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Abstract

I nfl uence of Process Parameters on Microstruc
T6 A4V Samples Manufactured through Electro
Camil | eTrBemnli eey
Met al Additive Manufacturing (MAM) is a manuf;
|l ayer by | ayer. Il n comparison to traditional |
of fers advantagesabyomal bbwi ngribate gtebolmetri e
ratio of components. Understanding how manuf
properties of produced components is applicabl
i n -anegrione and biomedical applications.
The study that is the subject of this thesis
using Electron Beam Melting (EBM) with speci
adjustments i scheampeedrenteaddd to achieve Ve
The study compares the variations in process
sample porosity. Additionally, this regeasarch ¢
defect production, and the tensile and fatigu
The results of the microstructure examinatic
significantly influence print porosity for th
VED al one does not dictate alpprhoap erattihe st.h iVhkinlee
and defect size do not notably affect tensile
with | arger defects | eading to a shorter fati
provides anl owdalded ®tcitmptairamet ers for an initi
porosity in | arger printed components.
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Chaptlenrt rloducti on

Met al Additive Manufacturing (MAM) is a produc
[ 1] Compared to traditional manufacturilmdge met
enabling the production of i nttérliy artaet igee oafetaadr
[ 2]emet hod is increasingly wutilized3ih the aer
El ectron beam medetri h@d( MBAM) tiechani maw specific
industry. EBM involves selectively melThieng part
process takes place under a vacuum and all ows
strgslsies key player in EBM machine manufactur
control software used on ARCAM EBM macli nes h
vari éuynwcofi ons depending on the machine type.

beam path, mot or s pimabl aofl dvmme ¢ Wp sqpxmseeadneit e r
themeso tailored

to the[ 25]pEklte fbei Imdntcdmadadine tbeer
geometry and orientation, powder chemistry, L
themempra sesosmprehensi ve set of process par ar
manufacturer,[ 3uahdaar ARCHPMiIi cally not adjusta

ARCAM EBM has formed partnerships with academ
to adjust process parameters and access full
|l ayer height;theamdbli oongstbef detvel opment] 6df new

An examplcgha@at nership is the Holistic -AMnovat.i
Net wor k i n Calneavdeat, & gwshdi ocphp chratsuni ty t o study an
met al ma tteorn vad sst iagnadt e process parameters for
reli § @Relsietayr cher s have concentrated on ensurin
and reliable to effectively control thle7]final

Understanding the connections between proces:s
resulting mechanical propertieg2i8g key to thi

Continued research on process parameters i s i
the choice of build parameters himsdards dgognt i
stuthimee cloenedruct ed on the effect of process pa
opdgrotj]i,eqd 10], ,bfutd}l, aJ] L2 Vvarj aB] e pahkhlméetoerss ¢
ichpotegehhe commamint ngf idimi gmpaicot of these
terial [ dFr Speet aems hors present print paramet
F), whiscdh lvemam current and scan speed to ac
i ndex is an algorithm which is used to dy1
hTs algorithm controls andhet otdiuasip gprotbsc e s s
i i@ zes and geometry, with a unil[fDb5]Almelotu gpho
his algorithm provides opti mal prints, the a
8
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w h
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Understanding the i mplifcoekbeomecbéanipc@&BEpsOpan
manuf acdmpemdent s tibshreaepedi claba edt dghvtewe®ipgmetnt and
temper atfucermgakblepyps$ i cat iadmepNs myHloaya 718 t o p o w

fusj b6@] Tihdeent idfi cmecbani cal properties and the
parameters is equally inper E8Mt peechbheenbiucmme
fabrpecaoces medi cal metallic i mplants with mec
ti ssue. Bone tissue is char athttempira ed eldy co mpow

match with bone tissue to faanaic habeattee rt[ g xianti e
The occurrence of e seffreacmrgp tammda lp oprosd dsys par ame

a significant concern for the internal sur fac:
t hwall ed $tl7iComnseguentl y, there is a need to
that allows for the melting of a stable and coc
[ 1.The wi despread adoption oflegérdsron Baamable
i ndusctonysitsot bnelvg I mproved mechanical propert.
Thetudy that of st hhceo nspbdbtpeessmi cr ostructure of T
prodwictehld specific vari datnicdrmdgjiomgtmreoncess s np areaamsx
scan isnpteegndd eadc hi eve di ff er eavareinatrigo/n diem sprtoyc d s
i's ¢chmmamoe d sef tyepfeect s aered ©tlpapoEadtaledkyp oir ets

process parameltarbsomasnbieg heedeaxdtiswaelhlefdensil e

fatigue prpmpid@nt $sreed ad fi emide e ¢ th &



Ch aptLert e2reavtiuerwe

2. Post prieckemrisqanmds t mavred fya cotmproende nt s

Poptocessing is often used in metal 3D printe
me c hamn @ @dErxtainepsl.e prwfc epddtng techniques include
treatment, [aln8d]n asarkiat iyaal a ppprl o ccedstsi eoongss,s ap ¢ S tt
el i mopaemmon adef$eci sBBM swicthh as gas pores or

powdelr9]Hot i1 sostatic pressing (HIP) is a tech
heat and pressure to the materi al for a speci
significantly reduces mat er igalaidce fgercotwst hh uti nelr
ductility [oX0]Jt,hel 2na]Jt er i al

Whil e components printed with ARSCA Pporbotcielsds itnhge
heat treatments enhance {daefil i[28] at [AAHEh,oceugehd
heat t rdeaterfenptestlasyt € nlgeeedn on EBM components, th
met hods do not yield optimal npedpeontmpesnenhs:t
di fferent almndr defecttfe2tiva ARCAMr aatdi Qsi ntus tec
conducted studies on the effects of microstru
of components after hot isostatic predsgwiing ( HI
state, tlhegenedett ryoocan be mani pul at ed:-buAdijtust. i
grain size while minimizing aluminum Pl i mat
materi al to achieve greater final shter eorr g tgh nwail
ARCAM t hé.mes

The succepsocefsspogt therefore, hi ngesbuan tund

stateand in the study thatAl dVtbeampubfewerefbut
of process pabruainiett egtsat eThwasasexami ned to char
characteristics, and porosity. Tensile and f af
fatchbaeacteristics -di Iltthec onmadietrii@adn. i n the as



2. EBMrocmssameter studies

Resear cher s -bfuoicluts imegmgolne stad gsgoteect r um o f proces
incl bdawvmd t age, ,besacramc usrpeeend, | i ne offset, | aye
densiHlgd r om Beam Melting (EHEBMMBsleltyha Bdank iV olvt
beam pawgemusted by modi fying itshhee bveealno cc uryr eantt .
el ectron bevdinhelrtaivieg smat eri aur adoangamsdeedui h
mill i meters per second. The | ine offset repre:
wi asit andard value p2.8hTghed.lla ywehré | Hdriegktness of
|l ayer distributed throupB.8tThhee rfadkou s ysftfesre tofr
of the spot generated by the, eWlkemalolae rb esapro ti nrc
in a deeper melting pool bet ween the | ayers o
as magnetic | enses cont rf@lEntehiegmyf wtc usam fbda hme a&
di fferentttvayer dotBnnegr ghyrroecsetslsy correl ated to
parameters t ifljaon@@yhh e qualt u metsr ii aq wea t€l) gguya ndteinfsii e sy
the average applied energy per unit volume of
When considerieqgatdaeaicagd Be¢nterragcyk per unit | eng
known as | i naard egruaerhgy finrepwt bet ween beam powe
[ 1.7 ]
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According tol,Klaeviomi mat yal nfl uences on the geo
pool are the scanning speedwhhealdfooweudsa &oyf f sl ¢
guantitatively |l esser effect. Controlling the
beam, powder, and solid underlying | ayers in |
geomdétarsy beent i fied as an approach to alter t
conditions of 1.7 ]hA cnoeniptr efnenlsi ve wunderstandi ng
parameters on densi fiisc atni airmpanidadmitsctreops tirmu crhaim |
parameters to tailor specificTmechtanadiesiea ritdo @ f
mechapiocpaérties i s contingent on the characte
singl g 1ll7d g ehees-tfuinneng of microstrecomnpmrelivti drecu can
avenue to customiB83&] nbaifn&@'i|jeat| § &pliudoyp et i ssipports

