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Abbreviations and symbols

Abbreviations and symbols

2D Two-dimensional

3D Threedimensional

4D Fourdimensional

aPP Amorphous polypropylene

AM Additive manufacturing

ABS Acrylonitrile-butadienestyrene
ASA Acrylonitrile-styreneacrylate
CAD Computer aided design

CLIP Continuous liquid interface production
CNC Computer numerical control

CT Computed tomography

DoE Design of experiment
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E Youngb6s modul us
FDM Fused deposition modeling
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G® Loss modulus
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LLDPE Linear lowdensity polyethylene
MRI Magnetic resonance imaging

NA Nucleating agent
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PBT Poly(butyleneterephthalate

PC Polycarbonate

PCL P o | -gaprdlactone)

PE Polyethylene

PEG poly(ethylene glycol)

PETG Poly(ethylene terephthal3dtglycol-modified

PEI Polyetherimide
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Polyimide

Polylactde
Polyoxymethyéne
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Short summary

Short summary

The motivation for tfs thesis arises from the rapidly emerging field of additive manufacturing.
Among 3D printing technologies, extrustbased additive manufacturing, also known as fused
deposition modeling (FDM) or fused filament fabrication (FFF), is one of the most widety
processes. Here, a thermoplastic extrusion process provides in cbombiwgh computer
numericalcontrolled technology a casffective layer by layer production of 3D printed parts.
There is a demand for targeted material development for extrhased 3D printing. In this
context, the thesis covers (i) an efficiemteial screening method for the development and testing
of polymers for extrusioased 3D printing, (ii) tailoring polypropylene for extrusimesed
additive manufacturing and (iii) a new class of (AB@gmented copolyetherimides for 3D and 4D

printing.

The Introduction gives a brief overview of 3D printing technologies with special emphasis on
extrusionbased 3D printing. The principles, challenges, and commonly used polymers are
discussed. Particular focus is given on the sawstalline polypropylene,which is
underrepresented in extrustbased 3D printing in spite of its outstanding broad property profile.

In addition, smart materials with shape memory effects are presented in view of 4D printing.

This cumulative thesis consists of thtepics, which resulted in already two publications and one
manuscript. An overview of the thesis and a summary of the significant achievements are presented

in chapterSynopsis

The first topic deals with the developmenhtanefficientmaterial screeningnethod to identify and
optimize thermoplastic polymers for extrusiomsed 3D printingUsually, the feedstock material

is a continuous filament. For the filament production, quantities of several kilograms are required.
To overcome this issue, efficiemhall-scale screening and testing method, which requires only 10

to 50 g is essential to screen and further develop materials for exthased 3D printing. This

issue was solved in this thesis by using a mini compounder and a mini injection moldingemachi

to produce short filament rods which were joint together and used as feedstock in the 3D printer.
Also, a particular test specimen, in the form of a printeddtarding square tube consisting of
only a singlemateriatline stack was used for evaluatiof critical performance parameters of the

printed parts, in particular warp deformation and interlayer bonding quality. By this advanced
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method, the required time and material consumption are significantly reduced. To validate the
method, three differergrades of polypropylene are processed into filament rods and compared to

two commercially available PP filaments and a commercial ABS filament.

The second topic deals withailoring polypropylene for extrusiehased 3D printing
Polypropylene is one ohé most commonly applied sewgrnystalline thermoplastic in consumer

and technical productand, therefore, a promising candidate for 3D printiHgwever, at the
beginning of the thesis, only a limited number of commercial PP filaments were available, whic
suffer from relatively high volume shrinkage and warp deformation. Therefore, different PPs
grades were selected and modified with the aim to reduce warp deformation and to reduce the
anisotropic properties by improving the interlayer bonding qualityo €@ammercially available
grades of polypropylene/ethylene random copolymers with a lower degree of crystallization were
explored. To modify these gradesb-aucleating agent was selected as an additive, and several
amorphous polypropylenes (aPP) and anedr lowdensity polyethylene (LLDPE) were chosen

as a blend component. The achieved results demonstrate that the crystallization behawor and E
modulus of polypropylene play a significant role in reducing warp deformation. An outstanding
interlayer bondig strength was obtained in blends with raco PP/aPP. The improvement of the
interlayer quality was confirmed by tensile tests, optical microscope, and visualized by the jumping

of a 3D printed frog.

In the third topica new class ofAB) segmented copolyetherimides for 3D and 4D printiag
developed. The (AB) segmented copolyetherimides consist of perylene segments and
poly(ethylene glycol) segments were synthesized and characterized regarding their thermal,
rheological, and mechanigaioperties in view of 3D printing he perylene imide segments act as
reversible physical crosslinks, which disassemble at temperatures between 100 and B80C. T
existing crystallinity of PEG segments improves the stiffness of produced filament rods,isvhi
essential to feed them smoothly into the 3D priftle results demonstrate tllis type of (AB)
segmented copolyetherimides combine good 3D printing performance with low warp deformation
and excellent interlayer bonding. The PEG segments exhibiw melting temperature around 40

to 60 € and are semcrystalline at room temperature, which could acswiching domains for
shape memory programmingy/ith a blend of two synthesized (ABegmented copolyetherimides,
shape memory effect igealizad by tuning the thermal transitions. By 3D printing this blend, 4D

printing is achieved and demonstrated.
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Kurzzusammenfassung

Die Motivation fir diese Doktorarbeit begrindet sich aus dem schnell wachsenden Bereich der
additiven Fertigung. Unter den 3Drucktechnologien ist die extrusionsbasierte additive Fertigung,
auch bekannt als Fused Deposition Modeling (FDM) oder Fused Filament Fabrication (FFF), eines
der am weitesten verbreiteten Verfahren. Hier bietet ein thermoplastisches Extrusionsverfahren in
Kombination mit computergestiizter Verarbeitung eine kostenginstige Secfiict8chicht
Herstellung von 3EDruckobjekten. Allerdings besteht ein sehr groler Bedarf an einer gezielten
Materialentwicklung fir den extrusionsbasierten-Buck. In diesem Zusammbang behandelt

diese Doktorarbeit (i) ein effizientes Matertatreeningverfahren fir die Entwicklung und
Prifung von Polymeren fir den extrusionsbasierten -BRuck, (ii) die malyjeschneiderte
Modifikation von Polypropylen fir die extrusionsbasierte atditFertigung und (iii) eine neue

Klasse von (AB) segmentierten Copolyetherimiden fir den-3ihd 4D Druck.

