld: weld
= ™~ e and strain age cracking|’
5] S e . ®
o /.\ Udimet 500
< 21 S A ©mos ]
Readily h T Uni
weldable “® Rene41 Unitemp 1753
Rene o) _—© © Waspaloy
1 Rene220C Inconel X-750 ~ ~ 7]
& Inconel 718 ©—_ 1X RN
0 | @Incolnel 909 lnconc . .\"‘-..
0 1 2 3 4 5 6
Ti content, wt-%
Fi gurTehellwel dabi l ity of some superalloys deper

titaRioamur ¢ 36§ fr om

Whil e some mater i allsst rwant dqit lgebreédg én ad rachcckei mod
found applications i ns taiddd atisi nvgen infaincua natc t due manngd
devel opment of new materials. This entails ga

37



bet ween prtaoauegsuireg, and properties of materi al

growing need to establish testing protocols a
available material s.
Process control and microstructure

Wi despreadofapdPMiacampgoment s in a variety of
demand, and i mproving the performance and opt

necessary to drAilve gadgdhptuiso ™ Mo ft eAph.wdeogbed suc
fusi on enred gdyi rdeecptosi t ido h f ex letinhoeeys sdh asrte nccetr t ai n
materials prodMessi pyget hmkcdienmgeagdhiegr gy source po
scan strategy, processl ayeemp etbhaitcukdneecshshsnbhlent a t k
and various otlere repat eplat @ame heregsd rdausailt ys,t rneis
del aminati on3ahd cracking

The | aser/ electron beam power and beam si z
di mensions of tchhe melrtatpgyl s ncThialdisng scanni ng
hatch spacing and contours has,thmpomat ami s¢ofr g
resi duplakstAMsparts. The met al p-awadmirzed aomsual
wa taetreamid met hods. The powdeshagepetliagye smahplas!| (
and composi flioowa bdieltietrymi(nheow wel |l a powder f 1l ow
wel | a powfdepoRpaaek.spowder can be wuserde iaan circ
finer | ayerBes tieohwathgi lILiIRBfake t he cociabni pgwdoér po
bdsysdaennd powder eféeneed giyn ddeiproesctf B, 8.7 ystem easi

There are demands f o¥t itnmeec hhmoimgdi ecsil iciwogy dfaa c i | |

feedback within the manufacturing process to
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among various meotaésasaAMmMmet hodscnagn aprdo vsiednesi ng
nondestructive evadpuagir es sqdemadadicoibii esIband.
better understand the AM process and the inte
build psoctesmonihaoak nggntfreeld and computational
process are needed.

Gai ning enciowg rwerhdenr ¢ ¢ edsesfiiemcgg sofand t heir or
enhance process reliability andAddiet iovrealall y, qt
aduild features hav e riompfeslrudcehresess toenn smdl detf asntirceanl ¢
and ceséeptfaddMeMparet st udi e® sa ahperw&cdkeesd i thay
mi crosprudtoumance rel ationship.

Post processing

Once a part has been manufactured, the tra
mat enrei¢ad r keno Ve d-parsnted surface may be poli shet
Ther magdr qoodedosrrboagsl t AM parts includes stress r e
agihaogt i sost @t)Pa pprisaosesdithigmecsl ose 1 nterinfaM por e
parTthso.se t her mal process can eltelmaed paor trse.c r Hyosweaeau
because -bhbhiel AMpasts have dif f eraesnttf omigcardo satl rl uocy!
the heat treatment tempenreaetdura@d3d @iBrgeed tf or t he
treatment process requirements are unique to
di scussed | ater iaxamenedntaxthos wbekall oys

2.2.3 Laser powder bed fusion (LPBF) process

Ther oc emstseroefsti for this work is Lasmae ©&bwde

t he mostf occoomsmon metaVvVaAMéwmabenlshukdhdas al umir
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all oys, steel all oys, nickelhheRBbFErpt d®@eegss, t it
working spacapowdarn vs Wepmabjundlyas tpelma tafnodr m. The s
LPBF system Fisgulféd8uB2Tatkwi lidh one | ayer, a r ec
di strhbotefagepdawdeoises bui | The |l mtdpwesml ecti vely

mel t ed matcc lssaschipe o mat rltahyee r b i e apgrhpotger ammed scanni
| aser sdheiecoh emaopehet uaitaen ad ¢ pitmg iema laltlje tihe

|l ayer Afemermatdne | atylkbe pewdempb e dsepdesclildoyveadr e d by
t hi cantdlses powder suppl yneswydtag/m rwiolfle Ipmaevaldeaa n | WA
and deposited on the pr enwn.dnmes cloanpdre tfeo lplaocwi n gs
t hrough t hmelptriomly &@sfsi voeeon another. I n this re
|l ayer of met al powslel irdeisrfed W b jpe otceed st o Tdi me lutn i
a fsicsahl e tl ipkoeo Imeslt ructure. Additionally, the t|

cel |l ul asodl eddsftirtuacttieqore ts@oalin@dhnar n mor phol ogy.
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FigurS®chematic of a Laser powder béa®@1lfusion (L

2.2.4 Processing parameters in LPBF
Some studies have shown that the various p

systems may have signtdnd amsdaicrrivomfnldu eneacé aon ctah e
properftiaggdi ti vely maih dfdudct oumnperde hceonrspiovnee nutnsd e r st
predictive model of t hes[e4,(ecd4& 3footrs eixBaennpa tef,y e t
all 4dlistomi zed the |l otalbhgt@&sinngnoa phomligryat i on
spot mel ti nigelseatnr prath ea ns ynsetBetra \negr [{3EHBM) a |
investigated how process parameters and poten

Al Si 10Mg produced ust magh e PcBhFa n gien eg/f olbwsielr d/ edli r €
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t e mpuerrea,t powder | ayer thickness, surface finis
popul at i onswhhiacrha cdheetiseersnil ai tf ifed Bef 1 0 Mg

The common process Tmd3ll &ameters are | isted i

Tab3Py ocess parameters in LPBF

Process parameter s

Laser Scan s Layer Build or
Lase_r b'Hatch : Buil d ct
Ssi ze at mosph
Scanr a
Cont ol

Laserr,ppwe n W

The two most commonly wused | as@opednytLtPBiFum
aluminum YAGhewi { Ndwapdiephmaendt bar bath) diodusder ( al
| asweirtsh wayvep gemgtnh recent years, yttwrbhum (Yb
wavel engitgmhave emer ged asYAsQ W satkiatdustrseesd fAOM Nd :
proce[sds¥higbenmrsl aave wi dwhi ble aenn pblod i mher e uni f
tracks with mini mal-f pbe o sYaAQy .| Nadsdedrist icoanna |ol pye, r avil
scanning spe#idscasempadee to reduced interacti
whialhl ows for the [t4dlbilelbwevEryetheeltghyg stabil
fiber | asers are | i mit#ddd.ddhye ocpotmntoanl |faisbeerr pcoowne
LPBF i30Wa KW 4.2]

Laser beam sgsgmotn si ze
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Thaskr béamaspautmadtdite sgsmdeetarn ,s t he di amet er
beam incidenfThenspbée powdeof 50 BlF8th[s4.2 ] htehe r
spot tshheaes emifmpord ant fact ordien ssokd nchehteer mooles A
schemathiees ®ef beam and mel Fi godée | Io3v. demonstrat

The parameters rel ateRli gwrecladgn are demonst

laser beam

laser beam spot size

Figurleasle3rr beam and melt pool
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laser beam

overlap scan speed, v

powder layer

FigurRr addess parameters related to scan in LPE

Scameed, v in mm/s

Laser scan speed in 42°BFhcgh basep soabhbBmhg s
| apoewder interagt vieans etrilmqpemwwseWignhniang speed meart
more energy into the powder bed

Scanrategy

Scan strpaebythatthhbhe | aser sourcanfnolnlgows ac
directions and the arrangement ofhtbbh attaeacte
scanning time and d&moanleitn gnetsi, mano fartelae ilsayents.s
patterncamdthibeiaded i ntamideeeachl!l til|l eeshe scan p:
changes oriisd mtaateigoynnidsTdalning ch gi.s ISa wdiid 3 zh aawge as
i sland scanning approach with a pattern rotat

redurmeadal ltuerxgtiucrael and I[e3slsl t es 5 ddb@mdnn sdterdastsenhqit e S
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i nvol virnegp efteiwvteirons tend to produce | ower | evel
to reduced defl ect][i lnolnlb hLeP BtFh e rlowielsts , s tt rhiec tswraens
rotate |l ayer by | ayer tExamed e&ateesgtiheas sacraen nsi hnogw n
Figure 15

Hat ch spadacemng

Hatch Bpathegdi stance bet wears ttthe dearsteer rafstte

region of the powder. befl dhbezeée,gsde,heisshaltdrdg eprr ot

hatching spacing, h, there wil/l be an overl ap
as hatch overlap, d/ h. |l nsufficient overl appi
pool s.