revealing a nearly Jlinear i ncrease in the wi
Researchers hhwae estalglyi shedt stands out as th
in Powder Bed Fusion WPBR)rmspeesseoactpanatlti cal
[17], [33]1, [34], [35], [36]
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atively, some researchers propose a shi
ocusing solely on volumetric energy den
ses.[ Mbirghlzi et atthat varying these cont
ct plareeynphaperei ete significance of beec
ncing swelling and aluminum evaporation
face bulges and pronounced fluctuations
as valuable tools for streamlining pr oceé
i n addressing tthhee ipnrtorciecsast ez oinnet-leansheedrieonnt
ive manufactthue i agt h Croigts eigsy gandtvliys ehkalte t o a
eter s, such as beam power or scanning

ration of aluminum3@t microstructural v
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studies vary single parameters to ¢
omponemuis|l §f hyPB#diei dse ot hers study the i
mbé ywarsye megr gy [d3e2p]8,9[13.0T]h e primary obj e
stigations is to est ahlleirehtthepidensOF yw
keyhole defeptroceshtk.iAwecna aMe gt etbh egirei ,nt
ev ean we ftpheiont e s 8 wi ndow has a density of 99
r less of the[#0}1al volume of the print
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ti
g d
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est3®@pmrducatled a study using cubes to provi
meters on mi crostructur el,heharedsneeasrsc,h a nndv
ations in beam current, scan speed, and |
density thheugbblhwrhteh atnpteacpdsasy. bet weer
n the materi @luria®wda fsfcantdandd ebmyanobuontth obfe ae
e by the material fluctuates based on t
y r enmai s edaampstteasdty.r osluced under i dentic
ent combinations of scan speed, beam cu
(]

4

s

opesurface roughness and microstructur

—

ed dlaptdohe i mpact of current, focuenoffse
i of 6d Vr Téeudwaerei ashylsetsemati cally wvarie
to analyze the panrftl ueuiaine nayfs ue d slp s @ wa r
characteristics play an i mportant r ol
Parameters with excessively high ¢
on mechani sms. Defietcitess aand ea flraak mefl
ntr apment of powder particles .&loso cor
|l ow emséngk oéndimshidoecglhedaet gys densi
type defects.

— o
(7]

S0 O0o-ST00Q THVWO3ZT <

L T —+-® DT O0OTY
——gmm‘<m'-"

oo -0 ——m ODOf TV

O¢ti atdl .beam current and scan speed to
g f ul I-6 AdeVh sriefgiuciarteisoma orfi niimum ener gy i
ne energies exhibit over ahd pmorgmgifti yx,a
d
h
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ductility. Energy inputs beyond a s
r Il ncreases result i n pronounced s\
dlaitt Wwigpeoidmers bbygnubeéelprzing | ine e
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Shar ows k ®¥s]yestt eama.t i cal ly varied energiy®denssty
with a density exceeding 99.5%. The resulting
density input during the printing process and

Pobel [ Lt hwaweéstihgatend | uence of beam power and s
print in terms of porosity and the swelling
aluminum duThegaphbwtnschrgetasii ng the scan speed
i mpeodvgthebit yhe mdlrtoenn sligynerfs cantly uneven to

Wheoaor fheri nsgpeedasfr om h7.wWe vteee y1 ®p@& e wbsekectthyu s e o f
the decreasing energy input.



2. AsbuifB Nni

crostructure

The adjust ment of process parampebedaseamgé€&l ec¢:
mechani cal priomp-leaist yt vapddaemems hanges i me c h a
attributed tthger atl rhuedt@lf h edbness litn mi cr e6sA4NVuU ptr u me ealf
through EBM exhibits b6eoA#hY ailsp heah tapnpdi bbaekt aag oprhaals ¢
packéd)ct cleond yer e d -pchuabsiecT)a éd wagll umnar grain boul
the beta phase which nucl eatbed &BHwa@)tthe kdtea
beam initiall yThneglrtad ntshelnplewd®r a phase- trans

t emper atcerng elreeddy cubi c
[9WV]5,ATCh g2 & i n

bel ow
gr adi@ssh e

al pha
structas eddpig@iramaddi igra2] e4.3 ]

s t Wpuhcat suer ew ht ean att hinee e ht dexasipged
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The al phial I @a$ tnsetrhlear g e dF icg 22eehisg2i e Al pha | at hs
characteri zed Thhy ttteicrk ntelsisc lkorfesass.pha | aths var
the print, which can be attributeédeaant ¢ t4t3hé t h
reported a r egd@ui axoégiraginn snrgwinBBa5eth Bei ghe obtt
of t hiekRipgd2ane An engapobbhxedar trandogtaonsfoccuhe
the ther mal gradient in the maelogtol ponmlar tKtmaps
regwiolnl beomeanoasreldui |, daissi ¢compl di e@g4.Fhg pni dbhe
bgr
gr a

ains grow in alignment with the build dire
di 4e3n]t

Alpha lath (a)

Basket-wave S v
structure N il :I,' ”

Columnar grains

Alpha grain boundary
from prior B grains

=
P Near-equiaxed
=~ grains

Fi g2a2:e Schematic micr Fi g2ax: Al pha | ath an

bui I6tAK™M oB KI[ &84 I n bas&eée s[tauct
Adjusting the energy input in the part has a
the prior beta graiinnsp.utAdpdliayisonalrloyl,e tihre dcatea!
the alpha and beta phag8eBhiisn uarei aptriionnt eidn ntah &
phase and the thickness of the alpha | aths si
yield strengt h, tensile strength, and.[9&r dnes
KirchnpB,0gSilavd 319rfandt PaB.2] et al



Prisco[ 45]nvad dttihgeat iemEa8BdMpr owde s s par ameters on
mi crostructure oifffipmrdinted mMmaveal atlthsat Téhecoar se

with high heat input and | ow |ine offset. Il nc
| i ne ofefdsnethirgemeurl tl ath thickrnas$p4esS]Tehaed isntgu diyo vl
focus offset, ' ine offset, and |ine energy dc¢
parameters with three different | evels for eac

and 3.77 J/ mhsi 2 édeiditodmamramuind $Opr oomi whteel y !
the heatogdgfampumt Or &tle J/y mm to 3. 77 JUman ratt 0. OKn e

al so dihcomakteth @i th the same variation in heat
obsedvat 0.71 J/mm and 0.21 mm of | ine offset
HV.

Shar ows.Hyel»xd!l carled the 1 mpact of scanning stra
mechani cal propexpeesmenht Ti 640l Tod varying th
10 m/ s, resulting in different vol umetric en
observed a neatlUplyatehetart hnckerasse wnth vol umet
| etdo | ower volumetric energyThe esmeédiimagn imr ad L

scan speed of 4.0 m/s afhd3@?3diosmpubreeyni ¢ co £threu gt
featuring Upheatmilreitmiamm.Thkine smi of o9t BFctural ch
an augment ed Uphiadlness afi tthhe ncreasing scan s
rise in these parameters suggests elevated he:
pool siloawveandoaling rate, whicHplianetets, det

Hr abe anddc@®@ndwoted a study exploring the i mp
mi crostructure and nrbeAetiVa nyiVdaali emlr a pheer tsipeese do ff aT
considered the orientation and placement of p
these factors on the resulting microstructure
pool size dweag easeeddudthiear in | at h-bgrmaickkneisse
showed a decreasing trendNwi a-bf yeoctredsyagt sex
smallUl et h thickness. The authors focused on th
(390) while ensuring complete melting of part
|l arger meWweér poassciizatsed) wit hht &an c kfgersasi ans esd i zper