Die Einfthrung gibt einen kurzen Uberblick iber gdngige 3Drucktechnologien mit besonderem
Schwerpunkt auf den extrusionsbasierter[RDck. Die Rinzipien, Herausforderungen und am
hafigsten verwendeten Polymere werden diskutiert. Ein besonderes Augenmerk wird auf das
teilkristalline Polypropylen gelegt, das im extrusionsbasierten-DBiZk trotz seines
herausragenden breiten Eigenschaftsprofisermr r epr @2sent i ert i st . Dar ¢ |
Material sA mit For mgeRriclcvorgestelisef f ekt en f ¢r den

Diese kumulative Doktorarbeit beschdtigt sich mit drei Themen, aus denen bereits zwei
Verdfentlichungen und ein Manuskript hervorgegangen sind. Eine Ubersicht iber die Arbeit und

eine Zusammenfassung der wesentlichen Erfolge finden Sie im K@pitepss.

Das erste Thema befasst sich mit der Entwicklung einer effizienten M&eregningMethode

zur Identifizierung und Optimierung thermoplastischer Polymere fir den extrusionsbasierten 3D
Druck. Normalerweise ist das Ausgangsmaterial ein kontinuiedicRgament. Fir die
Filamentherstellung werden Mengen von mehreren Kilogramm bendigt. Die L&ung dieses
Problems wée ein effizientes materialsparendes Screenimg) Testverfahren, das nur 10 bis 50

g erfordert. Dieses Problem wurde in dieser Arbeit gaggen und gel&st, indem kurze
Filamentstdochen mit Hilfe einer MiRCompoundieranlage und einer MiipritzgiefSinaschine

hergestellt wurden. Die spritzgegossenen Filamentstdchen wurden anschlief&nd miteinander

\%
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verbunden und als Druckmaterial im -¥Ducker verwendet. Auferdem wurde ein spezieller
Prikdper in Form eines 3Bgedruckten freistehenden Vierkantrohrs (Wirfel ohne Boden und
Deckel), das nur aus einem einzelnen ibereinander gedruckten Linienstapel bessteht, zur
Auswertung der entscheidenden Op&mingsparameter der gedruckten Teile, insbesondere dem
Verzug und der Haftung der ibereinander gedruckten Schichten, entwickelt und verwendet. Durch
diese weiterentwickelte Methode werden Zeihd Materialverbrauch erheblich reduziert. Zur
Validierung diser Methode wurden drei verschiedene Polypropylen zu Filamentstdochen
verarbeitet und mit zwei im Handel erhétlichen fitamenten und einem handelsiblichen ABS

Filament verglichen.

Das zweite Thema befasst sich mit defyjeschneiderten Modifikation vétolypropylen fir den
extrusionsbasierten 3Druck Polypropylen ist einer der am halffigsten verwendeten
teilkristallinen Thermoplaste, wird unter anderem in grofen Mengen in Konsumgier und
technischen Produkten eingesetzt und ist daher ein vielverspdech&mndidat fir den 3EDruck.

Zu Beginn der Doktorarbeit war jedoch nur eine begrenzte Anzahl von handelsiblichen PP
Filamenten verfigbar und diese verursachten einen relativ hohen Volumenschrumpf und Verzug
in den davon 3Eyedruckten Objekten. Daher werd verschiedene PPypen ausgewdlt und
modifiziert, um den Verzug und die anisotrope Eigenschaft degetibuckten Objekte durch eine
verbesserte Haftung zwischen den Schichten zu verringern. Es wurden zwei im Handel erhdtliche
Typen von Polypropylen / tBylenRandomCopolymere mit geringen Kristallisationsgraden
untersucht. Um diese Polymere zu modifizieren, wurdebdiukleierungsmittel als Additiv,
mehrere amorphe Polypropylentypen (aPP) und ein lineares Polyethylen mit niedriger Dichte
(LLDPE) als Mschungskomponenten ausgewdlt und eingearbeitet. Die erzielten Ergebnisse
zeigen, dass das Kristallisationsverhalten und d&foHul des eingesetzten Polypropylens eine
wichtige Rolle bei der Verringerung des Verzugs spielen. Eine hervorragende Haftsogerwi

den 3Dgedruckten Schichten wurde in Mischungen mit Raco PP/aPP erhalten. Die im Rahmen
dieser Arbeit erreichten Erfolge in Bezug auf die Haftung zwischen den Schichten sind mit Hilfe
von Zugversuche und der optischen Mikroskopie dokumentiert urahdmndtes Springens eines

3D-gedruckten Frosches eindrucksvoll demonstriert.

Im dritten Thema wurde einene Klasse von (ABsegmentierten Copolyetherimiden fir den-3D
und 4B Druckentwickelt. Die synthetisierten (ABsegmentierten Copolyetherimide bése aus

Perylen und Poly(ethylenglykolsegmenten und wurden hinsichtlich ihrer thermischen,
VI
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rheologischen und mechanischen Eigenschaften im Hinblick auf d@r@ik charakterisiert. Die
Perylenimidsegmente wirken als reversible physikalische Vernefaunkte, die sich bei
Temperaturen zwischen 100 und ZDQeversibel aufl&en. Die vorhandene Kristallinitd der
PEGSegmente verbessert die Steifigkeit der hergestellten Filamentsté&chen, was fii eine
reibungslose Faderung der Filamente im -Bucker extem vorteilhaft ist. Die Ergebnisse
zeigen, dass die synthetisierten (ABggmentierten Copolyetherimiden sich sehr gut 3D drucken
lassen, einen geringen Verzug und eine hervorragende Haftung zwischen den gedruckten Schichten
aufweisen. Die PEGegmente wisen einen niedrigen Schmelztemperaturbereich zwischen 40 bis
60€C auf und sind bei Raumtemperatur teilkristallin. Diese Eigenschaft qualifiziert sie zur
Verwendung al sanfiSWwigtrchli mg FDo mmg e d?2 c hgediiuckéepr ogr a
Objekten. De Realisation des Formged&htniseffektes gelang allerdings erst mit einer Blend
Mischung aus zwei synthetisierten (ABegmentierten Copolyetherimiden, in der die
thermischen Ubergége iber das Mischungsverhitnis eingestellt werden konnten. Durch den 3D
Druck dieser optimierten Blend Mischung wurde der-iDck erfolgreich durchgefihrt und

demonstriert.