Contour

Contour Bsanhhenbasasaéong theasut kel Fptguubr(iek)d 5S0h a
Contour ssamnitmg riesduce surface roughness by |
compoarechtel i mi nattngmnayobghnaeassotihaed by the pr

points of adjacent | aser tracks during the pr
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(d) (e)

Figur&cam.strategies in LPBF. (a) and (b) Two
directions. (c) Cdnteumfsaamsmiumag eomrtelme grdo |
area. I n each island, the scanning pattern ro
new stacking | ayer rotates to rledages thepnmrege-

froemer engPe31I Y 1]
Powder | ayergamhickness

Powder | ayer thickneg@2®mipnmeh[PBFhe sl owedsthet hiaolg

' imited by the powder size. The poavdteypiirseeld i
di stri basemtodndmwhomh 1 ndicates the polvwherTHhayer

powder | aydeert etrhmicnkense stshe materi al deposition e
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ef fi cHoewecvye.r , t her e fifs baelthwaeelsnd reaehtafrdia cbievei IAd qual i
thin powder | ayer thicknesssAbkbayavorhbdknéss
growth of the sougipohaaensdafc kd enfd ecdisseirv ed. Thi s car
explained by the riedpectdr ellumetfri emetnlee glyar g
can |l ead to a | ack of wuniformity [@aTdB small er

Build orientation

The build orientation of AM parftosr neaxye ngprleea,t |tyh
aspecof rapfidnt general, specimens built horizo
fatigue resistance, and elongation to failure
(45A to tHeEEw2pd hplr atpeordi @sharte for a speci men
incline, the | ower surfacgl dfaximags do wmiwahmar t:
roughness relative to[29&.3Jppghe(upwanfdcéacon

| ower surfdceoishat morbudier ect cont act of t hi

manufacture and giving rise [td0melt pool ther
| ntlearyer ti me intervals
The -ifayer time interval is an i ddioesestahaspee

scan pattern and pByntamygi mgetahennemicér | afyes al
one can achieve different scannjf B4pH.61Dnefsf droeant
int@eyer time insermat st hesmht hhnstories. Samp
intervals obtain a finer microstructure due t
the | aser penetgsfaotri dno Adgeepre m rndiieme nii sther vah b, d
| ayer temperatures. This |tolwe ri nwiad egrrdepwe noeutsrl ayt

deposited | ayers developing |l ack of fusion de
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sufficiently molten to acHihewve peofcameditVeedametsa
regions between | ayers. Thuwithhlopgensi bhtyei Is:
than those with shoAd ea rienswelrtl,aytelre talnemsgati or
built with rl angreerf[obweer.6f | ay e

Build chamber at mosphere

Argon ( Ar) .andarne tursoegde ni n( LT Fi raist isdli ep Wr pmas g a
in LPBF is to protect the meatal fArsa doexi dat i
bemeéf of 1 netraa rgeanso Vigpopw dicsetss dych as spatter,
wel ding fumes fr onm Mahemaeud[ildi7ahfv etsh @ glad sar t he i
of aser,amdter mankhhePB8Fe procesBlewindapanmrtged t hat
a hpgéssure environment can help reduce conve
| ower the vaporization rate of the materi al

2.2.5 Porosity in LPBF

The | wesreramd scan speed are oftenbdilBcussec
i mportant cwarlpwmestgidiecn i§ d/tEY 1,1 5.8 ] Vod u neentgryi ¢
densistygefined as
cb'O’Ohb:Km (1)
The variabl es apr ei sasl adseefri npeodw ebre fionmgw,, vh iiss shcaa
spaci req iang n ayer emfMhekwebemenr i cypeinogalglgyndens
in unit3 of J/ mm
Porosity is a common defect in AM parts. |
v 0| u meentgndi ecn SMhteghnhe I nput energy i sfonsekbBmpient

| ower | aser powerl a@od uvseroyn fnadsyd wosdceagrelriingggwer o
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scanning speed results in a smaller molten po
polo fails to overlap between adjacent melt poo
of irreguleadf uspodsareas can be r ereddneidz epdo wodye r
particles within -of use am tpoo rbges riérernedgTutlea rl aicrk s h
vary iTeangi[ebeB.]jaslccussed cor fodluastiioonn poefa otsloet g1 aacmkd
process pardaenveetl eorpse.d Talne yaln atl o/ tle acoafl mapg emd hiet y

basemepmol essesmtadliomensi on, hatch distTaaincse mordae ||
couladopdetthet effects of changecsbiemsp rpoovess iamg
scapeedsplaanedy | ayer t hi ckmhieggutsrsehowp atoiepbaokit
fusion pores i n alFliogwrleN)71168h dwsp Ihtelhrdd gyrad PP PB.r e s
pool corner adaadfaddodgiun(dd)ddstheo Wpommmr cl ose t ¢

| a-ok uspome with cracks around it.
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(b)
Figurleaclke.of fusi on proiromlalt yaar)goeyrde Q@i das d e
LPBfFabri catedat €WM2e e rCigyb diecoonadiiit{ng8 h( )38 L C
processed with psopvead 2202550 mm/csaa naan dh gh a[t5coh]i ng di

I f the applied energy densitwhiasriaet 0 hi gh,
known as vapor depr essfi oonhse wroou Itde nf oprono.l Tihse udseu
the conduction of heat in the solid materi al
increases to a very high |l evel, the | aser mel

fik ey hnool de¢ ik e y hnooleiet he dept h of the molten pool i

evapobaehawmotrhat the depth is significantly gr
mo de6.0] The metal vapors form bubbles due to th
down and solidifies, the metal vaper bubbl es

induced pores Riregumeholms spbekeghble induced p

built by LPBF.
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Fi gurlePBNA.&il Isoytgrl ®@ck | aser scan expebrlilments sh

Many studies have shown that the conductio
t he keyhol e mode mighh edneeerpy em el atetgfhddid ijleesa 8 d a
mo dted st udy t h€&i6é&d | pno rLaPtBiobne Tdvfeyal evaapor ati on
energy dembey yd&npagnadhvest hgakegtdel easer mel
oB16L stainlLdéeBsFesfTibr@Pugh cski negxipeer i menttshe t hey
threshold for keyhole mode melting is deter mi
to combinepioohweref cpets.,ofand beam si ze

HoweXemnni ngh[athB ¢eptotratlaetd v ap omrmreeps eersts i iom sal m
ener gy deunsseititays e rnTpifiedd V€ ey used hulgthr-speesetd ut i o
synchr-oatyodbonrsexr ve the evolution o6 AddMve bimé ht poo
stationary | aser beecadmn astitlthet 9 manmmr imo d elseedr mdmr@mdnw e

vari eds.camnitnhge ,b etahne nhoadseer power Tahnedy socbasne rsvpeede

five regi mes of melt pool evolution with stat
formatiom,arfdignowtapor depression instability
(v) melt pool shape change. Their study provi
speed in their experiment exhibitedoassgbenan
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riations in size and shape. This finding ch
nduction to keyhole mode occurass paeta ttti hoe nsed me
ol s emerge. They fourmdce tumastt atbhe Kpelydroil ®alz om
aracterized by high powers paad)l (gp awcel am igthy

sociated with keyhol es t hlant thhaevier esxtcuedsiseisy, e |t

ncludaerehdsfmadwelhlreshold from conduction m
wer ,dedsthe transition follows the sequence
rface, instability, and then deep keyhole f
ot her phenomenonam ed paet eedT teo K iaatsseirn gaynpde socf b a
tributed to |l ow | aser power. This type is d
heres with an interrupted dendritic structu
eealdd to the second type of balling, characHt

cromef{d@r spheres .omytrhlieeassiunrgf aachee i nput ener

ulaodormdkweyt ddhcreasing | aser poeweugo wdeway eémng s

t hi ckmeslsl,i ng paemibtmem&g A heck-dfhusi on, keyhol e

balling are 1| bpdagtwmalired 1i8n t he p
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F 3 1 |
I |
I |
e === v
. ballingi
E Keyholing :
o, |
g I
E Full dense material :
=9
3 |
@ |
- 1
Lack-of-fusion :
L - _: _______________________ :_ --
1 1
1 | >
Scan speed, v (mm/s)
Figurle slkBet ch of | aser powegr wamd osmsa ic o reeesd oma

regi mes.

