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BeAtiotomoinon tng KATEPYAOoiog EMAEKTIKIG MUPOCUCOWHATWONG KoL THENG He laser
(SLS/SLM) pe Bdon aplOunTiki mpooopoiwaon Kot LNXAVIKA pabnon

Aldaxtopikn dlatpLpn
EppavounA Zrabdrtog

EMM, oA MnxavoAoywv Mnxavikwy, Topéag Texvoloyiag Twv Katepyaolwyv

MepiAnyn

H mapovoa épsuva otoxelel otnv uAomoinon mAaloiou PeATiotonmoinong Tng Kotepyaoiag ETIAEKTIKAG
Mupoouoowpdtwong kat Tiéng ue laser (SLS/SLM), kdvovtag xprAion TG au&énuévng UTIOAOYLOTIKAG
QroS0TIKOTNTOC LOVTEAWVY UNXAVIKAG LABNoNG évavtl LovTEAwV ¢uoLknG. Itnv Katepyaoia SLS/SLM 1o TeAko
TeEpAylo mopayetol WG emaAAnAia SLAdOXIKWV OTPWHATWY OKOVNG, ETUAEKTIKA OUVTETNYHUEVWY AdYyw
BepuOTNTAC TIOU TOPEXETAL Ao KlvoUpevn Séoun laser. Oewpntikn PeAtiotonoinon tng katepyaoiag sival
Kplolwun yla tnv wpipavon tg, dedouévou OtTL Ewg Twpa odnyeital anod yevika pn BEATIOTEC KAl AoV UPOPEC
OOKIUEC O€ TIPAYUATIKEG UNXAVEC. Katomiv SekaeTiwyv €peuvag, N Bewpntikr povteAomnoinon tn¢ Katepyaoiag
e€akohouBel va amotelel MpokANon, Kuplwg AOYyw Tou HeEYAAOU €UPOUC KALUAKWY OTLG OTIOLEG QMOVTWVTAL
kplolpa ¢awopeva. Metadopd yvwong Uetofl povtédwv Stadoxikwv emimedwv adaipeong otoxeVel o€
KALLOKWTH a0€non tou mediou epappoyng TV aviioToLXwV MPOCOLOLWOEWV.

H Bepuikr) Lotopla oTpWwHATOC, N omola ev LEPEL odelAeTAL OTNV TOTOAOYIA TNG EKACTOTE TPOXLAG SEOUNG, £XEL
£vtovn emibpoon ota TEALKA XOPAKTNPLOTIKA TOU Tepaxiou. Movtéla pHepOVWHEVWY KOKKWY Sgv Suvavtal va
TIPOCOMOLWOOUY CNUOVTIKA UAKN padnig. Movtéla xapunAng avaluong mou avadépovtal 6 0AOKANPO TEUAXLO
ETUKOAOUVTAL QTTAOTIOLNOELG OXETIKA HE TNV Bepuikn otopia kdBe otpwpatog. Kot ot U0 auTEG akpaieg
TIEPUTTWOELG, N KPLOLUN €Midpaon HLOC CUYKEKPLUEVNG OTPATNYLKAG odpwaong Sev AapBavetal umoyn. H
evOlAUEON KAMOKO HEUOVWHEVOU OTPWUATOC OKOVNG, OEWwPOUUEVOU HAKPOOKOTIKA WG OUVEXEG WECO,
Bewpeltal wW¢ N kataAAnAotepn yla epyaocieg PeAtiotomoinong. H tdon eival mapakoAouBnon Kot
BeAtioTOMOINON TOCOTATWY, OTO EMIMESO OTPWHATOC, TIOU EMLOELKVUOUV £VIOVN CUOCYKETLON HE TA TEAKA
XOPOKTNPLOTIKA TOU Tepa)iou. H péylotn Bepuokpacio KATd UKo TPOXLAC AMOTEAEL TUTILKY ETULAOYH.