Vi



1. Introduction

1. Introduction

T h e t3@ primingdis nowadays used fatechnoloy that enabletheinstantproductionof 3D objects
without conventional toolinglt opers up a completely new era for digital design anuhtelligent
manufacturingwhich will play an importantrole in the next industry evolution (industry 4.0)he
developmerd of new tailored polymer materiad are the most challenging task for driving this emerging
technology tdbe used by nearly dliranches of industryn this work,a well-designedeedstock material
development approadbr 3D printingis investigated andstablishedFirstly, an overview ofmportant3D
printing technologes consists of concegttypical examples, evolution histggnd outlook will be shown
(Chapter 1.1). Then,from all 3D printing technologieghefocusis on extrusionbased 3D printinggften
referred to a fused filament fabrication (FFFfused layer manufacturing (FLMbpr fused deposition
modeling (FDM) whichis one ofthe most widelyused and representati8® printing techniqueHere, the
advantageand drawbacks afxtrusionbased 3[printing areexplained with respect the procesgprinciple
andappliedmaterial(Chapter 1.2). For 3D printedthermoplastis, the degree of crystallinity igssential
and criticalfor the finalobjectquality (Chapter 1.3.]). The semicrystallinepolypragpylene which isone
of thepromisingmateriakfor extrusionbased 3D printinghust be optimized to overcome the issuaénly
caused by crystallizatiofChapter 1.32). At last, tased onthe combination of8D printing and smart
materia, 4D printing is demonstrateavith time asadditional 4' dimension The applied smart material
with ashape memory effet based on (M), segmented copolyetherimid@ghapter 1.3.3). In summary,
the introductioraims to achieva better understandirgd 3D printingtechnologesandusedmaterias.

1.10Overview of important 3D printing technologies

1.1.1Rapid prototyping and additive manufacturing

The idea of producing comple&D objectswithin a very short time but without the need of sophisticated
toolingin the American automotive industry is regarded as the first initiator of the later blooming of rapid
prototyping (RP) technolodjyt]. However, in that early time, the RP concept was still far beyond the reality

due tolack of computational capabilities before tl@roduction of threedimensional computeaided

design (CAD)until the arly 1980s. From that time nolRPs t ar t ed t o owncapableef fispi r i
sening this promisng idea Rapid prototyping (RP)also reporteds fiadditive manufacturing (AM) or

A3D printingd, was defined aa number ofechnologies that enable the iddaove:objectsto beproduced

instantly without conventional toolinfl]. During the last decades, numeraadditive manufacturing
1
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technologiesand 3D printerseach with their own specific advantages, weygdly developed to shorten

the production development cycle and produce customized parts with defined functionality and individuality
[2,3]. Figure 1 is anillustration of additive manufacturingrocesses djuilding athreedimensional object
(asquare tubefrom therespectivadigital model(CAD designedquare tubewith thehelp ofa 3D printer

thatis capableof produdng freestandin@D objectdayer by layemwithout any tooling

Computer aided design (CAD) 3D Printer Fabricatied part

>

Rapid prototyping
Figure 1. Schematic illustration ofapid prototyping (RP)utilizing 3D printing With the help oEomputeraided
design (CAD) ana 3D printer,an object(herea square tube) can lrapidly producedvithout any tooling.

Contrary to subtractive manufacturing methoeg), computernumerical control (CNC) with a milling
machine addtive manufacturingproduces objects bfusing materials layer by layesiccordingto given
threedimensional digital model dafd]. For atypical additive manufacturingr 3D printing processafter
themodeldesign withCAD, aspecialslicing softwareis necessary o i thé CAD él@intoa series of
horizontally digital slices antb serd the generate@-codefile to a3D printer. TheG-codefile is a simple
textcodethattellsthe 3D printer how to print thebjectlayerby layer Each printed layer is directigdded
following certain contactor bondingprinciples and mechanisson top of theprevious layer(seealso
Chapter 1.1.9. Thekey differenceof 3D printingcompared with 2D printing is that the dried flat ink on
the paper is now a 3D manufactumgecton the3D printerdeskproduced bya series 02D printedlayer
stacls. Figure 2 illustrates the main concepif additive manufacturindayer by layerHere, a squared tube
was firstly designed by CAD and then convertedet file, the 3D printer (FFF printer, S€aapter 1.2

printed the square tube layer by layer according to the layer information.
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Sliced model file

CAD designed part 3D printed object

Figure 2: Schematic illustration addditive manufacturingonceptilayer by layerConcept tartsfrom CAD software
designedligital model(a square tube)which isthen transformedhto respectivesliced model file3D printed by the
controlled layer by layer movement of an extrudi@ased 3D printer head to obtain thiadl 3D printed object o
build-up platform

1.1.2Typical 3D printingtechnologes

Shortly afterthefirst 3D printerwasinvented in 1984pver 40differentkinds of 3D printingconceptsave
beendeveloped untill999[1]. After afurther 20 years a large number dRP and AMprocessearewell
established1]. 3D printingis nowadaysableto manufacture individual designethjects oprototypes for

new production methodsand inventions More rapidly and additionally cheagr produced prototypes
compared with the conventionalanufacturing (e.ginjection molding and extrusiorgan savenot only
precioustime in theearly stage of production design but also become a valuable communication tool to
connect with alldepartmentsof engineering, manufacturing, marketing and purchasing or even the
customesalong the production chaiBD printingoffers anearlypreviewonnewprodudsduring the design
phase At the same timaneaningfulmodificationsbasing on the feedback from all theoduction chain
canbe achievedvithin a shorttime at low cost[3]. In some caseg8D printingcan also providelirect
manufacturing of functional or serhinctional component$4,5]. For someother cases, where the
traditional manufactiimg processes are restricted, the layered construction ataddolve the problenof
complex cavitiesuch asn sophisticateértworks [4]. Not only theblooming oftechnology itself, with the
explosion ofmaterialinnovations 3D printingwill also lead to dargerimpactin area such asnedical
applicationsand architecturePrinted live tissugorgars, or evenbridgeson the riverare no longer scientific

fictions.
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All 3D printing technologiesliffer themselves in the way how the layerg deposite@dnd bondedo
producethe partsandthemateriastheyuse[6]. Somemethodssinteror meltthe printing materialsh order
toform layers, e.g.selective laser sintering (SLS) aextrusionbased additive manufacturing/hile other
techniques cure liquid materials lager omwltraviolet light UV) exposuree.g, stereolithographySL) and
continuous liquidnterface productiofCLIP). Some of the 3D printsrusea binder for bindingtogether
the powdered startingnateriale.g.binder jettingprinting. Someothersjust deposi without any binéhg
agent.The mateidl is plotteddirectly, holds together and sticks itself, e.g, ink jetting/bioprinting. Each
methodhas itsadvantages arilinitations For choosing the suitable RP technologynainly depends on
theappliedmaterials andequirements oénduser Here,a taxonomy is usednd3D printingtechnologies
are dividednto threemaingrous accordingo the layer bondingnechanismFigure 3is a tree map @D

printing technologiedbased onlifferentlayerbonding mechaniss

3D Printing technologies

Layer bonding mechanism

__— \

Thermal energy Binder/None

Photo curing

SLS FFF Binder jetting Ink jetting
SL CLIP

Figure 3: Taxonomy of 3D printing technolig based on layer bonding mechanisthe mainbonding mechanissn
are based orthermalenergy, photo curingand the use ofa binder. For each groupexemplarilytwo 3D printing
techniquesre listed.