The optimization ofnegred ®asagearnt gd rpeahreanme toenresd
defects in LPBd¢v&@hapgded Bt amework for establ
par aseitredow of a s pedaciffoirc usslel cays ian tpéhdeint i al f
framework combines various el emendasedncludin
simulations, wuncertainty analysis, and fabric
wi ndopm oocfessi mg wp atiamwetresutiéensntheacdephpact s.

2.2.6 Solidification microstructure in LPBF

During fabrication, Aprpaeasylexpgrirepeatad
and rapid Ismoltikdode o apanensltstispol foefc at | adre psetnrdisc t u |
primarily on solidificati ofQ pamd neh e gsolwit dhief itc
ratle. (The solidificOtAOnmnmiadpanddsheoiwdi yogren 19
Due to repetitive | aser melting and sdanni ng,
whiacel | ul ar dendritic strwofuthe weblbl dl Aor the ni
struatrdeirressct |l y ce@dlait g itsmt dehfi@hivetht hssAlCrsi, t whi | e

53



the cooling rate can be controll kedsbyapawgr ng
scan [s4hleje@] St udi es hadendhobwa
t he cool i ng rhatiensd idceactegesa sam enrthrgocr [ellles7 |t y

Lower G+ R, Higher G- R,

coarser structure

finer structure

High G/R .
I

|
s
<\
O\

=

& h et osupl &de i inngc r( eDaAsS

nput

Temperature gradient, G

Equiaxeh‘ ~<
dendriﬁc

~ Low G/R

Growth rate, R

FigurSell@difi dapieodtianmgpernat uiQe agnrdadtiheents ol i di f i

gr owa kel nfage

reproduclfe@6]f r om
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Solidification offakkoys with planar 1inte

The sol ipdiofodceatdidqoe/rsidist mincate i nteractions
temperature gr adiseonltisd irfe oCdastisnogp rroabtl eesm caannd b e a
a simplifikedgmoeedOtBbsB@Edadelli qui d all oy i s in
mol d, the heat i1 s only removed from the | eft
from ri.ghThdroeflerfawi Islolsitdairfti caatt itdBnrensé edl €ér enlde o
all oy solidifies with a planar solid/liquid i

solidifies in tmhe aodrddiutsiiom timatt htehi exrodn igidsi an d h

l i gqluncod nvecti ®&an in | iquid
solid
\
-
heat «— liquid
‘/

A

heat flow direction

Figurnizaditri onal solidification of an all oy in
end of the mol d. Heat flow is |linear and from
This all oy is il | Risduréd)ezlAbsysl umteaiscegrude amgrlaen at |

the solid/ | iqguiedguiinltiebrrfiaucnQapgad(@fiitnieont hreat i o

~

Q - (2)

0 ando are equilibrium compositions gblute in solid and liquid at a given temperaf&&.
As shown inFigure 21 (a), Qs a constant and independent of temperature. The alloy starts to
solidify at temperaturéY with initial solute compsitiond in liquid. The first small volume of

solid forms at'Y is of solute compositiof26. Since the solute rejected from solid to liquid is
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transported only by diffusion, the solute in the front of solid rapidly increases until réaches
This is known as initial transient as showrkigure 21 (b)-(d) [68], [70].

| f atlHiesy suf fi ci ent liyatltoanign e da iassi edacddy) r fdlbaeal de
(c) Atsttelady st at eqgf t thkiedc.dlwdpiocto mpioosni t i on in the
intemdat@dr equi r eqluiblyi b hientee.®h a t scelnucteent r at i on
proifnlehe boundiadny tlhaeeyteatt @andydgiqgoen by

06 0 p —'Qc‘or‘]—}, (3)

whe®edi ffusion coeffi ciaeMits otolhvee omeanttee a fn & dlei d/
interfaclesaowhkredowmnmsasa sol i di[fi,Cla® jTohn@) akagi.e or g
Fi gur(e) 2sithow t hat t hdee csroel austees deoxnpplicesei nt tti itvaml |y
interd acéeftoiently far from the interface. Th
prof©OFYe i s

Final transient forms whe@fYiolie the@l ied/dl ioduit

The compositi oaump ofapsidoliwtleéeardammpgs t o t he for mat.i
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(b) liquid
(a) o
c @ ______________ r » R
3
g
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o D/R
GQJ_ 1
= Distance
@
(c)

Composition
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wr

Distance
(d)
o :
c
£ final
@ . transient |}
S initial ik
€  [transient 0]
3 . steady state i
- pa pi |1
Co : i
kCo ™ P
— D —
"RE Distance

FigurkRl &nar frontamlol(day i fPihastei @dn agfr am of t he
Solute concentration adj acent e tsdyatbhéet apilifabmarats

temper atu¥Yan®etOnereprosi ti on profile oshowiendgul |
initial transient, ®ieadadyestaeceprandrdOgdidnalr omr a
Cellul ar and dendritic solidification

Thels di fication with growth of a planar fr
Howewxet | ul ar and darmsdmotriec coanmiodil fyi d atuina@n i n a
LPBF. Il n al | doryisv,i nbge afdd rmogee t @fl mimetf biomtak dddndr i t e

constituti onfdhle Swperadd wlni mg consti Fuguoealk2su
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solid : liquid
—R

critical
gradient T actual
o T liquidus
=
©
[«)]
(=
S
2 constitutional
supercooling
: : solid | liquid
Co Co/k >
(a) Composition Distance x i

Figur(eP)Base diagram of the alloy. (b) Solute
itherface in a steady state solidification. (c)
equilibrium | iquidus temperature T | iquidus i
l iquid follows | ine T ac,tutalus Itthea sc dones toiwt uthiea
forfisctures reproduddgd from reference

First, consider a planar interf-acrei cmed he

boundary | ayer in frontéiattheei nbeaphhaeé¢ hamd
the interfade guale) 2@&ps ctlee $saol ute concentrati
equilibrium |iqgqguidus tempenat ttecedphhbegcit hg b
phase diFag@2é&an iTnhe equil i brium | iqgquidus temper
i RigureTh?2 actual t emperiantue ref a&d e 4 bbeyw sitihl doey | a
equilibrium. However, the actual temperature p

or below the | iguedysp wdmirealnetaedd.aclef i s at a
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t he |, qiun datsthlee etweamphs O gf¥ad lreenad of the interf

steepehet bant,swodli dg rf aasiddanbtd re wil tame | ffr drmte Wwiilglu i

in front of the interface is at temperature b
by t hér laicidaagureth?2 | iquid is supercooled. Si
change in composition, it is called constitut

supercooeéed nlmy cta@@pfer at ur e
A region of const i tlutgiuoinda li ss unpeecrensesbalrpoyn gf oofrn

stabl e protrust e.ngCinocee aa npyl atnianry pr otrusion for

be in the | iquinp eredtoumr & hseo |tigauti diuts widhl keep
protrwiséivoennst ual | y dev,elaolps oi nktnoo wno nag¥ hcperltlinsp s y o fl
the cells grow into the hoHbowevel ) quhed raehh cwo

in solute rejected | attehrearleldyoirfeéridm tahe tsheel il diwfe
Thlei qgiun dicet é ul ama yr ergeiaccnhs t he eawntde ewtiidcd sdoompros it
phaspeel | wiwah!l st . Tshanlsinduimfiime s ol ute distribution \
structure which is on a scalesemallaarei olman t h
temperature and sol ute di srtergiicdbougtsi sohRd vgr2 Bierh e c e
The |l ateral sol utée a@itst hieb ut®ied mdefomemnm np @iheto ic et

can be described byFiSglrée)l.2 3hond dlheasSchteown mord e

assumproi dmné$ f usiaopme actfnems «xli inda ien malidgu$adhei | equa
gives the compo#®ition in solid as Eq.
6 @ p Q 4)
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in w@iischt he vol umd 6BOQREt g an® o Pt3hseo |ciognrcefnitireat i o

t hahanges slowly within the cell amdati nicnrteears e ¢
cellular region is consistent with the Scheil
a
(a) .
isotherm
Ttip ____________

temperature increase
heat flow

o e

kC,
A A'

