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Study of the powder deposition in Laser Powder Bed Fusion Additive Manufacturing processes

Bh.D. Thesis by P. Avrampaos
Abstract

During the 40 years since the conception of Additive Manufacturing, Powder Bed Fusion processes have been a very
important sub-category of AM, mostly due to their ahility to produce metal parts of promising quality. Extensive research has
heen performed in order to ascend PBF processes from their initial prototype-develaping status to fully industrial, large-
production processes. However, despite the efforts being made, due to their high complexity, PBF processes still have not
reached their potential. This work aims to contribute in this direction, and more specifically, to powder depasition. The
aspect of powder deposition is of paramount importance to all PBF pracesses, since the quality of the deposited layer is
directly connected to the mechanical properties of the finished part.

The first chapter of this thesis presents an overview of AM processes, their historical background and the development status
of PBF processes. The second chapter provides a thorough analysis of the connaction between powder spreading process
parameters, powder layer guality and finished part quality in terms of mechanical properties. The pracess parameters of
powder deposition are recorded and passible ways that each one affects the other are identified. Then, the quality criteria of
the deposited powder layer are identified, and methods of monitaring them, both in-line and off-line, are presented. The
ways in which the pracess parameters are deemed to affect the layer quality criteria are presented too, Subsequently, the
mechanical properties that serve as quaiity criteria of the finished part are analyzed. Finally, the ways in which the powder
fayer quality criteria are deemed to affect the finished part quality criteria are explained. Extensive use of tables has heen
made, in order to simplify the navigation and make it easier for future researchers to use this literature review as general
guidelings for optimizing the powder spreading process in their projects.

The third chapter presents a robust statistical analysis and comparisen of all the powder depesition methads found In
literature via Analytic Hierarchy Process, The comparison is performed by defining criterfa and grading each method based on
its performance with regard to each specific criterion as compared to the other methods. The importance of each criterion is
subjective and the weights can be altered based on each researcher’s priorities. The comparisen proved that mechanical
deposition is prefarable with regards to other, innovative methods. Then, a prototype Powder Deposition/Recoating System
is designed. The innovative design is divided In twa groups, the doser/sieving group and the recoating group. Fach of these
groups is compared via AHP to the respective group of a commonly used powder deposition system embedded in a
commercial LM machine. The criteria hased on which the comparisons will be performed are defined in advance. The AHP
comparison proved superiority of the suggested design.

The fourth chapter of this thesis presents the modailing of powder in Discrete Element Method {DEM) simulations and the
aptimization of doctar-blade facilitated, vibration-assisted mechanical spreading via Taguchi Dok and subsequent ANOVA,
Initially, a method to maodel particle size distribution given by DS0, D50 and D10 via a lognormal distribution is presented.
Then, the available contact models are presented and the best-suited one is selected by Tabor parameter comparison. It is
proven that Hertz-Mindlin with JKR is the most suitable model. Modelled powder rhealogical behaviour is evaluated via
cross-check between experiments and simulations using angle of repose and angle of avalanche tests. The simulations that
fallowed examined the spreading conditions (spreading speed, vibraticnal frequency and amplitude of the blade and relief
angle of the blade) by specific fayer quality criteria (layer thickness deviation, surface coverage ratio, surface roughness and
true packing density) and proved that vibration assisls deposited layer evenness and homogeneity. Weighted means analysis
of the surface roughness, surface covarage ratio and iayer thickness deviation proved that the surficial skewness and kurtosis
can serve as equivalent layer quality indicatars, for layers created by spherical powder particles. It was shown that the lower
the recoating speed, the better the surface quality. True packing density remained constant despite parameter level changes.

The fifth chapter of this thesis evaluated the sieving process via DEM simuiations of the same powder as the one modelled in
the fourth chapter. The sieving was avaluated by the duration of the linear phase, the mass flow during this phase and the
mass sieved during this phase. The sieving parameters were the frequency and amplitude of the sieve’s vibration, the taper
angle of the siove’s apertures and the level of the powder inside the sieve prior to sieving. The level combinations that
maximize powder flow, linearity duration and mass deposited during linearity were identified. Then, the effect of different
aperture shapes was evaluated for these optimum level combinations. Finally, the quality of the deposited powder layer via
sieving alone, in a recoater-less powder deposition process, was examined. [t was praven that it is possible, by calibrating the
amount of powder fed into the sieve and the sieving parameters, to achieve level quality superior to that of the vibration-less
doctor blade powder spreading, but still inferior to the vibration-assisted doctor blade powder spreading.