Movtéha $uoikng ebopuodlovial EMITUXWE OTO KATW Oplo Tou emumédou oTpwpatog (“mm). Qotoco, éva
OTPWHA TIPAKTIKOU evSlodépovtoc amattel mOAY peyolUtepec Tpoxtéc (~10° m). Se auth tnv KAHaKa,
TIPOCOMOLWOELG PUOLKAG elval acUpdopeg £wg Kol aduvateg. EmutAéov, n PeATioTtonoinon TUTLKA Omaltel
TOAMATAEG TIPOCOUOLWOELS yla Sedouévo INToUpeEvVo. MoVTEAQ UNXAVIKAG HaABnong emdelkviouv tnv
OUTALTOULEVN UTIOAOYLOTLKN) QTOSOTIKOTNTO, WOTO00, UEXPL OTLYHNG, TUTUKA £Papuoloviol O TETPLUMUEVEG
TPOXLEG N/KOL LKPEG YEWUETPLEC. Baolopévn oe HovTéAa Suvaplkn BeATIOTOMOLNON TTOPAUETPWY KATEPYATLAG
KATA HAKOC auBaipeTng TPOXLAC TPOKTLKOU HAKOUG amoTeAsl avolytd mpoBAnua.

H mapouoa Satplpr avantuoosl tpelg MAatdOpUeg povielomoinong pe avavopevo elpog edpappoyng: to
Mntpkd Movtélo, To Metapovtédo kal tTo Metapovtédo loxUog. To Mntpikd Movtélo eival éva Bepuiko
HOVTEAO [MEMEPACUEVWY ITOLXELWY, PBEATIOTOMOLNUEVO YLlO OXETIKA HLKPEC TPOXLEC (~mm). MeplapBavel
Bepuika keAUGN, autopoatn Snuwoupyla cevapiwv Kol yewUeTplog He Stadoxik apoiwaon TAEYUATOC, Kal



TEXVIKECG eTITA)XUVONG emiluong. EmutA£ov, KAVEL XPAON ELKOVIKWY UALKWV yla ovamopdotacn evSLAUEcwy
KOTOOTAOEWY OUVEVWONG OKOVNG. ZKOTOC TOU €lval n amoboTkn Tapaywyn HEYGAoU Oykou &edopévwv

ekmaibguong yla TNV UOOTAPLEN TWV HOVIEAWV UNXOVLIKNG LABNONG TTOU AVOTUGOOVTAL OTNV CUVEXELQ.

To Metapovtélo eival pa mAatdoppa Texvntwv Neuvpwvikwv ATOwv (TNA), XTopévn yla TaxEieg
TIPOCOHOLWOELC OE TIOAU peyAAeS auBaipeTec TPoXLEC (>10° m). EGaproleL TO TPOTUTIO EVOC K LOUPOU KOUTLOU»
Sepévo otnv Kwolpuevn 6€oun, To omolo pabaivel va umoAoyillel LEYLoTn Bepuokpacial Kol PMECN OXETIKA
TIUKVOTNTA KATWw amd autiv. H Sduvaplkn mpoPAedn kotd pAKog tuxaiog Tpoxldg efumnpeteital amod pia
Mpwtotunn HéEBodo amodopnong TPoxXLAg, N omolo HELWVEL SPACTIKA TNV SLOOTOTIKOTNTA TNG TOTMOAOYLKNG
€10060U. AUTO eMLTUYXAVETOL PECW €VOG TEPLYpadEa TTOU TTOPakOAOUBEL TOo oxAUa TNG TPOXLAC, KaBwg emiong
KoL TNV Lotopla tn¢ og S1AdOPEG EKTACEL UVAUNG. TO apXIKO QUTO TPOTUTIO UNXAVLKAC LABNONC £XEL OELPLOKO
XOPOKTNPA, CUVETIWG OV eKUETOAAEVETAL TNV BLOTNTA TwV TNA yla mapdAAnAn enefepyacia moAamAwyv
Slavuopdtwy elo6dou. To kwAupa Suoxepalvetal amod To YEYovog OTL avadpaon Beppokpaciog LETALY Twy
Bnudtwv mpocopoiwong amodelkvuetal anapaitntn yio avénuévn akpifeta tov TNA. Ma TNV AVTLUETWILON
QUTWV TWV INTNUATWY, UAOTIOLEITAL €Va ETTOVAANTITIKO OXESLO TIOU ETUTPEMEL 0TO MeTapOVTEAD TTAPAAANAEG
TIPOCOLOLWOEL O OAOKANPEG TPOXLEC, HECW EKKIVvNONG amo €KTIUNON KoL, OTNV OUVEXEld, SLASOXLKAG
avatpododotnong kat PeAtiwong Twv amoteAeopdtwv tou. H teAkn, PeAtiotomolnuévn €kboon Tou
METAUOVTEAOU ETUTUYXAVEL MLKPOTEPOUG XPOVOUG Tpocopoiwong amo tnv SLAPKELA TNG TPAYUOTIKAG
KATEPYQLOLAG, YEYOVOG TIOU QVTLOTOLXEL O€ ETUTEVYLO UTIOAOYLOTLKI G OIOSOTLKOTN TG,

