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English Version
Study and modelling the 3-D printing of amorphous materials using high deposition rate
PhD Dissertation Abstract - Ioannis Christodoulou

Material Extrusion (MEX) additive manufacturing, has revolutionized industrial production by enabling
direct fabrication of complex geometries while reducing material waste by up to 90% in polymer-based
applications. Despite capturing 40% of the global additive manufacturing market, MEX technology
remains constrained by the fundamental tradeoff between printing speed and part quality. Conventional
printing speeds (30-60 mm/s) render the process unsuitable for mass production, while attempts to
increase speed typically result in reduced dimensional accuracy, weakened interlayer adhesion, surface
defects, and system vibrations.

This doctoral dissertation addresses these challenges through a comprehensive investigation into the
use of amorphous materials in high-speed MEX applications, with particular emphasis on increasing
material deposition rates. The research focuses on understanding and optimizing the behavior of
amorphous thermoplastics such as ABS and PC under extreme processing conditions, materials that
present unique challenges due to their continuous glass transition and absence of discrete melting points.

The study develops a modified Cross-Williams-Landel-Ferry (Cross-WLF) viscosity model
incorporating a hyperbolic tangent melt fraction function, successfully resolving numerical instabilities
near glass transition temperatures that have plagued conventional approaches. The model demonstrates
remarkable accuracy with mean percentage errors ranging from 23.40% at 200°C to 27.83% at 250°C,
validated through custom-built force measurement systems across feed rates from 0.5 to 12 mm/s.
Comparative analysis between conventional and innovative tri-channel nozzles reveals transformative
performance improvements, achieving 66.5% reduction in operating pressure and maintaining
temperature fluctuations within +1.5°C at feed rates up to 15 mm/s.

A modified MEX printer capable of sustained high-speed operation (>350 mm/s) was designed and
constructed, incorporating novel hardware configurations and control systems. The research develops
an integrated methodology for optimizing dynamic behavior through resonance analysis, frequency-
based motion profiling, enabling vibration compensation that maintains print quality at previously
unattainable speeds. The iso-time optimization approach preserves print duration while reducing
motion-induced vibrations.

Mechanical properties studies establish critical processing-property relationships, demonstrating that
optimized high-speed processing can maintain industrially relevant quality standards. The research
identifies optimal processing windows for various amorphous materials, with tensile strength retention
exceeding 90% at speeds up to 350 mm/s when appropriate thermal management strategies are
employed.

The dissertation's contributions extend beyond specific technical achievements to establish a
comprehensive framework for high-speed additive manufacturing. The methodologies developed are
sufficiently general to enable future applications including bulk metallic glasses and continuous fiber
composites. This work demonstrates that the traditional speed-quality tradeoff is not a fundamental
limitation but rather a consequence of incomplete understanding of the underlying physics, providing
both theoretical foundations and practical tools for transforming MEX from a prototyping technique to
a production-capable technology.
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H mpocbetikn koataokev| pécm eEmbnong viucod (Material Extrusion - MEX), éyetl pépet emavdotoon
ot Prounyavikn TopOyY| EXTPETOVTAG TNV GLECT] KATAOKEVT TOADTAOK®OV YEOUETPLOV UE Peimon
™G omatdAng vAkov €wg kol 90% oe gpapuoyég morvpepav. [apd v katdiktnon tov 40% g
TOYKOGHOG 0yopdg TPooheTikng Kataokevwng, 1 texvoloyic MEX mapapével meplopiopévn omd
OepeAiddn dapopd petad ToybTNTag EKTVTMOONG Kot TooTNTag TERAYiov. Ot GUUPATIKES TaYVTNTEG
extonoong (30-60 mm/s) kabiotobv T dlepyacio aKOTAAANAN Yoo poalikn Topoymyrn, €vd Ot
TPOooTAbelEg aENONC TNG T OTNTAG 031 YOV GLVIO®G G PElUEVT dlaoTaciKn akpiPeta, eEacBévnon
NG S100TPMUOTIKAG AVTOYXNG, EMUPUVELNK( EAOTTMLOTO KOl SOVI|GELS TOV GUGTILLOTOC,

H mapovoa d1daxtopikn datpiPn] avriuetOmilel auTéG TIG TPOKANOELS UEC® HIOG OAOKANPOUEVNS
€pELVOG OTN XPNOT AUOPP®V VAMKOV 6€ epappoyéc MEX vynAng taydtntog, pe wlaiteprn EULpacn oty
avénon tev pvbumv evamdbeong vlkod. H épevva  emKEVIPAOVETOL OTNV  KOTOVONGON KOl
Beltictomoinon g cuumePpopds dpopewv Beppomiactik®mv 0mtmg To ABS katl to PC vo akpaieg
ouvOnkeg katepyooiag, VAKE 7OV TAPOLGIALOLV UOVOSIKEG TPOKANGES AOY® TNG VOAMDIOVG
UETATTMONG KOl TNG OTOVCing dlakpitov onpeiov ThéENG.