Selective laser sintering ardtrusionbased additive manufacturing

Selectivelasersintering (SLS)andextrusionbased additive manufacturirigxtrusionbased AN arethe
most widely used 3D printing techniques in termthethermal energponding mechanismwategoryUsed
materiab for SLS are normally plastic, ceramicor metal fine powdes, which are heated and sintered
togethemwith a CQ laser[7]. Each layer iduilt up with the help of the lasarhich scans the powder bed
according to thesliced modeffile. The printing chambeis heated just few degrees Celsiumlow the
melting temperaturef the material in order to minimizetemperature gradierindto facilitate fusion to
theprevious laye[8]. After the finalsinteiing of one layer, a newowderlayeris greadevenly Thelaser

sinteredpowderforms theobject andthe unsinteregowder suppostthe structuralgeometry otheobject.
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However, the obtained object hasimbared and its surfaceleanedextensively{9]. The clearadvantage
of this technology is thevailable material diversity especially for engineering applicat®fi7]. The
drawbackof this technologys the use of fine powders, whiamredifficult and timeconsuming to obtain

as well as thexpensive machine cast

Extrusionbase AMis one ofthe most widelyused3D printingtechnology{5]. Thetechniquecombines a
simplified thermoplastic extrusion process with CNC technobogythugrovides a coseffective layered
productionof 3D printed partgsee Chapter 1.2.7). For extrusionbased AMthermoplastic materials
supplied as a continuous feedstock fitlarhare usually need¢ti0]. Themainadvantage of thieechnique
is the availabilityof cheapdesktopsetus with a wide range & availablematerials(seeChapter 1.3.7).
However,relativdy restricteddimensional accuracgnd the anisotropic property o8D printed layered
objectsare the drawbacks tifie extrusiorbased AMtechnology (details seehapter 1.2.2

Stereolithographgndcontinuous liquid interface production

Stereolithography (SLiy the most populaBD printingprocessamong currently available RP technologies.
The main concept is applyiregphotosensitive monomer redy forming a solidified polymer material
whenexposed to ultraviolet lighdr laser[11,12] An SL machine consists of a bujiatform thatis in a
filled resin va. Thebuild platform is very close to the resin surfdué covered by a thin film of resin. The
first layer is imagedavhenthis thinresinfilm is exposedby thelight sourceaccording talicing information
Once thdirst slicehas been scannedidpolymerizedthe platform is lowereébr onelayer height and the
build platform with the printed layer again coveredésin flow The next layecouldthen be scannednd
thuslayer by layethe part is growing until it is finished

Recently, continuous liquid ietface production (CLIP) was introducley utilizing theinhibition effectof
oxygenby free-radical photopolymerizatiof3,14] Different fromthetraditional & process witha layer
by layerpolymerizationof appliedresin a thin &ygencontainingzonewasmanaged at the bottom of the
vat. The aygencontaining zone creatediquid interfacein the CLIP printerwhere radical polymerization
is guenched untheliquid resin monomer can flow. Due to this principle, the printed object can be pulled
out of the resin monomer vat while itégposed and thus continuousgisowing slightly above the bottom
of the vat.Compared withtraditional SL, the uncured liguidmonomerlayer between the growingpject
andthe invented transparent bottom of eflbwsthe simultaneouproduction of the parthe renewalof
theresin andthe movemenf the build platformelevatorfor a faster productiofil3,14] The advantages
of CLIP are thehighresolutionthe fasspeedandtherelativeisotropic mechanical propertie§ 3D printed
objects The drawbacks are the restricted photioable materialand the high setup cegi3].
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Binder jetting and ink jeftig

Binder jettingis similarto SLS But here the powdeedmaterialis gluedtogether withthe help of ainder
sprayed through a nozzle defined point$15]. Once the part is completedwill be heatedo evaporate
binderexcessSimilar to SLSthe unusedpowder suppostthe structural geometry of the obje& final
printedpartis usuallybe tempered dinally carefullysinteedto improvemechanical propeds[15]. The
obtainedresolutionmainly dependerston the size ofppliedbinder droplets and powder grair&inder
jetting printes areexpensiveand ajpplied materiad are very restricted aritne-consumingn production
due to the powder fornThereexistsa relatedtechniquewidely used in biegfabrication which uses ink
insteadof a binder The depositiorbasednk-jetting 3D printing depositsa definedsmall amount(1i 100
picolitres) of bicink on a substratand thus offers a high resolution and precigi8i. Applied bioinks
normally consist othydrogelswhich allowcell carying andoffer suitable rheological properties fimkjet
processing[17,18] To date, withthe help of medicaCT (computed tomography) or MRI (magnetic
resonance imaginglive tissues and organ couldalreadybe medically anlyzed, scannedand printed for
patientson a customized badi$9].

1.13 3D printingin the future

In addition to conventional fabrication processes (eimjection molding and extrusion)dditive
manufacturingconceps and 3D printing technolodes are openingup a new era for digital design and

manufacturingandimpact our life inalmostall aspects

Cost per Unit

Conventional manufacturing

Break-even point

Additiv manufacturing

Unit Quantity

Figure 4: Schematic comparison of cost per unit as a function of unit quantity between conventional and additive
manufaturing. Additive manufacturingdemonstrateslear cost advantage at lower unit quantiies due to the
expensive moldral tooling cost of conventional manufacturingThe breakeven point depends on production
complexity, volume and materi§20,21]
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The drawbacks of 3D printing are also obvious in fabrication speed, part quality and fabrication cost in
larger unit quantity makes 3D printing @lealcomplementary of conventional fabricatiprocessesNith

the nnovation of new materials f&@D printing, more and morapplicationsrely on 3D printing where
conventional fabricatiomethodsareoften too expensive dimited. Printed live tissues and or@rs are no

longer scientific fictions but already builp layerby layerfrom cells and tissufl9,22] In thenear future,
automation and 3D printing will play@nsiderableole inbranckessuch asrchitecture, civil engineering
building constructionand everaerospaceavith the advantagesf less timeconsumingand more human

work andenvironmentallyfriendly productionwithout waste[23i 26]. Smat factoiesthatcan espond to
customer demands for tailored produictgolving 3D printers cloud computing andbig dataare future

trends [27,28] A totally new environmentonsistsof smart factores and intelligent manufacturing

processewill lead tofurtherimplemenationof Industry 4.0 (the fourth indusatirevolution)[29].