Puebl a[] le&] saolv e sttihgatiendpact of me | t scan rate

macrostructur e. The study incorporated scan r
Throughout the fabrication of cylindrical S p
consistéenat BEpdmat nng the melt scan rate from 1
Beam Melting (EBM) -6pMMd/ceyd ifnadrercr il edt ¢ d THBin es
rat e, resul tilUpghaisnet dyir rad dn@fsisc @Inl y,n scan speeds
horizontally printed specUl mdrs tdrcotkimenblsl ielf ¢ 8
speeds of 1000mm/s for specimens Wraitrht etdhiicrk nte
o fem3



an dtlgdinducted a study o6A4Vsa mpirecsbseedgt ur
BMIhey fabricated fwhfitleeceyi cgbfocspecf megaes, S |
ffset at five different | evels for each para
nd b5tllsegpeed factors behHh@eaen 0oX% send 4ble,t waenedn O.
he morph®&lAdyYyysampTes with | ine offsets of 0.
ma-d ei magues éewba sme as ur eUlt anteh atvreirakgreess of the s
evealed tHaathheéhacenagses for samples eswith a
whereas a tkkmckaesmeddurmed3for those wyth a I

samples with a higher energy. input exhibited

AlBer manfil@efivedti gated the origin of microstru

proper t6 AAsSV ipmr oddsui ENnBgMT hyec ar ri ed out four separat
chamber temperatures of 625AC, 650AC, 675AC,
measuring 80mm in | ength and 10mm in outer di.
geometry, ithrda vk sluwaér enepti nted on a heated (6
prints, the colbgmrmarmemtlatewredt §t oyf fprroinbort he-t her me
direction The base pddas eaahdatdepiomkt avdhn ineg ¢ dn
el ectrondhsamheeheat sour cleuiflrto mc carbdivtei.onl,n ptr
hi gher temperdabumae oWlcartedaAwsi diteh and a col ony s
in build temperature bet weened62bddAcr antdr u7cOtOuArCe
mechanical properties. eleempcea art aased aheoowtea 6i738a
to microstructurabbuiclotarscemdintgi oinn. tThhee aasut hor
i ndi vi dualclkys, prai nbteeadn tcruar dae nsg| iogfh t6l nyA dpereopdeurc eme
currents of 8,edf6H, mahtd temédksestil nhearly ident
in |l ength. Sol takiwlsmoati nael avang thethis study,
sl ower cooling rates and promote microstructu
Gong .[e38panduct ed a study on tiehAl\efrhiecn s torf u dtews
EBMnanufacturing. Four different samples with
65 were examined to investigate the i mpact of
The SF 20 sample, characteri zeddarbgye Stghr epirlmooe «te
of &b. 2 n contrast, specimens from SkbgB&inSF
si zes, al |l me ams.urimgU}i epsisa tiank S@dssen (angedard

deviati onemO.(3s)t atna a 10d.539 e vfioart i 8RR 65 and SF 20
experimental findings fWoart ht hsiisz estduiddy nontdiccead |
an increaseodbean Idmagerd3 8§t € of SF65. The authors
Ul at hs choauhdl wmé soed bybgtrlae nsi.z eNod fa bphygi,roati mes s i
remained siSHI@IBMmMEs weeeastsingetbatl d hlpke a f act
Ul ath size, which was found t®. destlarnddrOd 3d &\ i
SF36S®&/ddrespectivel y.
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2. Asbui | t m&EBHMa priocpaelr t 1 e s

Whil e the preawiesus gawtsidarusct ure analysis in t
of fer detai |machariocankart d ro;mp emeée § shd psa rseéeims ¢di INs e S
t henfl uence of prnecassdepatamsters on

Shar owskY]netesdali gated the influence of scannin
mechani cal properties of Ti 64. The maxi mum yi
found to be 1048 and 1102 MPa, r esbediitwe layn,
increase in volume thergywap & o fbépbpsrdorlxenta tdee cyr
ipield striemgthmand 7énsile strength. For samg
the yield anwwerendOMéd sndeadacii MPhy, with a
of 15 %. Under a constant scan speed of 4.0 m/
for a volume ®ndogwevefr, 50 udhtmmr i ncreases in
in fracture el ongation. The s aampdl ed EDr30ftk/dmmyi
exhibited a microstructure wi Oh, trhees wlntailn g sitn
mechani cal properties with a tensila ¢otaeegeh
thi ckne@ms atto al .s3¥lan speed of % .eGumh/tedand a BED
in tensile strength compared to the highest a
Hr abe an[d8g@Quesionnrexamined the i mpacts of proce
mechani cal péerAelpve r tTihees aaft hdDirs varied the speec
effects of the orientation and | ocatmfolhuemhcear
of these parameters on resulting mechanical p
and another ten with a speed factor of 40 wer
i nput/ melt pool size deageahsé¢dTSHhexhl bi matde a
from 1007 N 8.4 MPa to 1Q2%)Nswo7c.rCe aMRad. bTyh e3 %, i
from 952.2 N 9.9 MPa to 982.9 N 5.7 MPa. Micr
7. 2 HtbHWwe,vetrhere was no statistically significa
el ongation (% EL). Vertically oriented parts
change) compar ed pa rah ofriiazdd mtigblult ye do rt ioennttaetd athi o
of the twendiel ediaxicg i onbgorfa Neal sodni gfafteerde npcrei oirn UT .
not ed. Orientigt pbanwi ahdnl bbat xkon each had | e
strength and yield strength. Exterior parts pr
a 2% change im cY¥3,haamndd el[sswecrompared to interio

11



Puebl .4 1&dthveaelsti gated the i mpact of melt scan r
properties of Ti64. The study considered scan
focus and scan spacing consistentl gamaisptai me
The highest ultimate tensile strength (UTS) a
500 mm/ s, measuring 1080 MPa and 990 MPa, res
print was reclhredeédwatst8RITIIKRGmMan gtih were noted
1000 mm/ s, registering values of 640 MPa and !
The authors also provide information on the |
resul ted i4n. 7a%,p owhoisliet ya osfcan speed of 1000 mm/
The study revealed that i1increasing the melt
creati-mepl béedupowder volumes within ttehde wiatyhe ras
decrease in.hardness (HRC)

Ran dtl2gdihduct ed ai ntnovee sitmpgaactti omf speed factor
of fset on the microstructur &AdNVd MmMeehabhudwgl i p
varying focus offset ;ymd acksf dett avre evna;l80eahllentBe
of fset values from 0.16 to 0.28 mm. Fifteen
printed at five factor l evel s, with each <con
sampl es. Throughout t he extpeerreidme ntth e wiéeelne ro ntev
consThet aut hors observed that changes in | ine
mi ni mal effect on tensile strength, with the &
l ine offset exerted the most As gnhéi cane ohfs
from 0.16 to 0.28 mm, the yield strength of t
The tensil e storAdn/gtshampfi eEBMamged froma966 t c
maxi mum at a 4f8o cruAs, oaf fsspeete doff act or of 35, and
authors noted that the maxib5mwWwm Wiasck achfi eard n e
of fset of 51 mA, a speed factor of 41, and a
process parameters, the authors concluded tha
i mpact on the yTe6dmptesngth of EBM

AlBer manfj 1@t uéihed mi crostructural diversity, te
el ectron b-6AdM\smanptl eSludTh or s printed four separ:
chamber temperatures of 625 whegrcdt 5WuiAC, c6o7nst as
cylinders of 80mm | engThte amar tlit dpemnmitogpudeestt o ieamm
o700ACeéhypivel d strength of 883.7MPa (10.6 MPa
(5.6 MPa standard deviation), and an Tehleo npgaartti
printtehde dtowest 6G26mhCedahowe |l adf strengt MPaf 9 3 &
standard deviation), a UTS of 1029. 1MPa (14.0
13.2% (0.4% stalmel aadt ldedtshantcoroeod) fitieagp er at ur e ak
951 K (678d ACr ©desultase in mechanical proper:t
coarseni bbgiiln tcloemdadg i on.
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Pasang[ €6} wdi.ed

t he mechani capecpiinegnesdt ioens tehxe
orientation on the

build pl ate. Specdengmee wer
orientations on the build plate, wThsgamplrese s
wer e bui lltaywirt it bm,c kenespe eod f50Oncti on of 64, a
current of 30 mA, resulting in an energy den:
printed samples displayedThe werctriaga! Iharpgimierstse
an average hardness of 3-d&gH&e whple hhdsanpa
of 340 HV. The horizontally printed samples h
strength amd8dd MPangati on of 13% at fracture
yield strength of 760 MPa, an ultimate tensi.l
fracture. Sampdleegsr eper iamtgd de aetx ha bd% ednauyt emdt s
tensile strength of 847 MPa, and an el ongatio
EBM mat er idelgg,eet loeg it ati on demonstrategdelei gh
and-d@@ree orientationse. plrhoepevadriieat iwans iant ttre
porosity of the samPpl eFheramghogs beotweeé nmidni n
tensile testing of EBM samples and concluded 't
the printec pamprlaes | we due to defects introduc
the orientation of the prints.
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2. Pef ehcatr acteri zati on

As indicated.[l3y hKEampirmiseateabf d ed petcitmsa Ir epsrud d e
parameters is a significant concern,welslpeecc i al
structures. The primary defects dkOFer yad iporkE
and keyhdl3®@]daetkcb$ fusion defects arises whe
beam is insufficient [t400 ] me ITtH dt]loec tpDdrvsct aars esoets fst ehc
based on the extent of overlap between melt p
[ 40]Two tLtYPpEed ectt s can maGlhestni@mteatkhlyestr at
Fi gR4[e4d. LIOF defects can also be a combination

overl appi ng Aletteweneant ilvaeyleyp,s ckuerg hot bedehectgyg i ng
materi al i's excessively high; as the temperat
of metallic vapor creates a recoil pressure.
|l eading t oft lme pggddiaotiggeads cavity rp#.@fS3mehertioc aal
gas pamefsrom the trapatdmigasd wp o[wd@]r .t e Dlasl es
keyhol esdehbiwipbiaend gas pores dEfgenat e are depi