Figurlehe 3t.temperatur e nammd ddleutcel diudtarri swtliiai f |
temperature at M, hd hckeredurtietcd ircodtesnpies ature, an
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ti on. The solute concentration dr
The | aterabaswowl ludws dSlseirli bard u atni @t

The stadlillultygr omidempentdsmpemueaéeésaprdggadweht s
rateAt sufficientl y olrowi tgd mmpte hoavtare ilepesrre/as dai remmst so
solid, are observedor o¢ \derv e &Roepl asteidoerisdhargpys ar ms
dendrite arm spaciinsg ganvddoht hbeyr nkag. vari abl es

Q oY (5)
"Oi s tthheer mal Ygsathensplidificatios maté@epas ameént
expodientgevwerwnl ¢thosept o maarnydns p aei-magfsoge of

secondar y6.8pacings

Mo d e | ismlgi dif fsti raladriesn i n AM

Al t hough the essentials of AM process make
dendrites, the transition of columnar to fine
some experiments.Belrnmitnbgeh[aghtiinldi ® a s &8 stehvef a |
mechani sms of nucleation and grain growth in
mi crostructures formed during solidification.
equi axed grains regmuadiesnt aG, oav hiegnpec @a luirmg 1
containing grain refipangicsbésteThasepoodoeal us
accordance with what is demonstrated3jn the e
reported the xedl dmrmmarsittao oemqyIiCET) at the top o
temperature gradient is | ow and the cooling r
of -2ilf Mo al |l oy. Hhdddpadebdet hat .t he CET in cy

Al Si 10Mgy aproduced by direct metal | aser sint
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on the build direlcibmar tBeed mda nmgihanmofetc allumnar

titanium alloys containing La20&sparticles fa

Whil e these models describe the mechani sms
there is | imited work available on modeling t
cellular dendrites in LPBmRM wankfawtudagtd|l nuske
software to model the dendrite structure in L

2.2.7 Process monitoring in LPBF

The devel espmeuntp roofc eesmd nooannttroali nwgi | t heemar k
robustness of the AM pr omerssf antddthdadcbm@arntt 9 i ¢ e :
i8itu monitoring in thenikBBIRAari cooneeswst 05 isg nt at wroe
associated with the neeflftecptoeod zaonnde s(uHA Z)u.n dR rnogc
include el ecturemadpri @atsima <swimg rsasti on/ absorpti on,
and radi i®é&d olri ghetsear ch has al so examined aco

respoacseuotfic signal swhah sbBeoewnatowekbdatguahi t

proedeesnnomena, sfucrhmatsi dreoy mpalltaasomma, andf 2&Jack pr
[ 76 ] Due to practical system integrattihcen | i mi t g
adopdfi omcoustic monitoring iinc LPBdgnaslys tweaned Ttha

determine the melt pool gebmet mg| bhEMmMPer gt une
Manypriamcess monitoring systems badgded edmpelde dtor
LPBF. The el ectr oma geh apthioct [osdef nésbopsy r @ @@ | al nyd

visible Iight[@B]limftrrae ewlo rckd mgfr] aBsdpiegeride nc aente raal
and a pholheoan ouwtei lhiazsed t osorhe d hiter anetl h e pdiorhe raqidc
radi at i oWi tehmitthtiesd met hod, only t he acchtainweelar e a
detectors such as photodiodes adandhpgeromet evst
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data coll ecti oph?2.8pTleheed caannide rloapsw GediStrgd eCtCeDc t b e r
visible or IR, enabl e tsipagialll owstohatmampiordg i
LPBF. However, theecapmaesas t icaneaentnhda o wiseitnegclteo r s
processing ofhaddtea @fies] a great

2. 3Al IINYy 18

| N718 is a preci piittsateixocne |hlaerndte nmencgh aanlil coayl pr op
pr ecepphiatsaet E A[ 8®2[waisnt roduced by Huntington Al
of I NCO i nwiddmehme hl@ebb@rli8mar i |l y moeéwdaat ed by th
superwaltlbosyi st ance to[ 8, B&iN7 1a88g eh acsr ebcekepno guesretds i |
such as casing, shafts, disks adule ctoompirtess seoxr c €
stremgtlp, resi stance and s tHaobwe Vi &yl &ntn oetl ehvoal tde di
str enagd v ii mammée/@8beaus met Assttarbelnegt h ¢ nwinlgl phase
traamdnb detirp hmesta5@dBo twhr o uagrhd ¢ aldt 7Hdd e g n
devel[B@&@FJheomposition of IN 718 alloynpowder 1
Tabdl e

Tab4Composition of I N718 powder

Element | Al C Co Cr Fe Mo N Nb Ni @) S Si Ti

wt.% 0.44| 0.03| 0.03| 19.23| 18.04| 3.06| 0.01| 5.12| 52.85| 0.02| 0.002| 0.02| 0.94

2.3.1 Heat treatment

The mechaniieasf opg@ageantd alsli onpgdockeen hbeeat tr eat n
becaumet ahhlur gi cal reactions damattrhea &itsgtomigh vy
depend on the temperafTheealald tmemd We eutgdbstseast Me

718 | arckded do w.
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AMS 5[6BRhAIMS 5[6&RB]

T Solutiono#smedioMméent: 1h (exceptnotf elxlcewad nl
ar cooling or faster cooling.

f Aging tw7eFwehBhitor 8h, f urNBAC eh abl@bl 4N/ Co 6 2 1
for total precipitation time of 18h, follo

AMS 5[6%0]

f Solution trkdt MentcepllOeBBSt 12l owol | owed by
cooling or faster cooling.

f Aging tredCmentdtl ®h60 f ur nad® dcwdldCftadr GBHD
tot al precipitation time of 20h, foll owed

The heat treat méNFVilgrocesses for cast

AMS 5[3R1]

f Homogenirzaailde@mMidC fIp2h, foll owed by air cool
cooling

f Soluti on9 DY@ AtAmemaor not | ess than 1h, foll
cooling

f Aging t 7é&&tArte rf@o.r5 h8,c ef wromd8 AtCo, 6ol d at 621AC
precipitation time of 18h, .followed by air

2.3.2 Wrought and castIN 718
Inal | oy8t,hN7 sntari emn gt h & nwowgl doihhacsteme agi ng treat

pr oc@shgghra sseusc hagcaasr bli adlreds , lcaowd sd  adl usrdn efgar mmr eat men
Furrer,preedeadokedi{d b@anidvfer sus teimdeY 8.4 lei d es

andohawese ob$erigdbie8ore mipmrgwerleesobs$eeved
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t wot ep agilM CwafnGi? 1AICr anp9.Epaméahd&ir al . studi
t hger ain size and phas asidesgogbuotrigoend h eNa7Al@8to mdei astkme
1ol |Ibwedbl e af@romghasd®l2 TABr.TBaAIi r studitts showe
applied heat treat menltn r teftsar|geetded iviodguarmet m ome foif
[ at hceenter of the di sk warsadihweseha nydhmdablgutnoemp ar ¢
fractliiomcro€fased continuousIlAf theerathn t hgaacmbhher t
. Awere folumpdrtThe emalwlerteo trn@dsa rwolt lhmejsfizact i
phaasfet er heancteaattenn all three.li®Evoerskt iogfat e d
ShiHB i en [Oiaaisgl 1 8 af hewvw i sost(aHliR) ptadedaSidmen t

1758MP asldowéedd gmaif mamsdi zienspr d \hemerste gisregat ed

structharel ement al segregation and formation o
preci pwdrad i foonwsrod uatmdotndge tsrpeeacti.englédesvlerrqudgh opt i me
HI P t riemh aert ® utngdr ad u al |laynmbir. Sssonfdver eci pi tati on
were dmutnide grain bhobmhdawuhkmdéenatanfB,3eader sso
amount of | aeqrsag atwimeakdiot iodrs b o wald &lfl tPert r.eat ment