As a summary, rapid prototyping and 3D printing technologies faseer cheaper and smarter
manufacturing concepfor many caseslhesenew techniqueare not direct competitots conventional
manufacturing technologies tracing ascomplementanproduction facilitiesand will encourage and drive

all technical innovations and change the warldhe nearfuture [1]. In the following paragraphthe
evolutionof 3D technology over the last 30 years will be discussed with the hiipfoth y pe [30ly c | e O

Hype cycle

The hype cycle is a branded graphical presentaficompanyGartnerfor studying and demonstratitige
maturity, adoption, and social applicati@:m., life-cycle)of emerging technologig€0,31] The hype cycle
provides a five phasesheory and gives you a view of how a technology or application will evaive
maturityover time[30,311 The f i r st pnnavaientriggeso, itdsahle begidnindioé potential
technologyin publicity, but hecommercial viability is unproveror 3D printing this phase started around
thelate 1980s which is the timeStratasysntroducedhefirst FDM™ printer. Thenthe technologgomes
to the phase ofipeak ofinflatedexpectationé. Here,the early generation of 3printersproducel several
success storiebut the limits of the technology itself were still being discussethe hyper cycle ofthe
year 2011 3D printing technologyis locatedexactly at the beginning dhe p h a peak ofinflated
expectations, which meansnany people have heard amdcognized3D printing Most of the reported
storiesabout3D technologesarepositive andthereforethe expectationgor 3D printingaregetting higher
and higherManyenterprises, universitieand even hobby makgrarchase 3D printers fpart production,
researchor developmentin Hyper cycle 2011the 3D bioprintingstarted jusits finnovationtriggerphasé
and will draw morescientific attentiondue to the unique advantagef 3D printing utilized for tissue

engineering32].
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In 2014, thehype cycle was quite differefitom 2011 [34]. However,the 3D bioprinting is still in the
fii nnov at phasé 30 printing teehmologyasspit into two productionsegmentsandone iscalled
consumer 3D printingand the otherenterprise 3D printingcombinedwith 3D scanimg. Consumer 3D
printing, e.g, utilizing commercidly available FDMM desktop 3D printex wasat this time in thgphase of
ftr ough of di Betauseiitssimplified setupaidd.low cost, the drawbasknd limitations of
consumer 3D printer weaecepted byheir usersin a consequencegpplegainamore overall and deeper
understandingf 3D printingtechnologes At the same timeenterprise 3D priliig succeedethto the stage
of fAidope of enlightenmend. After years of experience dealing witlertain 3D printing technolodes
enterpriss start to understanchow ths technology can benefthoth the company andhe customer
Increasedesearchunds, newprojects anddetailedfeedback fronearlyresearchegustedthe development
of a new generatiorof 3D printes. With the progressof 3D scaning (also inhype cycle 2014, together
with enterprise 3D printing)nonmodeling & nonrtooling manufacturing or reverse manufacturing and
engineeringvere available at this time[33]. At last, the 3D printing technologywas heading to the last
phasédn the hype cycle[35], calledfiplateau ofproductivityd. After years of development, tieainstream
adopedt hi s d@matteucrhdhevialility yandapplicability are clearhdemonstratedby plenty of
successful cases andmmercidly available 3D printed products and services

After passing througthefive phassof the hype cyclghefurtherdevelopment 08D printingin the future
will drive the blooming of thisnoderntechnology in almoseverytechnical brancheand other areasf
life. More and more brilliant ideas, whichay beimpossible beforeare becominga reality. Skilled3D
model designers and printing software programsneill build a fundamentaframe consistof highly
developed3D printing system Their simpleuse could allow ideas generated in the human brain to be
turned into tailoirmade physical objects with the help ofeltigent manufacturing systenii28]. In hype
cycle 2018, wdind that the 3D printing technologgndeven3D bioprintingis no longer listed, indicaing
that the rapid prototypingtechnologyis fully mature since its birth in the 89s. However, abrandnew

technology based on 3D printingnamed 4D printing emerged in thgpe cycleof the year2018

4D printing

With the development of 3D printing technology, matedaVelopmentvas alwaysthe most powerful
driving force along thdime axis ofhype cycle.In recent yearspne classof materialswith distinct
advantagesameinto thespotlight for 3Dprinting, which is calledsmartor intelligentmaterialg36i 38].

By applying smart materials for 3D printing, the printed part is no lofifeless, thusthe new termfdD
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printingd was createdFigure 5 showsthe schematic illustration ¢fie 4D printing conceptising a printed

3D Printing + Smart material

4D Printing

fEiffel Towed t o d e tmesmapetmeraorgfect ofanapplied smarpolymermaterial[38i 40].
4.th Dimension: Time (t)
Under stimulus

ss585644

Figure 5. Schematic illustration of 4D printing concefpte3D printedEiffel Towerfrom smart materiathat reverts
to its original shape over timén resporseto an external stimuls (exposed to 70 €)(Figure 5 modified from
referencgd8], reprintand reusewith permissionrbm Jon Wiley and Song

The 4D printing could be defined as a processreéting gphysical objectising a smart materidly a 3D
printing technology In this contextthe used smart material allowsmontrollable response tastimulus

from the environment by changinghape or properties ovéme [41]. 4D printing opens new paths for
creating dverse shapshifting concepts and functionalities for tissue engineering, biomedical devices, soft
robotics and biomedical devices, and drug deliy@88y41,42] The key elemerf 4D printing the smart

materiakis discussed in detaiih Chapter 1.4.

1.2 Extrusion-based 3D printing

1.2.1Setup and principle

Extrusiornbased 3D printingor also known asextrusionbased additive manufacturingvas firstly
introducedby Scott Crumpn the late 1980s and commercialized in 1990 by the compaatasy443]. It
is nowadayne ofthe mostwidely-usedand representativiechniqueof rapid prototypingtechnologies
Extrusionbased 3D printingcombines a simplifiednini-extruder with computemumericaicontrolled
(CNC) technologywhich provides cosgffective layered processing of thermoplastithe printed paris
built by extruding asmall amount of a moltetmernoplastic polymefrom a hot nozzleto form eachlayer
[10]. The figure belowshows aschematidllustration of a setuptypically used for extrusicbased 3D
printing with detailsof filament passinghrough thefeedingsystem and liquefieiThermoplastic materials
supplied as a continuous feedstock filament is driven by a feeding sstgoped withdriving wheeldnto
the liquefier From the liquefierthe softened and melted material is tdeposited through a nozzighich
is attached tomintegrate®-axis motor system that movese nozzlen X and Y directiong2]. A digital

model file which containsthe tool path informationf each layercontrolsthe movements of the nozzle.
9
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When the current layer is finished, thext layer starts on top of the previous layer after lifting the nozzle
or lowering the worktable by just one layer step height in th&iZ(Figure 6 (left)).

Building material Building material/

Fil t
Support material .

i

Driving wheels

y
L

Transport sleeve

Building platform
Liquifier
z

Molten material

Figure 6: Schematidllustration ofthe printing principle of extrusionbased 3D printindleft). The lamentis fed by
driving wheelsnto liquefier, there melted and finally extruded through a no@at).