Interlayer LoF Intertrack LoF
Lack of Penetration Lack of Overlap

Fi g24:e I ntertrack anudsiionnt etirelff aeycetr

Fi ga5:e Keyhol] 49d Fi g2a6:e @arsosi ty 501
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Defects resulting from tusedvrdgBiMo ps ometssodsan Dyep
measurement employs bul k methods such as Arch
cressesstioning to compare [dA@2rE€harArachiomedhes cmpt
the calculation of the density of an object i
object. Examples of fl uids usgeodacient]dbnbhegf Gt hmeert h c
densintdy pomeea ssurzeement methods enwameass nleldisu o
mer cury (iMtPOe $info ly9%k|e g Adsehows t he MI P process a

given pressure is applied onfTha pbreusfsampl eo
det erfrri cndgpd essure and the displaced vo[l uzne of
The Archi medes method, while useful for deter
detailed information about the size, di-stri bu
Hei d [eStT Jemme.t hod offers insightbudonte Nhilve averal
bet ween intentional i nternal pore spaces and
of trapped powder introduces uncertainty in t|
of the true vol uanie poofr e nstpeancte .o nAasl a nrteesrunl t , t h
be suitable for a comprehensive understandin
di fferent types of s[po3]Jes on materi al propert.

Collar

Metallic Coating Porous Sample

Metal Cap

Glass Penetrometer Stem Mercury

Glass Penetrometer Bulb

Collar

Metallic Coating Porous Sample

Metal Cap

PRESSURE =, >

Glass Penetrometer Stem Mercury

Glass Penetrometer Bulb

FigamBRores in porous sample filling with merc
penet r[obnke]t er
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Optical macwobdebpyaccessible characterizati on
feedstock, mi crostructur e, sur f arcees oplruotfiidne sqp
mi croscopy is commopeayt utcl ¢i gedet di sasssiekBgti on
before the printing process. When <characteri
typically polished using a series of fine gr
mo ndAssanmprirey.can be verstitcoalprye pcaurte icnrtoos sSs esce
g parallel or vertical to the scan plane ¢

, an appropayster®gepphati enesebenti al
e polishing treatment can be e&loirmiercdt e
|l d values enabl es.Fa g@&iaalru s tdreantseush 1 pcoareeds
al mi gRBaselcopwy. pores at the | owWegturmagnhn
s the same ar e@ab.hjtPoa eksipg src rmaxgn icfriac&Ki
ctedt usahl[gdiOnja g i[n5g4 ]

(a) } (b) (c)

P -

d
|
S
f
t
u
2.
d

r. ' -

400 pm |, 200 pm 100 pm

(d) (e)

EBM-built Ti-6Al-4V

50 pm ’ 20 pm it

Fi g28&:e Porosity visible through optical smicros
[ 5.5]
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Whit eeet hdelscrciamedpi d -ahflecbsvte, t hey o

y pr

n i
approxi mation of the defect structures obser ve

as

t h-di mémeieonal (3D) spati al di[s4.(Mo bert-1 iome ar

intensive techayqguempstuued taesmXgraphy (XCT) ha
analyzing defect [s4.0]JlAdtrur(epsoriers ) metnal bAIM k mat

values i n the XCT grayscal e, representing tfF
attenuati on, is displayed as |l ow density (dar
attenwatdiismp, aiyed as [hoilglh ejdnbslfidryenche iigrhtgtten
defects to be identified i mPna exmanpilael odi sXtCTi L
used for pore detg@@&tei on i s shown in

Diameter [mm]
244636

2.20247
1.96059

| 1.71770

1147481

1723193

098304

L 1]

Fi g2a9:.e Por-EBFi BEBM Ti 64 dxedywaenogd apjyough
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Mur aklabnek pdohe potenti al comgitggef Beconge otlefde:
wlaQ ,whi ch dif faetdiefl e oiht islihizzi.ng t he effective
the proximity of the defect to the surface. 11

and dier iet$itraotm t he deepest concave corner point
at that | ocation. Consequent!| y, -bluaclkic aopfa fftaisse o1

asignificamthfeatmpgeaer t ipasTthef etfiecti ve area of
configuratiorrs gaBbBlustrated in

|.d: I e

(d) e <dy—=Nareaey (e) Narea.s = Dotted area
Fi gAlrG Esti mation method for the effective si
and defect.ganearreguiacéy shaped internal de
defect. (c) Irregularly shaped internal defec
t wo defects. (e) InclipbB8]defect in co

Anot her method used to estimate theisilussrate
Fi garlzel. Dwe Feret di ameter method considers tF
tangenti al -plliames dimeamhydDjnnof a defect

.
i

Xew ‘33134 y

¥

Fi g2alrte Fer etp ari aarjmeetd derr
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2. 6nfl uédenfceectmsfc hbanni c al properties

As ad

ditive manufacturingeahdocPogidesueBdad RUI

becomes etvhda efndr phahtaeto namd t hiesi rc ofinbpdl {drna g omrsi

process parameters, [a3%,2]ecnapnh arsd szweldt biyn Riamc oenip | &
mel ting of powder, |l eading to the formation
keyhole defects. These defect s, in turn, cont
specs. . mehmhesofeftkese pores on mechanical proper
undedst dor i nstance, i rregul ar | ack of fusi c
concentrator s nsoprhee rtihcaanl smmeatlal,|l uregaircal or gas
of t hi s hhaysp dbtieheend ied unt i | recenkid gy duemdad @r a phley
studies focusi ng [o5n7 |ti hmepio'sebfafnencdte rosft adnedf etchtes "g e o
and distribution of defects to comprehend the

N

~+cCc 7T ® >S5S T 0o C

wer e
char a
me c h a

.6Téngprideerties

esfbsijediad.the effect o f defects on me

actur i nnganuTfhaec taiutehd® AdsVs e nivestoneniTi cast r
nsile dog bone geometry, withTher @autalolr s
icially induceid.2éx dbyi tvyariyn ntghlrds grgoauegds @ fa
the ductility is strongly influenced by

seriesray tembodr ampbnhgakKcal testing, it w
that the failure al most always occurs a
rent bat c haepsoroef ssiaznep |weass) iannvde rtshel y corr el
lity. However, even for pores up to 4 mn
gth was still c¢close to that of the wroug
study conduwdthed hkey i Gprag tetofaldef ect s on t
components, the authors observed that p
nsile strength or elongation to failure
ally in the form of keyhole mode pores,

actur edptuméhéer pmommress parameters with i n:
of fuswee tdepecabl yhhargewdamndgoirrorse dyl are

i ment al effect][] bo/nAmeplbaniscaly pnecpematsieds b

reduced, with failures more |ikely to i
cterized by ¢éeéh®ehawni rtreeghéaae ahapee Wr on
ni cal properties compajred to other for ms
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I n an experi mamitalsernVPesdieg®BiEdn BlsBaBL(Etain
Wi | HHenm d [e5t8 gdli.ber at ed ysiamglrebodocatd Wwlah, varyco
di amemneddd feirrenul ar FBM Isaatmpnige sl aThke odr tfiufsii mina |
il udthrigtipd@ he tensile teseadhg PAETMoEBedebOI h
with a sOrailbdb rhlWe nprimimar yeontbykyctwae t0d it hol at
internal pores on the temrstieled psraomd retsiPBF oodfu cae
angain a direct understanding of the impact of
[ i ng the Archimedes density technique, t
ty of the dense sampltgsrwasi ©edorkl &t2 %
ma x i musm desripdmead MmWhG O h exhi bited an a
0. 2 %. Notmdrle, sdrmmel e4ds20bad t he highest
0.1%. During wuniaxial tension testing
n meemarsi e mé rrgeeldgppeard e tedsi amet er wi t hin t
The pegsehtcagopotbedpdenot significan
ity until the porem.Tdhea melt ted &€ ireecacsh edr eog e |
wer e me asAutr ead puosrien gkemamaegoerls.t of u6I0®g 10 %
nal di ameter, the inclusion of the pore
with small eremp¢B26% o0¢Fs etcthea porads sdiAlatmelt 2e
uotf nine samples failed at em h(e3 0p% roefs etEhber ocaradpso
di ameter), there was a repeatable reduction i
to failure decreased significeamtIlw tfhort hporlear d
(48@m0en diameter) re lting in tensile elonga
deterioration occurrtr rempor s ameteat ewi t har
di ameter gauge regio e Ultimate Tensil e S
dense samples to 580 MBa a 6 02r4iéelg mp | d s amet b
hee
t h

oCunvwum maomao oo
~ c Qo — -

The strength of 't wi ah cooteasedgtpodec
of 297 N 5 MPa in sampl e ami.th the maxi mum
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4800 ym