2.3.3 Additively manufactured IN 718
I N 718 has alkirlyi gpoanadveil s f rs® nsdulcydsteos many

powder bed fed ®icmorwodndrP B-8RIB)F nlda shenr € ct ed ener gy
depos(idiDR)M[] 2,4 2.7 ]

The deposition of | ayers in LPBF invol ves
scanning velocity and short interaction ti me
t hermal gradient es addgdlnigditfhiemdtiingn raand t hus ¢

gr owt h accompsaeng reedg abtyi om carnod pr eci pitation of
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on I N718 fabricated by LPBF have shown epitax
bui récd BDPIH] 4]
Lenart amndd vikEd mrpadghiat o corl adnea@tu italxee d CtEfliam s i t i o1
directional sol i disf ic@antdiipohradoed dtinecl adee Bo7T 1 & mann
(PEBM3gnd shedi ¢l epiretr agifuardei ent and solidificatio
mi cr os{ B.6l¢nt utdheei lats mat eri al, carbifdesnaéanidn Lalve
interdendritic spaces with segr ¢@pa98Inheocf ni o
presenmnwasoindi catfOd® ]yt XRDheat treatment, par:
homogeni zati on may occurf ,dapeandeé aigpionhat @& WwWe m
at the gr di9f [boOUndari es

Some st urdeneideleavceo o AMI abr poatdsonhmat horeat m
formati on of LavesthphansZh Banngd8 e tepnastildladey eashtepd g e
in Incbablri caBed by s(BLdca itvleatl afsalsiréeinoedactt eedd gb y
eardgpos(itbED)n They r elptohrduegrh t haads ianmgl & et o
weaker sédverelgmame ofnr,acti on avfatshav bcsogmpraarsesed i wi tSh
the caPEDardhée&a webr concentr at iaonndsMbe slcahv erse gp hoans
[ 1 OliJeut [dAlO.2n]t r cachwewved post whedaaipeittpadaisosbmmcton e |
718 f abyiDEDIlea thremdat me tiadgei ng t r AGtoe dahath 890
followed by solAQ itbhoelnt ndatdblipae 2@20 g treat me
t r e atwhd rcth) damgmdg 288¢ o rt Behp nagb 2006 oh.TBey f obed t hat
preci piltpodtais@naaghifnegr t oephtd omot ect he di ssol ution
The Laveo!|l pmaskf®egiangdo! ut i onwatlsreesast mehratn t he v

fradtni dcthepasi t edwisamel swaspdbg eot gdsol uti on
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treatTment ensi |]ea gsithrgeonlgudthioaordb | e agi ngwar eat ed s
i mprdco enpar e dd iwrisdgoditut hen + doubl e nagihneg worreka toefd
Trost hahle. mechaniocfall No7rlo8p ecratry ese tii nmd rpedavesd nb o f
di stributi o. hizntduschye i h@ma po pyd u Sedwiboypt i mifzati on
pr op@mhase dicsoturlidb thtaiveeeelcehmatni cak ompap & btrigesh
and casflm8ieri al
2. 4A1l oy Haynes 282

The upcoming generation of aer odeman dise st h ast
necsed ate higher Asrmectkti cteemgperdaéenhesinpset asace
surpass 650AC, the commonly uscduwe Abthhatgled 18 i s
transf or maocai6osn0.AoBf t hi saHadacsye s saadcdapel fsoati on
abot/=0.AHGynes 282 isthephasegt maeded hley addi ti on o
sol uti ojpli@dd&lifheeotmp 0 s iHtaiyonread 8¢ powder wused for
s howima b5l e

Tab3Composition of Haynes 282 powder

Element | Al B C Co Cr Fe | Mo N Nb Ni @] Si | Ti

wt.% 1.51/0.004| 0.05| 10.20|19.46| 0.08 |8.36| 0.007| 0.01 | Balance| 0.02| 0.04|2.10

Haynes 282 bwasHalyersd sganlendt 2260 @®$ iworaonudg ht al | oy
for high t empeirgttruucet uarpgld bh awdamp e@mesm s stendtl d an d
turbindg lan@dhaesxcetd eap strength,falbreiromabi Isit tayp
[ 10[8] 1[0 1wWH i tl Fephase pmr@wi g¢gheadr adlteonemgi gni fi cant
consequeduwrei nof the fabrication of -@agenpomaankisng

This issue iIis particularly probl &dymat iSdargf®om c e
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cracki nghatpypgeuncsae hgyt h-ei di heat posat mentng oft e
of a welded component. This type of <cracking
material, whichircasulom Shomnkkhgesahidditthe si mu
during the heat treatment poprcecispi tCadmrisaemg ulkeinn ¢
more prone to experi.eheisgstapsi bypagefotrakltk
crancgkii s strongly depdrmderlinegonenn tth,e saundhd mdls oAl
The susdeptreabenl c toggc kail hgppgyses constraints on th
components that can be ®manuf gichhcapleé | oyisnguttciho
Waspal oggydeAndr B typically confined #@@esheet ga
crackingtheéHowewmay P82 alfliioctyerwead t o attain an
bal ance bet ween sitTrhergitfdoyriie8€ atatheeivda migl ian g
fabr i ctaltii oknetohfip h @ ¢aensdhleaette p d O[@HCEC G s

2.4.1 Heat treatment

The typi daleadamlewpteirawruoruegahftoes 28 P ACstbrom 1
11AG202AK o AFO0100[7]0[8] 1Af]t er sol ution annealing,
homogesod&mdey df or my t-swioep aging treatment i s r ¢
the akloyanwbare trealtmeesl he@ASLSHHAERATI r cool
(AQ f ol | 708v8e@A@ HRABr hopauirrs[cddBl12treenper &fi asepof
agiinsg abpmsel vhe t enple@ 80 §WAhEi calfiend sirh e f oafmat i on
second&rcyar bi des predonbo nadyaley appltihceatgircan nof 1
doest | ead t o hsatsr dregetnh d miumgl. tlot | ead to i mprov
and ‘théemgpher at uTlkee dauedoagityd ed st diieco mmati on of
preci pittratnigg haéselenn gt-theeata st r e at ead' sc ornodui gthiloyn ,s pthhee

and very [fliOn/d i n si ze
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| marioabl AMs, fully recrystallized microst
temperature if[sswolevys cl empent @t o toer. dHofwieevresr ,i nt hti
of ayn2e8s2 . ay mke832 ,fastohlevus temper at uraer oMaA@ et er mi
whitlhet s t emperature is significantly | ower tha
fromAR204 OAE B r i suwed f[i@Bak pl ored several solutio
temperTalteiy eshseheesdoktbbion A@mmetathighkoeholhHho
i ndueerystRetrysatabhizati on was observed to r
t emperfatlu2rded AC, b u th otuhri se xrpedgsuuerdea dteianieB.e ¢ i me ne
hour exposwalesoatvorXrX®®AC ystallization.

2.4.2 Wrought and cast Haynes 282
Pol kowsk hlirejte satlti.lgpetced st ruct ure aonbd har dnes:

comme Haxy rad s 2s8hn2adeatd | mg amu latnit targeianighen@a e nded t h
t emperoatthset @ stdvesrtda ge agi ng ACrRévasdom&md -¢ D0 DO O
118€82h aB80BB80Oh Afamgr stthaegd i ¢ 8 Adghidni s c(r-et e Cr
rich# carbide weeei pdeatesied ,atl timetgdapne denct
intragranul ar amdiicHtar gwedrees | darireVcop e d sfeence of
was fDwrmidng the second phase(760C 3 ket semaldpr i @
et or med stetcend&cygr bi des al ongogreade Rubbobedmor es
some effects of a reacti arheo goauamairbaynddCst Hehe i
surrounding sol i dwisiol¢dudt itoon twheer ef-eoorbnsactdiwehd of a
carbides as i.Nhreed adii ap s apsreosd udcutmsi 1 ga e ait | It v etatt
t he f odd wavb)eyh & 1 3]
00 7190 6 ree (6)
AET# .EBOME #0-1# . E4E I (7)
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D0 1900 ree (8)
A T# . EBOME -1 .BI# . E4K I (9)
They summari zed t ha&®Cuwshi mirg theingpheesria achiadees d  (
thermal dest aadpialritz @t ieen amfd {t heosctarrebnnggtehse ntih at
Utilizing a redthee cdsetcaognel@ 8¢ gipe dlotred in the
precipitati ormnapoafr teixctlreesme lwhifcihnecontri buted to
Al t houmérs HA82 was i niti al liymsdcersa sgtnreudc ti unr ewsr oaur
propevretaidessdy edafsd rMat ysi ak uelt eadbhdthemiasr ostruct
vacuumduction melting kdaynetoh@8R2 I medtc cafsd h evrgt ©
They fasundgaat s pds sHEgoam@s exX8 A endr iande iifdiemrdo st r
phases/| maft fhgpas ncaarr yb-i #inehe formof 4 E- T#-O.pr i mairtyr i des
inthe formof4 E,,,c ar b o s I3 gphhiansdee formof 4 E- B#and a | amel | ar
constituent consisting of molybdenYamgh@@8] chro
i nvedgdt hgame cr osa mduta yusreées of @ x aasinldoH @ h m-a t
treated.TheghdebsenaedHdaynesniBnligdaeh!| ogkgi n
boundMMoyi d#fcar bTideshni t r-i dfeasn‘dphase with a r homl
strutThaerbeat treat meattwsitm gteh isso | sutad doyhCit R del ast dree n
118€6wi th watet wopt eaggétmigamat e a 0 A &t848/8 Ch p( uFrAs)
treat mentmadn dagii @tohaetrv Z8Bous dur . @Affitemmsco hep t o
sta@pd uti on tr eat me#cta,r ba hdbe ap ht awgiedseesekicepd! ved w
resulltoend hiak fdthev® s a g e & otdwsott icaapetnrge at' méawese