To Metapoviého loxuog emekteivel To Metapovtélo pe mpooBnkn oxvog laser oto Siavuopa swooddou,
npoodEpovtag pa aveéaptntn KeTaBAnTn yla puBbuion Bepuokpaciog. Tkomog eival n evpeon evog BEATIOTOU
npodiA LoxVog, To omolo va aKUPWVEL Ta havopeva BepULKnE cucowpPEeUanG tou odeilovtal otnv Ttomoloyia
NG TPOXLAG. ApXlkd UAomoleital €vag Pnuatikog aAyoplBuog PeAtiotomnoinong, wg HETPO UTIOAOYLOTIKAG
AmOSOTIKOTNTAC. TNV CUVEXELX UAOTIOLELTAL £VOG BEATIWUEVOG, TIPOCAPHOOTIKOC VOUOG EAEYXOU, OXESLOOUEVOC
yla apdAAnAn epoappoyr o oAOkAnpo to mpodil oxvoG. Exel EMAVAANTITIKO XOPAKTAPA KOl ETLTUYXAVEL
OMaAO UETWMO BepuoKpAOCLOC META amd WKPO aplBuo emavoAnPewyv. To teAlkd mAaiolo ekpeTaAAelEeTal
ETUTUXWCE TNV €€ALPETIKA TAXUTNTA TOU HOVTEAOU UNXOVIKAG HABNoNG yla amodotikn pubuiwon Beppokpaciag
HEow SuvauLkng BeAtiotomnoinong Loxvoc.

To Mntpikd Movtélo, w¢ Bdaon TG aAuoLdag UNXAVIKAG HABNOoNG, EMIKUPWONKE EMITUXWE Ao aviioTowa
HoVTEAQ Kal epapata tng BLBAloypadiog, emdelkviovtag amokALoeLg UKpOTEPES amod 10%, yLa TG XELPOTEPES
TEPUTTWOELG HETAEY TTANBOUC oevapiwv oUyKpLonG. Ta LETAUOVTEAA EMLIOEIKVUOUV HECO OXETLIKA OPAAUATO TNG
TAENG Tou 1% yla LEUOVWUEVEG TIPOCOUOLWOELG KAl ULKPOTEPQA Ao 2% yla To TEALKO BeATioTomolnuéVo tpodih
Bepuokpaociag, wg mpog to Mntpkd Movtého. MeAlovTikr) TpdoBacn oe Melpapata Suvatal va EMKUPWOEL
aneuBelog N Kal va BEATLWOEL TepAlTéPwW TNV akpifela Tou Tpotelvopevou TAaloiou. E€GAou, n mapouoca
£pEUVO KUPLWG OToXeVEL va amoteAéoel €vav PeB0BOAOYIKO XAPTN ylol KOLWOTOWUWKY edappoyr epyoAeiwv
UNXQVLKNG LABNnong oto oxeTika aveéepelivnto nedio BeAtioTonoinong tng katepyaoiog SLS/SLM.



Optimisation of selective laser sintering and melting process (SLS/SLM)
based on numerical simulation and machine learning

PhD Thesis
Emmanuel Stathatos

NTUA, School of Mechanical Engineering, Manufacturing Technology Section

Abstract

This research aims to develop an optimization framework for the process of Selective Laser Sintering
and Melting (SLS/SLM) by leveraging the extreme efficiency of data-driven models. SLS/SLM is a main
representative of Additive Manufacturing processes, which are instrumental to the realization of
Industry 4.0. Its principle of operation is based on using heat from a moving laser beam to selectively
consolidate pre-deposited powder layers into successive slices of the final part. Model-based
optimization is critical for the maturation of SLS/SLM, which is thus far driven by generally sub-optimal
setups determined by trial-end-error on actual machines. After decades of research, it still poses
extreme challenges mainly stemming from the large discrepancy of scales involved in the process.
Emergent computational barriers are somewhat alleviated by the practice of multiscale modeling, which
aims to gradually increase the scope of simulations by transferring knowledge between various levels of
abstraction.