25D
4200 pm ‘
s
5w
i
Ee g
i

3600 pm

3000 ym

2400 pm

1800 um

1200 pm
600 um -
450 ym -
300 pm P

4000 ym
150 ym : I

Fi galr2El even artificial pores characterised wi
di amei.2]r

I n a st udy[ 1bkyh vRoafnw ifait® dablVs amp | sampl es 1 t hrough
of fset and speed factors which were kept cons
42mA, 45mA, 48TmAe mpmwnrdesbisledAa f wd f tthoe deeftfeercnie sneef
parameters on defect production and thther i nf
aut hor reported no microstructural wvarias$ion
of theswesempplréeed as 98. 408, 1 99,. 5brE 9DO78.. 643%,
The sample with the most defects (97.24% dens
and yield strength of 994. 7MPa and 825. 8 MPa,
Conversely, the sample with (TiBe amidg hya setl dr esltart
982. 6 MPa and 782. 6 MPa, respectivel vy, wi t h a
suggest that the percentage of defects in a p
strelngtRansest ady, ickers hardness increased
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I n a study [b§aijRatdloe fi mpgacatl .of defects-6é&h t he
4V prints, it was oOobserved that an increasin
fracture. However, the study reveal ed that th
el ongation at fracture. For Il nstance, tensi |l
approxi mately 8% el ongation wi 0-6. 225 man¢ f ecwhi @&
correspohds%twof Ot e fracture Bwirlfaceri ntns cwintth
defect area exhibited 3% elongation. This dis
cannot fully account for the inducdodceaeltopngat
orientatiwnt bf nesfidet sl opaardd dposexgithbloymw t heir i nt
printing orientation should also be consider
mechani cal properties.
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2. 6Fat ipgpauperties

Mur a kfabmix pHtoeehni ques for estimating the fatig
par amet er SpercaXd.ebhteeod rieh ati on bet ween fatigue |
preserguadtdibhndi vi duawe rse efclo aneeh sd iof f er ednute ftaot i ¢
the presence .DH i ruRnEEgmeec idneefnede wiish t t fevee mpas| ti i sohne d

antdested at a -b.threk sssp ercatnmabarsoafwhl+« hfl@wa rNe test ed
again at a higher stress and t heTlsiisxz es eodonddek ftea
was usetitimae ef ati gue | i mitatoordnadgviduthespe
and then compare this estimate to the actual

t he aut heogru aqdgitranveesdt i mat e t he act usals faatiiuguce iloi
the effective.root area parameter

. pHO THO ©)
0 O pgqgm
” _— 4
w1l o @
| equa@,i,oins the fatigue | imit of the Gampltdein

|l ocati onapdoiaime tMar akami 6s effecitlmvei mrreadpae d
Sect2i.®dn

The fatigue | imit is infdiwegucaadii odivhitsh @ alr @anatt ie
derived experimentally hy# Bourra kaacnei deeofide fcat sstt, isnia.
touaotlyghe surface and I.63K weovre ri, n tt enren aaludt ehgotfrie cstusg
expl ooétthheonconfi guration of defects and the
surrounding defects caused by a |l ack of fusio
i mpacted by the size of defects wighenleamch §
materi al badedasal esy choml Bengi dgegr wnghdef ect s.
the author notes thalt ol dek mofr ef = itl oi nf nee ecitoentpt adr ce
to other potential sources of failure.

Radol.f 6 aailit he monotonic and6 A4a\E B Muod i bde hsaavmipd re
using experiment al ,invaesatl iyg a tciadmrsi.anntTdh dn uan@etnheard li

10 horizontally oriented circudant rfaltli gdi et eeotui
-1 was performed on an I nstron hydraulic machi
strain -aenpéndalde to failure curve, a fractogr e
mi croscope. The ferveeatl cegdr atphhayt atnhael yfsaisl urr e was
fusion defects or by porosity defects, occurtr
fractographyedhbOgWedecteveaale the primary <cr a
investigab6adV EBMRrdligdgs dandsbow an etxhdemmlce uot
surface of a s adnogd eef éwig &k aa nYsrdfoavc ean  etxhaemp | e
fracture surface ofLQ@K sfae@Bieg Ai& thh raornusgihoawfe r n a
exampfea fracture suOBRadegasnparosngybodeéehect s
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g =

“%_2Final fractire =,

G Crack
. iniliation
r \ " 4

-
1

'

{ (Final fracture, .
Ll - ‘s, . ." P ",

Cradk aad
initiation

g

Fatigue fracture

®

Final fracture

Fi g2ar3 Compari sfomaotfurfeats gufeaces -60A4 VEBE MM e s f .
[ 6.1]
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Radol.f 6dthadltyhrese defects to predict the fatig

Area mébhodMwuirnagk ami ' s approach. The defect S
approxi madtwshl f ox20ertically it |ftorsplean imenrst all
speciAsen-baiifnewsurcwaé cul ated, revealing that the

st rleisfse curve between the weea tnactalt haen dpaftiamodarrzyo n
f arhsehor t er fatigue stobfuelle thateade tsheeaadanidod o

a mbomporwomamet in determining the[BA4Aligue I|ife o
Sandebl8lpbnduct eds ftrgatyudnyi cr o (tXoCnoofg riarpther nal def
el ectron beam melted Ti6AI 4V and their i mpact
sampl es, which were then subjected to -testin

controlled fdtfi qaque atedtl ishndgai Rhe 12 tested sam
Ssize was measmurgldatciongpei 2183n the 100th percent
specimen failed after 12 334 cycemegsfalThengmah

93t percentile, and this specimen failed afte
within their diameteFil gldelslt asctcreatf e o man hex amp
and their distribution.

Fi g2alrde Defect distributions in the gauge | er
speci mensbsl PBbmrek: segmented ftreont enhel aXxrQyTe sdta tsae.
pores in efalktucaen. nRead:ati ng por e dr ascetgumeent e d
i nitiating pores not s drgantetnutreed iinni ttihaet iXnCygT Ld@GR

hi ghlight desf3¢gct positions
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<
o d

out of the twelve samples expedaitemced
fect . Ex ciempitt ifatri ngvop d m e sdusoread e dv oluutt rsd [«
er defects could be identified in the XCT
face defect s, andpreaxe rsgtefinehfpth®.adf omn hecscampé
ctures initiated by any of the ten | arges:
ervation suggests that, at the relatively
Xi mity dfo ttthe paredbeethatl aderceover all Si z
ermining fAmoatgurae [i nintiitataitorm.ns i dentified
not at or within onEBhe@oawet dorasneemphdgsiome t-
surface is a more indicative factor than
el s investigated. Pores of alll detectabl e
ne ek pendog tdier dattiiladn.n Mor eover, at the t
es generally had a shorter average |I-i fe th
i cal defects were found to be in theg90th
i ng this pordatoan foofr tshtea tciod tliecaahle dd f aelcyt 9 ivse
predict fatigue naiyf eb.e Hioswedvaitra, plu@nd edsemeit thald
e unabl e itno tbhee 6i8d eundtyi f i ed

D S

B =<0V~ O0O0OWY=TTO

Qb —~

SO STHTORPTY® - STTFO0OTDT —~FsSQTO—"0VOMrM
]

ST 9T WO o d MO0 "0 O®-T-c 0

mmWisl| | i anjs6 dehtv easlt.i gated the i mpact of porosi
ditively manufactured titanium component s,
|l 1 oOWASTOM t h4e6 6 ( b ecaodhdarod | ed f alt)i g lhe taadthiomg &t
sampl easnaetx@a mti evetdi ndre fracture surface-s to cl
cle to failure curve with theFigldidtka dipeomi za
actography analysis of all the samples test
d originated from facets in 2 samples and f |
mpl es -iwnitthi gptoerde craeks) ttulae eploves ywcl ose to
th facets at the critical c¢crack initiation |
om a surface pore.
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800