di ssol preac iapmidt#althggda iars b ensenmdeavrer ed by# dndcr et e
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- #preciphomereshobsgpabke duraggThes otstedrpreal
phaswer ef mwnd at grain bagndrassges after 10, 000t

2.4.3 Additively manufactured Haynes 282

Studi esodbnHBYBEs 282 are | imited. I n the a
titanium and mol ybdenumpaedi pbiwelek dmna nfdr a ot it
i nterdendar ioff i-pdirhrnetgeisdo nHA P[A B H0IPF121GHiI aasi aan et ¢
[ 115]Chri st pBDbibaslepgdmdigalee rmaéported the evol ut
[ particles under soluti onf ammdataigo mgicfa efari idreasreya

(Ti C or- Margy #tomwar bi des undeerad sat rte[pd@]t Gdh ti nw

[ 11[0015]
2. 50bservations of soli di fdbaaeidon struc
super alelnoey s6 5, | N6,2 51, N7C3VM82 4 7 L C

Si misloan di fication structurleass eaxdaveu pereanl If ow:
chemistry components are similar to I[N7168 and
studied the micr ¢ssttmeantgurhe nefd Rdleoyg5 pracesse
dendritic sftaFacmiumgselre méint :b wielrte rhatuenrdi aln. t Thh
mi crostructures devel opesthel mwhea®ad othh@eBte weenmte a
examined. uBhgraumsolstu i |l showed some el ongat.i
direction. The supersolvus grains were close
showed a multi moplraécidpintilad st g eorns mlfar uge Meaart alr i e
finer dil Nt6R2ibb atsiuaihtlashyh €l ¢ @ar reactors and ocean
structures i n ahdomaonepower ppaPOBRSEs i s a sol id
strengt heneluiallt olyPBEheN&26f coal | ul ar dendrit e
in the bulillvnmdiobesetrivemnamn ardjgjaygsopar fiales al
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boundaries df2.24/l8d47 m€I| t sbpaascehdi cskuepler al | oy consi d
due to the high Ti and Alagceo rctrearctk i anngd iBso sswmed d
obsefroveeldau dendr i-ctreasc kainndg minc rloPBF [ f14 B fAIf ¢ setre dh e@
treat ment above 750AC upetldagdiabA®s ptecepltan
boundar p€s aamd dels at grain AlounmyBdBrN€sse dwe me gals
turbine bl ades ardsv proeog avepldiadbatliidadrnys.and i s s
as wel $t uwdiyR3t8hLeC by RicKdd®ddemhadr idgte aslt.ruct ur e
di stipmetci pi tat ebevascdnfdaoun-doninme afli wrniri buti on w;
devel oped after solution and aging heat treat
before solution abHdo df@gd ingt rhieaut itare afwimemtf i ne s
bet ween  qqaeaercd epeirbech s es ved. Mi crocracks formed d

reduced by HI P.
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3 Experimental methods
3. 1Sampl e preparation

Al |l partsweme whitihl gagsdwuptwimti z eal plobmddarze 15
di st ni bTuhte s pwledrse bui It using a cUsatsem opeoswiden
bed ftuessitombedAddyt Open Thi s machliSCerbni&®rbayg buil d
150nmdme | i Meke h@nm fi ber | aser | ight vii&CANSCANL
whiermabl es coaxi al meH at ¢ hp oloN 7 1t 80esn amii@plHaes tntacgm n g .
7mm is inverted pyr aniisdqg usahraep ecdu, W ioa nddl BtGheep etdo p 3
sqguar secrnlohsenr Haysnaeamp RBB20 buh7entmawiri finmvceratd ed
pyr abmeisdet hdiut® p x5mm square cuboi d. aTchceo rsda nmpgl etso
an orthogomadt &r | ede®il gn 2oMi tehx pvearpionwedr tl sa slear y awste
scanning velocity. 2Oib usiandpulseasy e e7Obuspbhcwinygl
within a 5mm tile siTzhee i7nmma thaaltlc,h isntvreirpt eadp ppryor

of each sampleom@amsnbpat amei éh @sing a 175W | a:

scan speetdhdtoefredufceproxi mity to the build pl e
sqguauloi d portion of each sample was buil t wi:
experiment by varying | aser power ThAgdmpkan sp

cubedmdyout of the sbBmpgplbeesB&pi ebuwtthatedried

assigned I D from 11 to 88.

73



IN718 Haynes 282

(b)

Laser Power (W)
1250150 81 75802000:22502500275 300

oo ] [l B4 & B f& S
il S EEEEER
noofis] &8 B W B & = =
i HHEBEEEE
+«HEEEEEEE
«EHNEEEEEN
~“"EHEEEEEN
y s R A R R R

( CZL_’X

Figur(ea)24l.N718 and Haynes 282 sample cubes. (6L
view of the build | ayout with the samples ass

Laser Scan Speed (mm/s)
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3. 2Process Monitoring Met hods

I n t hi ssiwour kp,moidne@s s nmovdeart eat 18 aldetahoes i |boec a |
t her mal hi story and its dfPfBFFoaitdfdsl NmpES Diitm luat
t hengwiav e d L®VIdRRA)t &8 tteedonst rtuecnip etrhaet utriemehi st or vy
t hrhooutghdee si gned experdtnhednstes tammmdi e®rwietl mtfeeat ur e
structures such werdeérdmi nedspygccoglihgtrates
solidificationlpdecessigheaedtaxpgemsdlmewar iwat ihom.
energy densi tty, mowtt ipmioantsrtadti est wdaai abawve i
process parematevely modest such t havafstlee maj
from defects sucthy aasn dc roaucrkess maantdi =i aart of oI U is n
mi crostructbhwrmndBatseeaemlisn tehsat wooaf dhbghgeunalit Vy
user s.

The machine used to create the metal&sl urgic
AMSENSE sédnshnagyanmncs platform oavdiiltabklde wand |
senslohleo.ngwave | R, ther nrad c d atmoigmagihryg, sgaltyv @ r
coaxi al melt pwehetchEadmabachmabunbd.

Recoat oodigmage tbef ore and afterbasedat usi
CMOS sensor. Wheiteeed ifgdirt ILIEIDsmi fnialt ti woaxs viesatrd t toh e
prevent the passage of | asenrt ol itghhet .quTah e stey ionfia
prcess including short fpaeds pedddmagped oreod hteer
that can disturb tHhe mogyyearpk®efrap ¢ wdaas esdi TG M@DINa |
camera that i magewhithe ket ngef pbmweieteiddeddo bley ni

| R NIWRI)t h a | ong mentodgr2a&tOinssn and a frameerreat e o
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stitchedctegeéharcomposwitse ibmagyies .onT hae rl maylert on

sensimamwvy proocessaancemalktites ®ewvemhts, uneven ga:
among many others. The spatter cambradi snal se
NI'R but has a shorter integreXposutriemeéi med ap

ordes® Oso fbut for extr emeasy tburniggshtte nmacasnr Abaet Bass ul ¢
accel eratecacdaon adleypteiecs edndor@ko g f ngl bwt obj ects, r e
awvel dedot shmae dt ermghector por at ed i1 ntuwc ttihree raersdi | giamdan
mass much ilnalrngerdutaHampowdlackfluasrn toincl(€OF es Ot their
met adat Aef rweassd esso measured and | ogged in an HEC
anal ydse ssi raesd .