The sixth chapter of this thesis oresents a novel method for the deposition of multi-material powder layers based on the dual
contour-gauge design. The method is mathematically defined and the problem is solved numerically via a C-code, The resuits
are presented schematically for a layer of 5 border curves that define material transitions within the mosaic-patterned layer.
The method’s viahility is proven via an experimental jig and DEM simulations. The simulations used the sieving and spreading
optimized parameters that were defined in the fourth and fifth chapter of this thesis. Both experiment and simulation
achieved very good approximaticn of the borders of the developed pattern. The DEM simulations achieved goed iayer
evenness and homogeneity, comparable to the vibration-assisted, doctor blade powder deposition. Overall conclusions and
suggestions far future work are presented in the seventh chapter,




MeAétn tne andBeonc to0dpag of katepyaaies TPooBeTkng KaTaokeLh re cUvnén khivng novdpag péow laser

Atbaktopikh SwatpBn M. ARpdpmnou
NeptAndn

Tapdvta ¥povia PeTd amd Ty emwvanen g NpooBetikic Karaorsuhe {NK), ot katepyacieg Lovindng Kilvng Noudpag (IKM)
QROTEAQUV anPOovTiKY Katnyopia twy katepyaowv K, urooydpeves petcihkd tepdyta udbniic nowdmtag. MNapd v
eKTEVR £pELVA TTOU £xEL TpayuatortoBel, o1 cuykerpiLEves kaTepyaoieq Hev £X0Uv AGNN TIPCYHOTOMONTEL TO GApa and
™ bdon ¢ nopaywyng TpwTotinwy oty mhjpn Blopnyavoroinon, kuplwg Adyw TG moAUTACKOTNTdS Toug. Auth n
gpvacia AnooKomel oTo Vol GUVELCDEPEL YyWWwar OT0 KOUUATL ¢ evandBeang modbpag, Jag Kol i motdtta tou kpefotiol
aKOVNC SUVAEETOL GUECH HE TIC TEAKEG LBLOTNTEG TOU TERUXIOU,

To npwro keddiato mepthapfdve: pla sloaywyl ot katepyaoieg NK, eotiafoveag otlg karepyaaied 2N,

To &ettepo keddAoo rapiyet wla Asrrouepn avdhuon g cOvAEoN g reTafd Twv MAPUUETRWY evanéBeot|s Tondpac apxikd
ge v mowdtnta Tou evarotDEUEVOL OTAWRATOG KAy, &V cuvexeln, HE TG HNXOVIKEG 1BLOTNTES TOU KUTAOKEURGREVOU
tepayion, Mvetol karaypadd twy Topapétpwy evanodeong roudpug kol udknierudpdoswy autwy, Oplfoviol kpiripia
NOWUTNTAE Tou KpeRatiol moudpag ko tparol mpoodlopiopol/uetonong auvtwy. TEAOG oplloviar kpiThpla GLATHTAC
KOTOOKEVUOPEVGU TEQYIoU Kl yivovTal ol anapaltie cuVOECELG.

To Tpito kedhéharo TapoLaldle: dvay oTATIOTIKG BEATIoToNOEVe aXeSlaopd kut kotaokelr) evds suothuatog svaneleang
noudpag (ZE), péow g ueBddou Analytic Hierarchy Process (AHP). Apxikd ouyxpivovral petatl Toug o Siddopag péBodal
evamdBeone notdpag tou evionilovial ot BuBiioypadla, HEOW GUYKEKOWIEVWY KpLTNPlwy. ZTN GUVEXELD, EVa TPWTOTUTO
SEM oyedldietdl Kol TApousiddetar avaAuTkd, eve) mapdAhnhd yivetat alyrplor tou péow g dlag pedddou pe évo
avtiotatyo IEM wou cuvavidtal g unyaveg 5 tou eprtoplou. H alykplon angdeiée tny aviwTepdTnTa TOU MPOTEVOLEVOY
axedlacLon,