SLS/SLM is a thermal process, and the temperature history of a given layer, which in part depends on
the topology of the trajectory, greatly affects the characteristics of the final part. Discrete particle
models struggle to process a single millimeter of laser track. Low resolution models which handle entire
parts cannot maintain connection to the thermal history imposed by a specific scanning strategy. At
both of these extremes, the critical effects of the laser trajectory are not taken into account. The
intermediate scale of a single powder layer, macroscopically considered as a continuous medium, is
generally regarded as the most suitable to focus on for optimization related research. The trend is to
attempt to optimize for quantities which have strong correlation to the overall quality of the process,
peak temperature along the laser path being a typical choice.

Physics models have been successfully employed for predictive simulations at the lower end of the layer
scale (“mm). An actual layer, however, typically requires much larger laser tracks (~10% m). At this scale,
physics-based simulations are too costly or even unfeasible. In addition to that, optimization requires
multiple simulations for achieving a given objective. Physics agnostic data-driven models exhibit the
necessary computational efficiency both for achieving sizeable simulations and also facilitating
optimization endeavors. Thus far they have been employed mostly for trivial scanning strategies and/or
small geometries. Model-based optimization of process parameters along an arbitrary laser trajectory of
significant length is an open problem.



Three modeling platforms of progressively increasing scope are developed in this thesis: The Parent
Model, the Surrogate Model and the Power Model. The Parent Model is a macroscopic thermal FEA
modeling platform optimized for efficiency in relatively short track simulations (¥*mm). It implements
thermal shell elements, automatic domain creation with progressive mesh coarsening, and solution
accelerating techniques. It also employs virtual materials to represent various stages of consolidation,
from initial loose powder to fully dense material. Its purpose is to efficiently produce large sets of
training data that will support the machine learning platforms developed next.

The Surrogate Model is a data-driven modeling platform based on Artificial Neural Networks (ANNs),
built to perform rapid simulations on very large arbitrary trajectories (>10> m). It implements the
paradigm of a moving black-box model which follows the laser beam and predicts peak temperature and
mean density evolution along the laser path. Dynamic regression along a path of arbitrary shape is
facilitated by an original trajectory decomposition method which drastically reduces the infinite
dimensionality of the topological input. This is achieved by extracting a descriptor which monitors the
shape of the trajectory as well as its history within varying memory lengths. The initial machine learning
paradigm has a sequential character and thus does not leverage the ability of the ANNs to process sets
of input vectors in parallel. This bottleneck is compounded by the fact that temperature feedback
proves necessary for increased performance. To remedy this issue, a recursive scheme is implemented
which allows the Surrogate Model to process entire trajectories in parallel, by using an initial estimation
of the temperature feedback vector, and subsequently refeeding and refining its own results. The final
optimized Surrogate Model achieves simulation times of the order of real-time, which constitutes a
major efficiency breakthrough.

The Power Model extends the Surrogate Model by incorporating variable laser power in the input
vector, thus exposing an independent variable for temperature regulation. The aim is to identify an
optimized power profile that counteracts the thermal accumulation effects caused by the topology of
the laser path. A one-step-ahead algorithm is initially conceptualized to serve as an efficiency
benchmark. Then, an improved adaptive control law is implemented which can be applied to the entire
power profile in parallel. It has a recursive character and can achieve a smooth temperature profile
given a few iterations. The proposed framework successfully leverages the extreme efficiency of the
developed data-driven model to provide an innovative solution for dynamic process optimization.

The Parent Model, which represents the basis of the machine learning chain, was successfully validated
against similar models and experiments from the literature, exhibiting less than 10% relative deviation,
for the worst cases amongst all comparison scenarios. The surrogate models achieve mean relative
errors in the order of 1% for single simulations and less than 2% for the final optimized temperature
profile, compared to the Parent Model. Future access to experiments can directly verify and/or help to
further increase the accuracy of the developed framework. Regardless, this research mainly aspires to
provide a methodological roadmap for innovative application of machine learning to the largely
unexplored area of SLS/SLM optimization.