Longwave | R i ma@indg oirs me awaillru aalyl dt Hteeo tseorhp ar
state cooling in the LPBF pr oceasxsi.s Byy piitcsa lnl ayt
viewing the process through aag¥éGMmame suonl wt inaro
mi crobol omet er 32hHMat canskdward vlead rfoarur7 tteomper
ranges that wii2l01B@ds AtCe mpidireabwr as returned f
are useful for relbati abstoémper dtempBrahamgse ca
duechanges ornamhegmaimgsisaivi ty. For the buil ds
full re3®dHzti o-rOtOBOEACL 5r0ange for its full durat:
t mehol e build area all owi ng tdhief fdeartean ts eptar t s t o

Coaxi al melt powabBctbepmabhiemhagsnggameNBR f
that has been blackbody cali brwawidndowedrktdawmn
to run bdétzavede N1 5100 0Hz dependirmigese Bpipl ds ava or

1000 Hz. wa=si tclaantead sdad otwmdbte il i inmag@gend before |
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such that the fi eMads| owvlagwit eweadf onhe heameda poo
registration of thdhiemadged dt @ nt FPIGIA lwacsatdievre |
commanded scaninsrwrpiotstien otno achidsk i n a CSV fil e
gal vo posineilotn sp oaonld dtnkaggi esst reantaibolne of one to th
mor e darydiillbeed pi ctures of the Laser Powder Bed

| R sensor aré&idgementtr at ed i n

LiIRsensoraqdrnount

. /\ _— 2
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LWIR sensor

(c

Figur(ea)250pen Additive LPBF build systdm. The
spabeg. The LWIR sensor. (c) The wvi of the LW,
view of the LW R sensor covered t powder bu

® =

The data from these sensing systefimesr was ca
further analysis after the builds. This data

completed builds to the University of Arizona
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information from the pr ocespsosneosniotfortihnigs dsattuady
was on the ther mal hi story data obtained from
3.3Metal l urgi cal anal ysi s

The samples were removed fromz tdhreodaidactpilc
a wire EDM machine. The sectioned samples wer
mounting process. Samples for microstructure
met hods including succes$i0We @OOnNnaGinmg 12HDIOngr 2
carbide papers. Final polishing was perfor med
mi cron di amond s laduumiyn a nadb rOa Di5v enmi pcagptmé | shlee pc
centizrcrxos of sseghuecimolenva 8 e x ami ned b y7 OKOE YOEONtG Ec avViH X

mi croscopeiz TRleament er x

of stghuear ei cudbadchi sample was photographed at

i mages. The series of tile images weri8 stitch
mm or [1500mmm of | N718 or Haynes cuboi d. | N718 an
electrolytically etched in 10% phosphoric aci

solution at 5V. A TESCAN MIRA3 Scanning EIl ectr
emi ssion gun (FEG) was used to characterize t
cellul ar dendr i-gdegrsgpaati indgm.e alnfhfie DEB e(r 3i ve Spe
and EBIS®ct{ron Backy)cwetercbdDl fédtaeatiwdbitgi nOxMaox d |
6 EDS deanm®lytmonre 2r ¥BSD detector respectively. Th

processed and analyzed by software AZtec 6.0

3.4 mage Analysis Methods
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The porosity was measuretdhédyKephwentbdrepgthiot al
mi croscope software based on the contrast dif
surface. The measurement of the dendrite spac
Xiz cross sections at hle0,iOndaOgxe naangan iyfsiicsa tsioof nt wiasr
10, 000x SEM i mage taken at a measurement site
couple of melt pools along z axis (build dire
measurementtudiat edwdby @aleraging the width of e
within the cluster. The dendrite spacing of a
in al/l measurement sites. About 10 smumlsemwer e

of sites depended on the contrast of the etch
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4 Microstructure in IN718

4 . 1Asbui | t mi crostructure

4.1.1 Porosity
The porosity of IMNAB66sampgl andl B8 a2 meas

the defect densitgadéssamaphgs atressr ghedénsi:
matrix. The examined ar iza pdfa feeach8 smammp | Teh ei no ptt
mi croscope i silalg e s4 4o fa nsda mp8y ear(xde, A G s)t edhd n(c) an
porosity of sBmgudd 28 nmpHoewnli rbuilt with para
power and 1300 mm/ s scan speed has the | owest
ic¢could be attributed to the | ack of fusion whi
Figur@al2zo i ndicates the | ack of fusion. Sampl
has t he rhgyghdeesnts ietnyehseannppulte sa. moTnhge f or mati on of

are more spherical in nature and | i k&@&hg due t
enl arged i mages of holesFigusaeamp&@er dbhaandn@8s
evaluated in the test matrix having intermedi
percentages of porosity attributed only to re
entrappetithgaassérofm gas atomi Z&d apewdadénd. g3 aemple

99. 9% dense and woulfAdogdategraildly ibre & omesdtd ea el
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Porosity (%)

o
—

0.05
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(d) 11 22 33 44 55 66 77 88
Sample ID

Figur(ea)2,6.(b) and (c) Optical
filblyeded color. (d) I N718

mi croscope | mage
porosity of I N718 d
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T 5 s’ Big S e g 50 um
Figur(ea)27and (b) Il-coffegubarpsesheapei hakck718 sampl
unmol ten powder and cracks were found near th
sampl e 8 8k ecyahucsleed ebfyf ect .

»
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Figur(ea)28and (b) Optica-bumldrsrgmn\mbalnl Joeltsc. h e c
and (d) SEM micrographs showing details of me
structur e.
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Figur(ea)29Dar k fi el dp& n dcar(dognidomtssehotfs ¢ a mfidn g t r a
pl a(ne). aSnEIM (mdi)c roofg rgarpahisnse @atnidorc r mfs sclemhmad guedsar den
wer e [fNr7adl@ mpA KU e

4.1.2 Primary dendrite arm spacing

Thebaslt | N718Ilcés ampl &6 c allB)yheotscphheodr iucs iancg d s ol
2. 5V gursen o2& -btuhhd tasmi cr ostRiugu r(graedalfye LoMBFH.c al
mi croscope i makiegu rcafa rihdkal fte pSOEOM ss.econdary el ect
showing enlarged details of melt pooTllhsee el ong
epi taxial grain structure i $ifgausedo2vBsnry tahlel xt he
plane (transverse tobuihlet baRirgl rekd ¥24crtd o(nh) odr ¢
optical mi cr oscope inmma gnegsF tsghaoowes.)n2ga t dhe( d Ja sehm 0 W ¢

grains and the cross section of cellular dend
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As mentioned before, the dendrite arm spac

clustedroftesdet he number of dded met dd® dwiotf h ime ats

i's ill Fkstguatee@0i n

P d i m

( bE | . : i
Fi gurRr i3nllaernydr i te arm spacing measurement. (a)
| N7d8mpl e 77 with 29.533um in width containini
spacing for tAlbhioutsitteen isst2@3himmke t hi i

S were pi
spacing of a sample was cal culeaasuwr eéonye mtv esriatga s
An enl arged view of a cellular dendrite and t

86



Figur(ea)3asnhdkow t he clusters of cellular denct
i n stahmep| es. @A hepideg dafi3t3kd556,52, 77 and 88 are me
gi vem giunr(eTh3el dendrite spaci ng sianncprizea s3e8sdc f r o m
duet hHeo iimmoleamet ri ¢ enermMyeidenasiftlyud¢ tnpatti on i n
trend on sample 33. That could be caused by t
the changing | engfthte oHi gltearn nea megyr gvyd diteoprosd.l | e a d s
gradient and Iwdhngeér add olwisn gnotriemd | me- f or dendr

segregation.
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Build direction —>

500.0

Average dendrite arm spacing (nm)
2
S
o

T 400.0

e

E 300.0

= 11 22 33 44 55 66 77 88

=

E (c) Sample 1D
Figur(ea)31lCel |l ul ar dendrites along z direction
|l mages were taken by SEM at 10k magnidrictag s on
over a couple of melt pools in sample 88. (c)

di agonalThscameplreosr. bars represent the standard
spacing fluctuation between the measurement s