To TétapTo keddiao cotiddel oun povtehonoinon piag cuykekptévng mondpag pecw Kol xprion s MeBadou Awaxply
Stoeiwv {MAT) v TV ripogopolwern kel Bedtatonatnon v evanoBeang noddpag 1Héow Govolpevng odnyol Asmibag
(DAL ¥prouonet|8nke avitotolylen Twy RepaeTpuy katavouric ueyiBoug kokkou 090, D50 and D10 pE 116 MApQETHOUG
e AovaplBuoravoviic katavopie, Fv ouveyein, ta povigia enadric avahlBnkay wg mpog T supfatétnTd Toug pe Ty
cuykekpiudvn neddpa déow Vrohcylopol The rapapetpou Tabor, xal erihéyBnke To Hoviého Hertz-Mindlin with IKR.
PECALOTIKI pEohOYLK ouumEpidopd Tou HoviEAou Tng TouSpas eAEyyOnie HEGW TUUTOXPOVNG TEWNCUOTUOU Kl
POGOPOLWTIKOD TIPoeSapopol Twy ywvity ylovoatfadog kot mpavoig. O Rapdpetpot evanddeong nou efetdatnray
frav n TaydTnTa evarrdBeons, n cuWATNTR KAl 1O TAGTOG Katakdpudng dovnong kat n ywvia ghsuBsplag g OA. Ta
KPITAPIO TIOWGTATOG GTHOANG Ttou oplotnkay ATay 1 ¢rdKALGH Tou IAYoug oTpaong and to Bewpntd ndyog atpwong (Layer
Thickness Deviation-LTD), o &eixtng xdhudng staddvsiag (Surface Coverzge Ratio-SCR), n sridavewaxn tpayitnTy
UTIOAOVIGLEVT LEow pilag péoou terpayivau (Sg-RMS) kat o mipaypotikds Bulpog suprtigons (True Packing Density-PRY g
crpmanc. Eyive oyeSiaouts melpaudtoy tEon avihuong Taguehi kol ouvaxoiouBng ANOVA nou anedaiav v Betiki
ertpoan Trg SAvnong gty oot Ta Tou kpshonol noddpag. Eywve aviduon ctaiioiévon péoou yia ta kpipla LTD, SCR
oy 50-RMS xan armedeiy0n 6ol n eruoaveiaxs Aofotta (Ssk) ko kUptwan (Sku) anotehoty Wwodvapa KpuTima AoldInTag
erudaveiac. Ogo yauniatepn n taydtnto evanoBeons, toco kaAUTEpn N nowdtito otpwong. O NBY napépewe otabepds
QVELAOTATWOV T1E GAAGYHE ETUTESOU Ty apoUETpwy evandOeon,

To négnto keddiao xpnopones! o (Slo wovighe noudpag nou oplotke oto 40 kehdAalo v vd EEETAOEL PEGW
npocoilolaoewy MAS 1o kookiviopa Tn¢ molSpag. H ebetach ytve yia TnyV yeauplkn TEpLoyn Tou kogkwviopatog, 6ni. y
neplox otafepnc por|s. EEETEomiay W aadUeTpol KOGKIVICRATOE N OUXVOTNTA Kol TO TAETGE Katakdpudng Sovnang Tou
KOGKLYOU, 1] vwvie avtioTpodng oTévwong Tng orig kat n apxiikil otdin e movdpag. 16 kALt pLat o T Tas ESETACTKaY 1
FOpoYn PATAC, N LA Ko T YPOUUKOTTA Kat N S1dpKELd TG ypaukottag. Méow avdAuong Taguchi kal auvarkdioung
ANOVA opiothray ol cuvduacpol Hapapétpwy KeoKITILATOC TTOU LLEVIOTOTIOWoUY Ta KoUTipLw notdtnag. Efetdotnke eniong
n eniépaon Tou oYRRATOC TS or¢ ota Kpttipwa towdtneag. Tékog, efetdotnie ) MOLOTNTE STPWAONG oV FapdyeTat NEGW
EASYYOREVGU Koaviouatag. AmodelyBnixe Otl to sheyydiievo KOOKIVIGIG TIOPAYEL CTRWHATT Etotua yia IKf, pe nodtnta
HETOED TS TTOWTNTAG GUTWY 10U fiapdyovtal and dovetpsyn kot pn dovoduevi OA.

To £kto KeQAAaLo mpaypatebetal pla kouvotdpe péBodo evandbeong oTpwpdaTwy MoAAWY VAWV pe To oxééio tou Simhol
peTpnT Repypanpdtwy. H pébodog opiletal pabnpatixd kot 1o mpdpAnpa emAleTol aptOUNTIKG RECW kwdika GE YAWOCA
C. Ta onoteréouata answovilovral oynpatid. H Bueoipldtnta Tou oxeblou emkupIvVETaL TOGO TIELPORATIKG, 000 KOL {ECW
npocooluong MAL.

SURREPIOHATE KL TIROTATELS yia |ledhovTikn £peuva Slatuntvovtal ato £f8oua keddhato.