When using a 3D printer offerindual extrusion nozzles, build filament material with another color or
support filament material can lextrudedalternatelythrough the second nozzl8ometimes for some
complex geometric objestwith hugecavitiesandsteepoverhangsa support materias requiredo prevent
deposited materials from collapsing or deformatitypical support materialcan be easily removed either
mechanically or chemicallfZompared with other 3D printing techniques like SLS ande&trusionrbased
3D printingis a clean, simple and offidfeendly 3D printingtechnique Many thermoplastic components
can beprocessedby extrusionbased 3D printersffering outstandingmechanicapropertiesandmoderate
surface finishingNormally, acertainsurfaceroughness of dayered profileis obtained which can be
eliminated by postreatmente.g, solvent vapor batd4i 46]. The overall printed parts quality mainly
depends on the matals, printer setup, and process parametefdie optimization of ppcessing variables
such as nozzle temperature, worktable temperature, as well as nozzle path and printirggcspeaths
theyinfluencethe performancef thefinal printed par{seeChapter 1.2.2 [471 49].

All extrusionbased 3[printerscan be subdivided into three differgmicesegmentsThe high-end segent

is highly productiveenterprise 3D printesystem seriedesignedor larger prototypes and ense grade
industrial productions. Theiddle-classsegment is based on professional prinberswith much smaller
printing chambevolumeswhichaim torealizeddeas in design, manufacturing and marketing departments.
They are also very productive acanproduceprintedpartsof high qualityafter a precise optimization of

printing variablesbut usuallyrealizableprinting volumesarerelatively smaller compared to the industrial

10
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productiongrade. Thethirdlass s t he compact desktop or c daoblsyu mer
makers In recent years, lots of lowost, compact, consumgrade extrusionbased3D printerswere

developed andreavailable on the market driven by the interesinainy peoplevho want to print their

own imagination. This freedom of access to 3D printers is also thetitoeggoal ofScott Crump A A
reliable, capable, accurate, and easy toaul8® pr i nt er on everNpwadaysqanpeer 0 s
consumeigradeextrusionbased 3Dprinter manufacturers ithe USA, Europeand even China want to
participate orthis new marketMakerBot(USA), Ultimaker (Netherland),Raise3D(China) has rapidly
complenentedtheir extrusionbased 3Dprinter production ling with colorful flamentsandeveneasyto-

use 3D scannef50i 52]. Online shops afonsumer 3D printer companiaisoprovidepersonal 3D printing

3|

service andinterest peoplean sharé¢ hei r i deas wi t haoravenuseadoudsharelsi® ¢ o mmu

obvious that this new part tiie extrusiorbased 3D printingnarket will bring more beneétfor both the
3D printer manufactureand consumer The ongoingcompetitionto continuallyimprove printing quality
and reduceproduction price will become even toughen the future.Based on this wellleveloped
technology and the availability of various thermoplastics, lotmmdvativeideas are becoming realities
utilizing extrusionbased 3D printingechnology However, forthis technology, some issues due to laygkr
productionmust still be addressl

1.2.2.Challenges of extrusiebased 3D printing

In this chapterdrawbacksand issue®f extrusionbased 3D printingechnologes arediscussedBecause
of the layer by layer manufactng principle, the opticalsurface)and mechanical propertie$ printed
objectsare not quite equal to traditionajection molded or extrudeones.Thus in this chapterselected

issuesof extrusionbased 3D printingrereported

Procesgonceptinduced anisotropic propgrt

For extrusionbased 3D printingthere arenany processingariables andanateriatdependenparameters
thatinfluence the printed paguality and performancesuch as surface finishing, dimensional accuracy
and mechanical strengthor an easieunderstanding amportantprocess vadbles they aredivided into
two groups(i) building strategy specifi@and (ii) print settingspecificvariables For (i) building strategy
specific variablesbuilding initial direction, infill strategy includingayer height, deposition orientation,
infill pattern andraster anglare the maiwariableswhich can be defined most commorslicing softwae
before3D printing. The (ii) print settingspecific variables includesuch as extrusion temperatubeiild
platform temperatureextrusion flowrate and print speedndcanbe controlledeither before8D printing

by slidng software or during3D printing via the interface of the printeThe most knownissueusing

11
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extrusionbased 3Dprinting is related to all the process variables dummgducton and referred to the

anisotropic property

For building strategy specifiwariables, for examplave want to print a tensile test specimarsecalled
dogbone As usualwe first have todraw the3D sketch of the aimedogbone with CADsoftware, and
then theobtained 3Ddogbonemodelhas to be sliced nt o i player inforanatibnea &-codefile,
which can be read by every 3D printéigure 7 (left) demonstratethe natuial coordinate systerX, Y, and
Z-axesused in 30printing systemsthe layer building direction iglongthe Zaxis and the layer deposition
planeis defined byX and Y axs. Within the 3D coordinate systeitiere arsnumerougpossibilities toset
andprint the dogbone Typically and intuitively the dog bonés positioned orthogondb the coordinate
system Thereforetheinitial positiors A, B, and C areshownin Figure 7 (left), which represergthe most
typical building positionfor extrusionbased 3D printingDue to the3D printing of dogbonesin the
differentA, B, and C positiog, the loading direction for mechanical testing of achievedumges shows
different anglegoncerninghe printed layer depaosition directiofigure 7 (right)). For a dogbone printed
in position A the layer deposition directiois vertical (90) to the mechanicalloading direction In
comparisonwhile for dogbones printed ipositiors B or C, it is parallel (0J.

Figure 7: (left) Possiblemodelorientationsand (right) obtained layer orientatiorfife black line in dogbone)A, B,
and C of dogbonespecimerprocessed bgxtrusionbased 3Dprinting. X, Y, and Zdefinethe nature3D coordinate

12
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systermused by 3Dprinting systemsThelayer building direction is along -Axis andthe layer depositiorplaneis
defined byX and Y ags.

To investigate the influence of the model orientation on the mechamaaerties of printed part, Bagsik

et.al printed three different ddgpne in each A, B, and C ddpne orientationsHigure 7 (left)) [48]. The
obtained results of respective tengi@asurements demonstrated significant differences of mechanical
propertieswhich could be explained by different layer construction directions with respect to the tensile
loading directions used for mechanical testiRgre 7 (right)). The specimens ipted in the B and C
direction show higher elongations at break because of the parallel material layer extrusion direction to the
tensile load. The achieved properties are similar to injectiolled specimens. For the specimen 3D
printed in the A orient&dn, a much earlier fracture was observed because of the 90°angle of layer
deposition direction to tensile load. Here the interlayer bonding quality of the layered printed part was tested
[48].