4.1.3 Local thermal history data collection and processing

Longwave IR imaging data was collected thr
of interest and then | ocations ofFiignutreer e3s2t f o
shows an adj-sucsaleedd alnVdl R oilnoarg e . It is I mportant
captured by the LWIR camera undergo spati al a |

t her mal hi story r ecadrsdddithbey btuhte rcaanmeerra ried amnatv
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compineteing of I N718 takes 1BWa@4kC aitn at e mMpRB R

procemaxi mhbm temperat useaviesi filngaugrieces c3BR @ A€o | or

1420
1400
1380

1360

340

320

300

280

260

240

Fi gurSamml.es ccanlleod LWI R i mage

Laywirse | ocal ther mal hi story is obtained &
values from all the LW R images Aapotmpedi der i
i mage of t hsmmowhiyiearcadal3d hawedihet mieb wattii vn of de

peak temperature throughout the | ayer.
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Composite Image showing maximum Temperature
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Figur@GommpBosite i mage of a build | ayer using

Figur@sBadlws a samphestocgl oft har makel poi nt

|l ayer of the buil d. I n this work, our primary

highest peak temperature teddynambi ¢éhe temper .

was around 225AC for the exipelleivmeelntcso ocloinndgu cptrec

i Il ustFri gtue(d TiIBrd spati al and temporrmtls atvlkee agi ng

di ssipation of the heat away from the mel't

temperature profile of the melt pool i tself

exponential cool i ng rbatcek walred ceaxalriampg | part cefdi Iteo

starting from the melting temperature of t
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measur ddevpeilxeclool ing profile is used to esti ma

specific pixel

450 ‘ ‘ : 450 : ;
(a) (b)
400 | 1 400
5350} 5 350
E |
= i
£.300 | £.300
£ g
= =
250 1 250 t
200 : : . 200 : :
0 50 100 150 0 2 4 6
Time (s) Time (s)
Fi gurS®ammlaghbearsed | ocal.(tahheerrmmad!| hhissttoaryy at a pi
time of primhlkcllomgespenidangr cooling profile sta
temperature. Note: The asterisk (*neasgmbol in

steady ambient temperature starting from the

The cooling data i s begtdeapErx®@ugnreattadayb y

function as(@tbhhe form of Eq.

M o0 O Q ® 0 (10)
since it can closely model the physics of coo
itscomponent s. In the LPBF process, after the
the material temperature starts cooling expon
decaythaseeffect is captur@d oby Holweverrsthecem
temperature changes its rate after a short pe
nei ghbot+firmy elrssdalri psoienftfsect i s captured by the

Q Oo.Figur@sBowOondher ve fitting to thiegwrroeol3hg

(p)al ong with the two compPaagfeintttse Fic g uhree) f Bifist e d

Ea )

91



Q0 ¢cchd QF ccp A (11
and Yt-vheel ue of the fit is -Or @pPpdDneWsiimadg tmoaeflit
cooling profile can be backward extrapol ated
LPBF proges(®i I3l15ustrates t h@wgg x tt t & pghoolonantr ivan so f
Figur@ 8% to 1500AC.
450 1600 . .
«  Cooling profile data | - Cooling profile data
400 Exp2 fitted curve 1400 ! Exp2 fitted curve
— — — 1st component of Exp2 | — — —Extrapolated Exp2 curve
350 —+—-=2nd component of Exp2 | | !
12000\
5300 5 |
<250 w00k |
.‘-;" [ "3. \
b} b} |
5200 \‘ ?T 800+
Sso = \
\‘ 600 - \
100 F \ v b
s \\ (a) 400 | L (b)
oL SN e 200 - L T T T =
0 1 2 3 4 5 6 -1 0 1 2 3 4 5 6
Time (s) Time (s)
Figur(eS)@dbaonder ex@ugnehnitiwéd(curve to the cool
componedenttsrapol ation of

tOue) 2fnidt toe di

elr 5 EXAHOIE ntt

500 T
Sample 11
Sample 22
450 Sample 44 | |
Sample 77
400 Sample 88 |
9
1?:)350
ll)300
250
200 : : : : :
0 1 2 3 4 5 6
Time (s)
Fi gur@oadléi.ng profiles at the centroid of the I
Figursenho3wes the cooling profiles at a select
22, 44, 77, and 88 wherandicderiemgesi ma aoel ¢l
selected points are |l ocated at the centroid o
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that the sampltde drod t bDOmmdmmalils i nverted pyram
i s squarep ed bwiitdh sth0 T -sledc tmino ns.q uTahreer ecfroorses, t he

|l ocated at a height of 8.5mm (7mm + 3/-2mm) an

section of the square cuboi d. Not e etdhatnh t he t
Fi gB8rmeni gurcor3¥espond to the selected point in
The differences in the | ocal thermall histo

features such as dendrite ar m sHiiagcuiteeg 306h et he
i npwtwer density incretasescdoloimmgatmpme ildct eas
rate sl ohmiss dtorwennd Ti s consdehédenit i tbdl t hepaaoicng
the increase Iin pé&wguraerBds d yt, he se rsthiorwen i aang e
except for sampber88d dkberatisnahrom the tren
with increasing power density Fiogutdneld3@iopheé ntg
time is | ess for samplae h8 8g htehra np ofwoerr sdaemmpsliet y7 7p
sample 88. While the exact cause of this devi
in samples 77 and 88 shows significant wvariab
sampl esuggédstss that at very high power densit.i
significant keyhole porbisg u rgyejddrd escatnsp,| ew h8i8c,h tah
be phenomena s uchomde nwsagtoirdrz aitn otnu rabnuwdl ecnt mel t
additional complexities in the ther mal histor
addi tisanal pirmcess monitoring methods to bette

4.1.4 Chemical segregation

These dendersi tairce sftorruncetdurdur i ng solidificatd.i
segregation of el ements such as nipbedmctedth
using CALPHAD simul ation tools such as Pandat
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soft waraes ePiaasngPrham modul e), the solidification
FigureA87I1 N718 solidifies, elements such as ¢
preferentially incoresratwkiie e€hemsont sdsdehda
mol ybdenum, titanium and aluminum are pushed

the dendrite cell boundaries upon compl ete so

EDS maps of [|iIN¥zZ18p lsaamep | (ep a8r8ad na)e le tsd obvei li ch ¢
FigureN88bium and titanium are found rich in
mod el pFriegduircdt a3vs t he EDS alnionénegc asn tceatod drmhe s
titanium peak cihn dpiacdatiecd ea othi t he cel |l wall , pr
carbide orTheiasr bwanriitatiideen i n t her mal hi story ar
variations ikuttihcen spfatdlad medntsst rtihat are | mport
these alloys, for example the segregation of

for maturomg subsequent heat treatments, as wil
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0.7

= Xx(Al@Liquid)
g 0.6 Cr@Lad)
0 x(Cr@Liqui
= 0.5 x(Fe@ULiquid)
c

% 0.4 x(Mo@Liquid)
E X(Nb@Liquid)
o

S 0.3 x(Ni@Liquid)
Lgli 0.2 X(Ti@Liquid)
g —

d
0
0 0.2 0.4 0.6 0.8 1
Fraction Solid
Fi gurSc Beri.l model el emental segregation result

1um
FigureDSS8maps of I N718 sample 88. (-6) SEDSndar
signal of Nb, C, Ti and Ni
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Line Data 1

—NilLal, 2
——Nb Lal
Ti Kal
S 50 ‘ [I
O 410 fhh{
30 “‘M
00 0.5 1 1.5 2 2.5
Distance (um)
(b)
Fi gureDS39l.i ne scan dataTlhéeé TIN7d8al aimpdpiaedBtdans a
the cell wall, presumably a Ti containing car

The EDS wyaps$ ane X parallel to build directi
di stributyi eamoiss tslkketx on of deéelgluuled&d®d dn chrei tse R
data on anot hEirgei ¢e ehesEPSowasuhts show the i
in niobium, molybdenum and craagtbhomhs ewhvdd isr rtol
interdendri FigurnenglBunsedaB88@tnis probably due t

of the dendrites andr the | i mit of t he EDS det
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Figurxy 4pO0EdDise maps of 1LI4N718 sampl e
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