[ 150
E 700
=
© L =
E
o
=
& 600 ® 100
2 ® <
o o ° e
“ 500 | °
¢ Surface pore
o Sub-surface pore 50
400
10,000 20,000 40,000 80,000 160,000

Cycles to failure

Fi galr5e Effect of poi®N sduwrevenshHawiimgag eondliy et ho
failed from porosity. The size and ol our of
measured from SEM i mal[ges] of the fract

TammWisl | i anms6 ddts palesti gated the identification
fatigue <cracks by employing ranking strategi
proximity totdtlersupdraese. alnd this exploration

standard as :
Cracks were t g0t ®€d0bhy 100, 800¢ nd 120, 000 c
t hree out of he niourats amplded ecs sr fneand el PO oot a
andembwere observed. TJima tgampling wietflrecaemhwaldk a

with peric

using the same standard, and interrupted f at
conducted. During the testing, the authors i
i niatt ed and t number of cmceaeshreffjut hedf bar
e fatigue testing maintained id

s

a

he

at 600 MPa. Th
i n the previous test
de

t

Posmbrtem fractography indicated that fatigue |
initiating defect. However, CT scans demonstr:
| argest defect in allatasks.f dhegaethiovescohf
by EBM AM are notably impacted by the presenc
many cases, a surface defect, traditionally ¢
mechanics @eulspechi veate a crack trhdohalami i e
anal ysi s. This highlights the i mportance of u
components, where careful control of manufact
defects and enhan[ceed]Jover all perfor mance

27



Ch ap tReers eqgurecsht i ons

| b hset uudhyat i s the shbfjRcthefmithnsesthest sre and
Ti6 A4V EBM sparnopd wecsevda rwiitnlg vol umetric energy d
Fifmeeéhmi metre cubes were first printed to exsé
mat effeelnsi | etweafnoddat i gue speci mens were then
mi crostructur al characteristics to mechanical

Thienfl uence of volumetrianednehgytgprsi by def @n
studiwel,l aas the microstructur al characteri st
parameters. The tensile properties and -hardne
cycle to failure curves for prietgegyl dlghmesi tme.n
experiments carried out aim to address the fo

T Howedarying EBM prsoucelesrsa spqay adnert eirtsy nldesacnran ni n
current influence the microstructure of Ti 64
T What is the impact of EBM processs ptadmsglte r ¢
str eanndgdtalm does%i 64

T How do defects produced through the EBM pr oc
what are the <criticalb efhaacviiipodusrr-ctadhnatardoil i feldu ef nac
testing?

T To what extent do variations in EBM process
def satcdp oa vasnldayck of fusion in Ti64 componen
influence both mechamela®i @uroperties and fat
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ChaptMert hdodol ogy

4. Process ewiethempiv d

Resear cheras veaempdegpyr oaftt hesi ngor oeesablwiisnhdows f o

Processing parameters including power, scan s
str gptleagyy an i mgeteamitniraoabethe annddamireincg thede
window or printing a specific material. Typic

current or energy density plotted against sca
process window andecbroespbénadlefecthespclevas
formati on, and top surface swelling. The ul ti
fully dense printed partsamplué avaoaiemimet yi ¢ sd e
ceeding 99%, although even within the estab
fects remalicn®] a possibility

@ X

chndgr30@atri @ad. beam current and scan speed t
iunstisng t he pr ociemisgMihdow wslikd®waeti eadl .ener gy d
scan speed to achieve dense ulsiiéndg ptrhientpsr ov
dow iilkFugaraPeb dl3degtamalned the i mpact of be
ed on print quality, specifically Wwothsing
process i Wigdadwhes houmnedr s use different str
we ndows awvargo ngodhy ferent process par amet

process wesntduochya tusiesl  loe ¢ bsb jsehdotiwgdi® etamids t |
s devepropwidoaenwocked| 6,y pPanswedyt eval uat es
ality in terms of beam ppgaweah eaanhde rsec atnh es puenei dt
process windows developed by Pantuso have bee
wi ndows are compared using the same process p

TTUVSOPT X QO

- oo — 5 -
® OMMD®S Q==

o s -
cC o T

The motivation behind incorporating insights
process window for th¢ 6thsdyocansdecstsed heyrkeape
based on print parameters, and t odeisdcernithiefdy aabnoy
Al | three process windows share common par ame
|l ine offset of O.adprmefd gyhd eiHowavechseéddset , p
only by Kirchner et al. at 3 mA, i ntroduces a
the three studies.
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L] conv. - good Scan Speed [m/s]
0 v conv. - porous ; .
0 5 10 5 20 Fi g42:e Process windo
iR pER with varying beam ¢
Fi g4lrre Ti 64 process Blue circles mark s
with vargyowagr barmadn ¢« porosity, while red
[ 3.1] swelling o[n3.0]op
20042 ® good
180+ © porous
':E 160 & uneven surface
E 140 ¢
> 1204 A
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g 1004® & A
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Fi g4x:e Process window of Ti64 for EBM a
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Scan Speed, m/s Scan Speed, m/s
80
* Note: Process window continues at angle h i ?gopmm
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F N
60 | S
N |, S ﬁ\
50 % -
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Fi gd.e Process window ackcewealda pgd toy bRamt
VED, and [s@&&jh speed

The rel at i obnesahm pp obweetrweaennd beam cuwhent t heghbee
power is given by the beam current mul tiplie:q
studies used to define the process window ha\
vol tage of 60Xhvar oivnek Wwittantd ywaslb. W ED wi t h m@sipect
provides a |layer heiOghancdOmio &sp éisti aywenld(§)roq o f
VED can be converted to beam power using the
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Converting al/|l
a process window
wi ndooFn g4Siendi cat e
sur faancdegr ren mar ker

t hree sshedr es iosno aat pse ahpghlestai ruen i t
i ncor por &threenga rak egregeradc med s bn u mb
p dyeeolulsa vpkrd rnstsswaldli ic agperoif ntt he

S indicate prints having a

E-PBF F6AFYV Process Window according to Beam Power and

2500 .
/
// e
’ 17
7’ ,/
4 7
,/ ’/
s //
’ z
7’
4 /,
2000 . 2
/, e
’ il
4 ’
¢ Y e A
,/ //
- A
—~ ./ ,’, .
= 5 . .-
’ * 4
= 1500 o0 0 0 o .
< , LI JRd [ ] ]
o ’ e *
GJ /, // A A
% e o A = L]
o I,’.Q o © peas . A
.
e
E Y o b TR
o 1000 / 2 ° A
m ,’ e
00 ® 9. & - ] ..
/ o A A *
// //, (] .
//.’..‘ //,. AR A:
/
* v *
P
4
500 /i o O M a
L PMY o o ue
s
’ ,//0
/7
, ../ *
2 i . ]
- 94 A
2
0o~
0 5 10 15 20

Kirchner et al. - GOOD
Pobel et al. - GOOD
= Kirchner et al. - POROUS
4 Pobel et al. - POROUS
Kirchner et al. - UNEVEN SURFACE
Pobel et al. - UNEVEN SURFACE

® VED cubes in this study

Fi g45: e Pr wicnedfosture a m
[ 9]

Scan Speed (m/s)

Scharowsky et al. - GOOD
Pobel et al. - GOOD
+ Scharowsky et al. - POROUS
e Pobel et al. - POROUS
Scharowsky et al. - UNEVEN SURFACE

Pobel et al. - UNEVEN SURFACE

i snc. Atdhaigsp esetdu d yo m
[ 65]

V eur sseuds
[ 31],

er
307,

P o

w
[

32



The studies used nFng#dhe vper adci ef sfse rveinntd cnvo menc | at
print quality. These nomencl atures are GOOD, F
to describe parts with a density over 99 %. PO
than 99%. UNEVENe SURFALCEsScISi e parts with not.
swelling on t hdeéitgdg egrwiontdi sswrefrande.l e boundari e
bet ween yelnaorwk eardsdtclpe esooundary for the top sur
t hegreen interface indicates the boundary for
scan speed parameters selected for this stud)

bouanrd e s.