Not merely the different building orientation of a model, but also the other building strategy specific
variables clearly influence the mechanical properties of a printed part. The layer deposition principle within
one layer is usually prim first the contour of the current layer and then filling the inner area by a line
pattern. For example, building orientation B is fixtlte layer deposition can still be realizedseveral

ways Figure 8). Different filled dogbones result in obviously different mechanical properties because of

the different mesostructures within the resulting printed part.

Figure 8: lllustration of different layer deposition strategies by printing a-thoge oriented flat on the build surface
(model orientation B, sFigure7). Shown different infills strategies4lresult indifferent mechanical properties
because of the anisotropic property of extrudi@sed 3D printed objects.

13



1. Introduction

Many scientific types of researchave studied the anisotropic material properties of extrdsised 3D

printed objects caused by different depgosit strategies[2,53i55]. In conclusion, besidematerial
properties of used materials for extrustmmsed 3D printing process variables such as extrusion width,
filling density, filing angleand printing temperature were ider@d as crucial variables. A series of samples

was produced by extrusidrased 3D printing with various process variables and then the mechanical
properties of the specimens evaluated. The results achieved showed that the variables of filling strategy are

of major importance for resulting mechanical propefftt&s57].

Besides the (i) building strategy specific variables, the (ii) print setting specific variables of extrasiah

3D printing alsdhavesignificant influences on the properties of a 3D printed partextgusion and printer
chamber temperature and printing spddTemperature and speed variables influence the thermal history
and molecular diffusion of the extruded material, which are important for the bonding mechariiggn du

the 3D printing process. This observation indicates that all temperature settings on the utilized 3D printer
are critical variables affecting the printed part properties (seeCGiiapter 1.2.2 Bonding mechanism
induced anisotropic propertyln thiscontext, the Design of experiment (DoEjieecommended tool for

systematic and efficient optimization of concurrent, multiple, and interacting variables.

Bondingmechanisninducedanisotropic property

Besides the process variables, the origin of the anisotropic property also results in the special layer
construction and layer bonding mechanism of extruded polymer lines during extoaseoh 3D printing

[47]. In the case of polymer extrusion or injection molding, the polymer is molded or extruded at the
isotropic molten state and subsequently cooled to obtain its shaymntiast, extrusiotvased 3D printers
deposit melted polymer lines with relatiyensufficient residual thermal energy to fusetirelywith lines

of the previouly deposited layer underneatBue to this unique layered fabrication concepig t
successiVly deposited material lines are fused together by thermal energy and mechanical pressure of the
moving hot nozzle during printing.0]. A special material bonding and fusion process take place driven by
thermal energy47,58,59] The formation of the bonding among extruded polymer lines in extrbsisad

3D printed parts is mainly achieved by homopolymer mixing and polyhain diffusion of extruded

molten materia[2,47]. The history of temperature at interfaces amorgdéposited lines plays a crucial
rolein the bonding qualityand thusthe mechanical properties of the final printed |p@@]. The bonding

quality is influenced byhe diffusion and mixing of polymer chains across the interf@c47]. Thus a

higher extrusion temperature and higher printer chamber temperature should delay the cooling of extruded
lines andthereforeresult in an enhanced bonding between printed lines. Besides the print setting specific

variabks, the inherent properties of used material jtsetth as thermal conductivity, specific heat capacity

14
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and viscosity also influence the bonding qualitwhich is also extensively discussed by the polymer
welding theory[61,62] Figure 9 shows the fundamental difference between an injection molded part and
an extrusiorbased 3D printed one. Here, the extruddased 3D printed part shows the obtained

mesostructures consist of many partially fused material lines.

Injection molded part

Extrusion-based 3D printed part

Figure 9: Specimens prepared by injection molding (upper sketcheatrdsionbased 3D printing (lower sketch).
The injectioamolded part shows isotropic mechanical properties, whileetiteusionbased 3D printed parshows
anisotropic propertiesiue to themesostructureef extruded, partially fused, and oriented material lines.

The resulting interface of fused lines is always the critical area of extrinaged 3D printed parts caused

by limited polymer chain intermixing and reduced formawbrentanglements or crystals at this interface
within the short time period of the melted stafbus, the resulting interface bonding quality, which is
mainly controlled by the thermal history of each extruded[b3¢64] For example, ABS extrusieibased

3D printed parts show at most 80% of the strength of solid ABS parts produced by injection modeling, and
the properties mainly depend on the filling stratedgiesnpared with injection molding, tlextrusionrbased

3D printed part exhibits an anisotropic mechanical propés8;66]A mesosructured extrusiotbased 3D

printed part consists of three different structural elements. The first is the bulk area of deposited material
lines; this part is typically isotropic. The second psithe contact areas where the bonding or fusing of
deposied lines is situated; this part is usually anisotropic with different bonding quétiiedepend on
achieved bonding area sections (lines are bonded vertically to upper and lower lines or bonded horizontally
to adjacent lines). The third p#sthe airvoids among all deposited lines. In comparison to injection molded
parts, the produced bonding areas and existing air voids influence the mechanical properties and thus result
in the anisotropic mechanical property of extrudiased 3D printed parts.
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Warp deformatiorand shrinkage

A further major issue doing extrusidmased 3D printing is the part warp deformation and shrinkage.
Compared with injection moldingvhere mold pressure and cooling system are optimized to produce
accurate part dimensions witha very short time, extrusidrmased 3D printed parts are prepared without
any mold. The aimed object is produced layer by layer by executing a digif@l#i&8]. The melted and
extruded thermal plastic material éeposited, fused, cooled, and solidified layer by layer to form a
freestanding part. Its shape and dimensimobtained without any external holding pressure or material
compensation dealing with shrinkage. Since the material was heated over the poéitifior the extrusion
through the nozzle and cools to printer chamber temperature for solidification, a material shrinkage is
inevitable. The shrinkage induced inner stresses during the cooling of the deposited material affects the
printed part size dimesions and could lead to part warp, interer delaminating or cracking, and even
production failurg10]. Reducinghewarpage and impkiang the shape accuracy of the 3D printed parts is
beside the anisotropic propergne of the most important togim extrusionbased 3D printing.
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1.3 Polymers for extrusion-based 3D printing

1.3.12Commonly usedhermoplastianaterials

Thermoplastics are polymer materiddatcan be melprocessed several times ora&sted by utilizing their
melting and resolidification propertie§69,70]. The thermoplastic market occupies over 10 % of the global
market in the chemicahdustry and over 90 % of all polymer materials. In addition, the thermoplastic
market belongs to the most rapidly growing part of the world economy. Nowadays, a new driving force for
the blooming of thermoplastic developmernésurringdue to the emerger of revolutionary technologies:

3D printing technologie$71,72] For example, SLS sinters and extrusi@sed 3D printing melts the
applied materials to produce objects layer by layer. Therefore, thernicpkast ideal material candidates

and provide a wide range of mechanical and chemical properties. Typically used feedstock materials are
powdered materials with the particle size of 50 pm for SLS and filaments with diameters of 1.75 mm or
2.85 mm for extraionbased 3D printing, which are similar to standard plastic welding Strékg7].
Thermoplastt polymeric materials can be divided into three different classes according to their performance:
commodity plastics, engineering plastics, and {pghformance plastics, which are assembled
systematically in the pyramid of thermoplastic materials. Thiamid could be further divided into two
hemipyramids consisting of amorphous and semitalline polymeric material§igure 10 (left)). Figure

10 (right) summarizes commerdialavailable thermoplastics used for extrusiased 3D printing.