H pelém avantdooet éva tpomomompévo povtédo 1Emdovg Cross-Williams-Landel-Ferry (Cross-WLF)
OV EVOOUATOVEL VIEPPBOAIKY] EQPOMTOUEVIKT] GUVAPTNOT KAAGHOTOC THENG, EMADOVTOG EMLTUYDS
aplBunTkég aotdfeleg kovtd oTig BepproKpaciec VOADOOVS HUETATTOONG TOV TOUACIT®POVCAV TIC
ovpuPatikéc mpooeyyioels. To poviého emdewcvoel afloonueiot axpifeie pe péco mocooTioia
opdipoto amd 23,40% otovg 200°C émg 27,83% otovg 250°C, emkvpopévo HECH EOKA
KOTOGKEVOCUEVOV GUOTNUATOV HETPTONG dOVaUNG o pLOovg Tpopodociag amd 0,5 éwg 12 mm/s. H
OLYKPLTIKY avOAvoT PeTAED CLUPATIKMV Kol KOIVOTOU®MY 0KPOPLGI®mV TPIOV KOVIADYV OTOKOAVTTEL
EVIVTOOIOKES PEATIOOES amddooNG, emTLYXAvovToG ueimon 66,5% oty mieon Aeitovpyiog kot
dltnpavrog Tig Oepuokpactokéc dtakvudvoelg viog £1,5°C og puBpovg tpopodociog £mg 15 mm/s.

YxedlA0TNKE Kol KOTOOKEVAGTNKE TPOTOTOMUEVOS ekTL®TG MEX kavdg Yo cuveyn Aettovpyio o€
yMnAEg ToutnTeg (>350 mMm/s), EVOOUATOVOVTOG KOIVOTOUES OOUOPPADCEL; VAKOD KOl GUGTHILOTO
eréyyov. H épevva avamtdiooer olokAnpopévn pebodoroyio PeAtiotomoinong g OLVOUIKNAG
CUUTEPLPOPAS UEC® OVAALONG GCULVTOVIGUOV, TPOPIA Kivnong PAcEL GLYVOTNTOG EMLTPETOVIOG
OVTIGTAOOT 0OVIGEMY OV JUTNPEL TNV TOWOTNTU EKTOTMCNG G€ XPOVOLG OV NTAV TPONYOLUEVOC
avépictol. H mpocéyyion Pedtiotomoinong icov ypovou datnpel T S14pKeLD. EKTOTMOONG EVAD PELDVEL
T1G OOVNGELG TTOL TPOKOAOVVTOL OO TNV Kivnon.

Ot pelétec UNYOVIKOV  1010TATOV  OMUIOVPYOVV  KPICUEG OYECELS  KOTEPYOGIOC-O10THTMV,
OTOOEIKVVOOVTOG OTL 1 PEATIGTOTOMUEVT KOTEPYASiO VYNANG ToOTNTAG UTOPEl v S10TnpioEL
Bropnyovikd tpoétura towvtntoc. H £pguva tpocdiopilet BEATioTa mopdbupa Kotepyasiog yio didpopa
GUOpPO. VAIKG, HE STHPNON OVTOYNG €peEAKLOUOD Tov vrepPaivel to 90% oe taydITeg OTOV
€PapUOoVTOL KOTUAANAES GTPOTNYIKES.

O ovvelopopég g OdtpiPrig exteivovtonl TEPO AmO GVYKEKPIUEVO TEYVIKA EMITEVYUOTO YO VO
KaOepdoovy évo 0OAOKANPOUEVO TANIGIO Yl TPocOeTIk KOTOOKELT, VYNANG toydtrag. Ot
pebodoroyiec mov avomTuYONKAY EVOL OPKETA YEVIKEG DOTE VO EMTPENMOVY UEAAOVTIKEG EQUPUOYEG
CUUTEPILOUPAVOUEVOV UETOAAMK®Y YOOAM®DV HALog Kot cUVOETOV VAIK®V cuveydv vav. H gpyacia
vt amodelkVOEL OTL 1 TaPadoCloKy avtifeorn toydTnTag-modTTag dgv omotedel Oespeiidon



TEPLOPIOUO AAAG LAAAOV GUVETELD EAAMTTOVG KUTOVOT|ONG TV PALVOUEVOV, TOPEYOVTAG TOGO BempnTIKd
Bepédia 660 Kot TPOKTIKG epyaleia yo T petatponn e MEX and teyvikn mpwtotunonoinong o
TEYVOLOYIO TKOVT] Y10 TOPOY®YN.