The | arngaerrkimbBrisg45reepr esent t he sperlceccd sesd [pfab |aPnaentt e
f oorhe speci mens gtswe@bonivrertthe gc lbbreraemntpowe(t) ,t o VE
these parameters correspond toJvVoino B 6hm Eorner
eachmbl k&i g5 et wo cubes were printedyaleme h wi
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4. YERBubes

4. 2Manufacturing

Two sets of VEDdgwutbpg eweéo@ 6Fviemskatd ssihPoiwquur e
46anki g4#% e avmd printed with a focus offset of
focus of the I
was Vvisible
used as an i
swel |l e

tron beam on the DPhisntp breasi t
top surface of the sampl es
or for the quality of the p
il e ai cneusm ibnyd i schiditil s nem ¢l oosnsa so fn od | w
etboustrwedyl. prints for this study used Ti 6AI 4
Om t ostl@ddar d plewd ert | padir6tbihc | e si ze

1
4

c o ~ O

w h
of
45

Fi g6 e VED cues | ay Fi g44h:e VED cubes | ay

The second set| b § cdha dejdufdotyevd® a Bt we | bedtra f ocus
of the beam oThet me skEinpll d dipoifweny €8 ee us @ad part of
tdn custywdOhe process parameters usedabdle t he
Calcul ated Iine energy, volume energy, and be:
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ga8:8et
0.

Twetages
shows the

of 30 VED cebmsltmlﬁg@n,fmd:dfhg
1,many thn ¢ kaonfe .s @ 5 mmoncdofsf & & mA

of the manuf acRiugd9renldipg @ictds g dh ee
preheatwihn a4t htolwes p dwd enre detri nwg t dhf

el ectron beam.

Fi g49:e Powder prehi Fi galrCe Powder mel
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Tabdlle

VED Cubes

Process

Parameters

= — — Q) = > =
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) S5 o 7)) = ()] © L e

£ = S| o S £ 5 o |2 @

%) L 8 — E 5 > 8

Cube 1| 15 | Snake 6 5100| 5.1 |10.6| 0.1 340 | 0.12 | 24.9 636
Cube 2| 15 | Snake 6 6700| 6.7 | 14.0] 0.1 447 | 0.13 25.1 840
Cube 3| 15 | Snake 6 8400| 84 |175| 0.1 56.0 | 0.13 | 25.0 | 1050
Cube 4| 15 | Snake 6 9800| 9.8 | 204| 0.1 65.3 | 0.12 | 25.0 | 1224
Cube 5| 15 |Snakel 6 |115000 11.5|24.0| 0.1 76.7 | 0.13 | 25.0 | 1440
Cube 6| 15 |Snakel 6 | 2800| 2.8 | 7.0 0.1 18.7 | 0.15 | 30.0 420
Cube 7| 15 | Snake 6 4600| 4.6 | 115| 0.1 30.7 | 0.15 | 30.0 690
Cube 8| 15 |Snakel 6 | 6000| 6.0 | 15.0| 0.1 | 40.0| 0.15 | 30.0 900
Cube 9| 15 | Snake 6 7600| 7.6 |19.0] 0.1 50.7 | 0.15 | 30.0 | 1140
Cube 10 15 |Snake, 6 | 9800| 9.8 | 245| 0.1 | 65.3| 0.15 | 30.0 | 1470
Cube 11 15 | Snake| 6 2400 24 | 7.0 0.1 16.0 | 0.18 | 35.0 420
Cube 12 15 | Snake| 6 4000 4.0 | 11.7| 0.1 26.7 | 0.18 | 35.1 702
Cube 13 15 | Snake| 6 5100| 5.1 |149| 0.1 340 | 0.18 | 35.1 894
Cube 14 15 |Snakel 6 | 6900| 6.9 | 20.1| 0.1 | 46.0| 0.17 | 35.0 | 1206
Cube 15 15 | Snake| 6 8600| 8.6 | 25.1| 0.1 57.3 | 0.18 | 35.0 | 1506
Cube 16 15 | Snakel 6 2100 2.1 7.0 0.1 14.0 | 0.20 | 40.0 420
Cube 17, 15 | Snake| 6 3400| 3.4 |11.3| 0.1 22.7 | 0.20 | 39.9 678
Cube 18 15 |Snakel 6 | 4500| 45 |15.0| 0.1 | 30.0| 0.20 | 40.0 900
Cube 19 15 | Snake| 6 6000| 6.0 | 20.0| 0.1 40.0 | 0.20 | 40.0 | 1200
Cube 20 15 |Snakel 6 | 7500| 7.5 | 25.0] 0.1 | 50.0 | 0.20 | 40.0 | 1500
Cube 21 15 | Snake| 6 1900| 1.9 7.1 0.1 12.7 | 0.22 | 44.8 426
Cube 22 15 | Snake| 6 3100 3.1 |116] 0.1 20.7 | 0.22 | 449 696
Cube 23 15 | Snake| 6 4000| 4.0 | 15.0| 0.1 26.7 | 0.23 | 45.0 900
Cube 24 15 | Snake| 6 5300 5.3 | 19.9]| 0.1 353 | 0.23 | 451 | 1194
Cube 25 15 | Snake| 6 6700| 6.7 | 25.1| 0.1 447 | 0.22 | 45.0 | 1506
Cube 26 15 | Snake| 6 1700| 1.7 7.1 0.1 11.3 | 0.25 | 50.1 426
Cube 27| 15 | Snake| 6 2800| 2.8 |11.7| 0.1 18.7 | 0.25 | 50.1 702
Cube 28 15 |Snakel 6 | 3600| 3.6 | 15.0| 0.1 | 240 | 0.25 | 50.0 900
Cube 29 15 | Snake| 6 4800| 4.8 | 20.0| 0.1 32.0| 0.25 | 50.0 | 1200
Cube 30 15 |Snakel 6 | 6000| 6.0 | 25.0] 0.1 | 40.0| 0.25 | 50.0 | 1500
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4. 2 . llniM isalaadmi nati on

Theeof cpupmbiested with a dorctudii mandh siei¢tsho fa 6WEAD o
25 B mnfaiswe £ mnfaisee Pmnf i ved suhmesinde cubes with
50JPMmmr a total Thhd sampltes cwdres . numbefriedstfr ol
25JFmmbe st artl.rhgel ato pn wsnubref ra c ereax fa mit me dissasnepsise st
print amalal ety process parfametehses madufaontlr ese
fatigue.speci mens

the 50 VED samples, CBEbemZZ@BA¥YEBERdIs amegl en® st
ad the moFsitgdé& Hemnsi sStulrd adief ference in the t
fferent specimens printed in the second r
at 40VED is uneaven and bump,yf oc o mxarnmgpd e
dingly, the porosity of Cube #20 .is expe;

25VED 1% 30vep %S| 35vED @ 40vep fesd 45veD FEEH sovED

Fi galrte Di fference in top spmirnMftaceualfi tVED ¢

Cube(s3® dBO) 20VE®)e sel ect ed 0tvdaDiaod Vupdaerda naest & rhse
for the printing of itThee tpeamrsinled earsd wfeatei gglhe s<
det erdmu miellg pr evhypast] B dy

All cubes printed in the secoadc ssettwedy rVega rcdil
of t heir pTohrecasniptl ye s| eweele. prepared for mi crost
process parameters to microstructure.
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4. 2PRepaofatVeBD cubes

The VEDwemdesparallel to the build direction

The wawpter f oursmandgSt r uer s-1 SEaAaOCOMati c precision
di amooat eod fcutheel of 200 mm outwars sdd da,meat devra rcoi
at a constant rate of O.1mm/s. The cutting pl

Fi galrZ2nki g4lr 3>

Cutting Plane

Fi gar2e VED cubes ¢ Fi g4r3e Struer slSE!
parall el to bui automatic cutti

The halwe meoubretsed with BREéhlapekeoPWWshbCard. 25in
di amaerngkdrtn a Bt e Ite8EEr eTshe wammeaesd for 8 minut es
force, then cooled with water for 4 minutes. T
are shdwdilrfemki g4lr5e respectively
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2 a4

i § 3
Fi girde Struer s3 Pr Fi galr% Mounted VE

Thenound erdpuees® | | shed -ssepgpeotesened foll owing
in the Buehl dr6.7phoel ifsihrgsntignsdtiuenpg-gwii t h sandP@apepm

i n the cl| ocukswinsgea sWaihbecer©OD imeoh mor e wawemarkhs on t
speci men,s Ot lseu r vyaevoa smheends wi t h soap and water to
material and dried using 70% or greater isopr

Theecemnd i shiwadg psetrdpr med aphpeods shiog cl ot h. T
compoundmi MetaaddBamond paswa. p¢€hifasgr si¢2d0pr ptmh e

countercl ockwi saen daurteocntaitoinc pol i sher wsimg 10
Met &lfDimaisd | uGhiecami t erion for successful coar:
observed under the optical mbaresc,pbei stamp@les

wemwasehlwi th soap and water to ramovesisadd? 0YP/ pr
greater i s ofphrpgorpoycle sasl cidsh agli4elpee ct ed i n

The | ast pol i shMingr oictheap ppeod vioslhviensg ac | otEh  wi t h
col |l oi daatl 1s2iOhripecnhe count er.cl Tolcikevasi spee pdfiorrentetdi ofno
mi nufTtees .criterion for successful fine polishi

observed under the optical fniincer opsbchoepseh aamg | 5e0sl wn
wagehivith soap and water awndresmiong pPOWi cghi qrge antae
al cohol
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Fi gélrée Polprsohaensgny| on pol Ons hdinagmopnadd pwa stthe 9

Becatuhsee sampl es were porous, trneed svuthacempf ess
after washiwegod ddc opmidnig cduwetsumden hteh @ oo gtsi c al n
501 magnafftiecratbieoinng cl eaned with wassepras ed uait
no particles are observed. This process avoi d:

becaucsreecsosht ami nati on.

The | ast samppreépalt oatei on was to et ch Krhoel |sbasmp |
reagent is composed of 92.82% water Theé. VE®» ni
c ubwemréeé ched with this solution for 15 seconds,
were then placed in an wultrasonic cleaner wi
remaining hydrofluoric acid.
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4. Jenssidmep!l es
4. 3Manufacturing

The tenshll awsmanp e ¢ arptr eovfi otbhgye Wan&hu]sTen t ensi
speci mens wer e sptraponkt € e o bhRuiav ed i opfig atelee s e s amp |l e
wi B0 VEDdenoted by tthgd4bddveumbetbei sampl es we
50VERnoted by the even numbers

The drawing of the initial gda®ampeterndixf At he t e

Ll T A s i

Fi galr7elSet of 10 tensil eeaswampafg® , kp\h gphatced ch

O. 1amf thri ¢ konfe .s @5 mraoncdofsf ® ® mA 3 04/&mphl aevse aa

speed. O am/de aab reefnd. 0.5 WX BB mphlaevse agp esod  ™/.
andeaamb reeth@ 0 .mA
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4. 3PReparation of tensile sampl es

Pr i omacthatnhengt ensil e sampl es, the support mat ¢
chiBlé¢ .tensil e sample bl ank hwaskanfeadmmmact ur ed
Guo dt68dlserved that the sur fwictemmartaeurgi hanle srse ntoavn
100um, o0Th e0 .f i mma.l| t hi c hkasnsosmionfeilt keesampf e 6 mm,
O.5mm to be removed from the top and bottom s
O.5mm corresponds to one build | ayer being r e
samples, allowing the gauge sdirdmd esmdotthh eord oc
After the suppordndnatttee i adbghoenea emaowleidnetdhe o t
sampheeess machined tlhytl aeaihmgfsipregclijmejnawiet h t hr ee
t o

|l ocate the speci men on Rihgdlng ndn ¢ 4¥%axes. T

ig411rSe Machinihng | Fi galr%e Dowel pin p
machi ne machining jig

The drawing for t heern s mimg b Eyseeosneentt pepde midA xt h@
inspection report for tRAepteansix|l & speci mens i
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4. Fat isgmpel es

4. 4 Manufacturing

The fatiguaw&dmenpih&na$ ap & ptreedvfi otafheen dacked by Pa
[ 6.9 veAtofuati guebspeé&semepri nted, stacked in thr
as shdawmd2@ 69]The drawing of the initial geo
preseApedndinvweloBfe t hese sampl 89 VEd®Orde nprt iedt g wil
numbers i nTRegouebede. t he sampl es WO WV&Dpr ianrtee d
denoted by thBi g208 number s

Fi ga20Set of 24 fatigueeaswmimpdaig@ ,kathisrat ceodh

O. 1anf thri ¢ konfe .s 35 mraoncdofsf ® ® mA 3 04/&mMphl aevse aa

speed. O am/de aab reefnd. 0. nAO Y& Mphlaevse agp esod m™/.
andeaamb reeth@ 0 .mA

4. 4PReparation of fatigue sampl es

Pri otrhet omaohi nihreg fati gue sampl es, t he su
hammer aashoWwRisgh2ld he samptlheesa ntesrmeeadj &wuch
to turn a di amehGNC fluastehder cppi ageospbwhad R
The swmphen supported between centers on the
di ameter is obtained thr ougahso usth BtilgelZ@auge | en

pport
uck
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vde” o :-,f 3 i
Fi 4erZe Turﬁia.n'ggufe Fig412r%Turninfatigu
gripping di-jaane tcehru centers on CNC

The pa
e

rt drawing for the final dQepmathink Of t h
i nspect.i

on reportisf orr etAlpep efpadtiixguce sampl es
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4. Microstructure analysis
4. 50mpt imcaltoscopy

Mi crostructure

Anopti cal mBeesr aideakpxdmeée n¥EDf oonulbe®structure anit
def eTchtes sampl es w2@0@magxrna miamad iaamnh e x a mpAieg uirse s h
424 An additional esx0xX0magat f andiwaengaaepbae i s

Fi g2 where the alvphsa bllaet h structure 1is

Fi g424e V@awbe 1 et cahte Fi g425% VED cultdeld@s
200X magni fica 500X magni fica
Tensi |l easdmphes gyee esampleevyed under the optical

typeoobdseifteyct s presarst ai f WMnEcF. hsaammimel resm ¢ ak e n
fatigue speci metnlse wexter emittryacoefedt he speci men
previouslyobéehdusbéesamptiepkFrongdal6Tihe porosi t
evaluation and fatigue t emtitnhge csoaunied Stpheecri eafraoari
sample coupons were extracted from theasgauge
showhi g7 The build orientation was noted for
for the round fatigue sampl es.
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e Original printed
E length

v

Ext tevial Section of extra ] )
xtra materia . Fatigue specimen
material used for

microscopy

Fi @426 Coupon extraction Location from

Gauge section
cutout

Fi g7 Coupon extraction | ocation from

The te
def ect
used t
50VED
optic

nsi leeraes amp $ ieospgt w ¢ a | mi croscopy to detern
s with respect to print orientation. Th
o determine the Tlymedeoffedtackommffi dwrsatoino
tensi |l e sFangpulr@&snki g42x9% oTwhne ipnhot ogr aphs ar
I

a mi croscope at 200X magni fication.
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Fig412rSeDefects i n te Figa2%befects in te
(50VED) at 200X r (30VED) at 200X r

The porosity of the fuationguiec &la mpd %5 o0 sviaB@ Fgixtaymi
to fabehgueFirve sadnpVERtofQDueheampl B8VHIRI i giuee
samples were used to obtain porosity measurem

Optical mi croscopy i s used to detky mietet mienip
t he area of cp esseacsi inaoth hae gsidireppl enet hod al |l ows th
be cap2Drigdesnnot allow the 3D geometry of the
defects with trapped powder are al so idioftfi cul
entirely void and may not have the Imecamqudridd om
this met-spdci i @y emeaning each cross section
examplemed h pdloive fie g4 @nki g43le
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Fi gSr ri ginal pho Fi g3t Origin
sample with pixel csample with p
and met al and me

MI PARswused to detecsofpohes fiani guessamptteisonT

of the pores with respect to the bulk materi:
poresasnshbugad 2

Fi ga¥y2Porecogmiom omptf caI mi croscop

After the opitmazgmes eni cbobsziapegdg oxi mati on of the
samples was holwesenedthe alpha | athseodulgdh n
magni ficati on. The alpha | ath width on the p

measured accurately and repeatedly
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4. 5Sandiencgnromoscopy

The VED cubes were viewed under ad | evarnrhiengale
t hi ckness tRh obteo gmeaapshusr easdé.t @kenspéecilmO@O X, 2000
magni fication. The electron microscope and a
Fi ga3&nki ga3 4l | i mages were taken with an acce

TMG 15.0kV 5.6mm x4.00k BSE3D

; : Fi g4 Sammierddgdat
Fi g3 Scanning el e 4000X magni fic

Af ttehWVeED cubes were phot digmagpese dweorne tarea ISyEsMe d L
processing software MIPAR. The <contrast betw
captured to measureThdeadhanckedstshiodkndaes | alt d
usedtaet idhat qubeti dceb thickness along feature
| argest circle that can fit inside a feature
featur e dsr.dikeenlteyt dnmat hs were measured for each
|l aths which were visibl®hanhi ghleinghitfiimdI| ef wteh a
resulting thicknes#&i géaax®urement i s shown in
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Fi g% Al pha | ath taHigokndashsn.measuri ng
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