Thermoplastic polymers
for extrusion-based 3D printing

Thermoplastic polymers

Figure 10: Pyramid of thermoplastic materials (left) and availability of the materials as filaments for extissea
3D printers(right).
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The most widely used thermoplastics for extrudiased 3D printing are ABS, PLA, Nylon, and some high
performance polymerf2,54,78,79]Acrylonitrile butadiene styren@ABS) and their blends with other
polymers are the most used extrusi@sed 3D printing materiauitable for various applicatiof®,53,80

82]. ABS printed parts areery accurateand printed details are at a moderate level. Normally it shows
some warpage by printed parts and requires a heated printer chamber or at least a heated printer bed at
around 100 €[10]. Polylactde (PLA) is the most populaxtrusionbased 3D printingnaterial Compared

with other polymers, PLA offers much less warp§sg 69,83 85]. It can be successfully printed without

the needor a heated printer bed or cham[#8,87] If actively cooled, much sharper details can be realized

on printed corners without any interlayer cracking or warping. In addibA, is alsoenvironmentally

friendly and biodegradahléut due to its low service temperature range (blow 60€C), AsAlefined as
thermoplastic servirystalline aliphatic polyester but not in the group of commodity polyf8389]
Polyamide (PA or Nylon) and Polycarbonate (R@® typically used for more sophisticated parts, such as
conceptualparts, small series of parts and functional partstdubeir excellent mechanical properties
[79,90,91] Some other thermoplastics like PEEK (Polyetheretherketone), ULTEM (PEI, Polyat®drim

and PPSURolyphenylsulfongwith outstanding mechanical properties and Hahperature resistance are

3D printed in some special applications such as automobile and aerospace industry or in the medical sector
[23,48,55,78]

For all thermoplastics, commodity plastics are usetiétargest quantities due to their caestectiveness

in combination with mierange mechanical propertigd]. Most notably, polyethylene (PE), polypropylene

(PP), polyvinyl chloridg (PVC), and their copolymers are used as commodity plastics and constitute
already more than 50% of total thermoplastic materials consumg@ynHowever, typical commodity
plastics have not been favored for extrusi@sed 3D printing due to the relatively high materddted
crystallinity. Already discussed iBhapter 1.2.2 for extrusiorbased 3D printingthe melted polymer is
extruded through aozzle and deposited on the build platform layer by layer. After deposition, the material

is cooled down from extrusion temperature (above melting temperatdgetd the printing chamber
temperature damverand to room temperatureodn after the comigtion of the print. This temperature
difference leads to a significant specific volume shrinkage. Preferred materials should feature less material
shrinkage to offer high part dimensional accuracy and less fabrication failure. Here, typiectystatiine
thermoplastics show a relatively high volumetric shrinkage when compared with amorphous polymers.
Based on studies of Wang et al. the shrinkageced warpage depends on the nature and properties of the
utilized materials, especially with regard to iskage coefficient and stiffnesgd0,92] Amorphous
polymers such a&BS, PC(polycarbonate)or PETG(poly(ethylene terephthaladtglycol-modified) exhibit

a more linear and less steep decrease of the specific volume during cooling. While the drop of the specific

volume due to the crystallization of seomystalline polymers leads typically to ersive warpage of 3D
18
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printed par{92,93] Figure11shows the typical specific volume change of amorphous andcsgstalline
polymers from extrusion temperatugeroom temperatur®4].

Specific volume

Semi-crystalline
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Temperature Tioom Tchamber  Tmelt Textrusion

Figure 11: Schematic graphic plot of typical specific volume course of amorphous andrgstalline polymers

as a function of temperature. The change of specific volume of the amorphous polymer (green lineiskows a
at the glass transition temperature, whilesefmicrystalline polymer (red line) shows a clear step at the melting
range. (Figure 1 modified from referenci®4] )

However, most of the amorphous thermoplastics exhibit compared withcegstalline thermoplastic
relative low toughness,small range of service temperatgjrand low chemical resistance. In consequence,
more and more senrarystalline polymers are imé focus ofthe scientific investigation to improve their
printed part performances. In addition, the formed crystals at the bonding interface play an important role
in theextrusionbased 3D printed part as they could increatsiayer bonding strengtl2,95] (Figure 12).

Amorphous polymer Semi-crystalline polymer

Restricted bonding quality Enhanced bonding quality
Figure 12: Schematic illustration ahebonding interface area of 3D printed lines of an amorphous (left) and a semi
crystalline (right) polymerSemicrystalline polymers gain interface reinforcement thanks to their thermally reversible
crosslinks caused by crystals at the interfadaich results in enhanced interlayer bonding qua(igygure 12 inspired
and further developeftom refeence[47])
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Already talked inChapter 1.2.2 the interface of fuselines is always thenostcritical area of extrusion

based 3D printedgrts which results in anisotropic propertieherefore, a balance between bonding
strength and part shrinkage should be optimized. Nylon 12 is a good example with the balance of high
bonding strength and less part shrinkg@fy. However, for the most widely used commodity material PE

and PP, tailored modifications and optimizations are still required to achieve filaments odféigiy

performance of 3D printed parts.
1.3.2Polypropylene foextrusionbased 3D printing

In Chapter 1.3.1 the overview of thermoplastic for FREXxtrusionbased 3D printingls given with the

help ofthe pyramidof thermoplastic material®ecently,commercially available thermoplasticgaterias

for FFFhave increased considerajptyg, PP basé FFF materialAmong theall commodity thermoplastics

in ground flow polypropylene (PP) is the most common sergstalline thermoplastic applied in consumer

and technical products due to its exceptional mechanical properties, processing ability, anstldw
addition, through copolymerization as well as by compounding with additives and fillers, PP can be
successfully modified and tailored for various applicatiang is promising for FFE7i 103]. However,

PP based - materialsalways faced shrinkagand layer adhesioissug in the year 2014 the first
commercial PP filament was releaseith unperfectprinting results[104,105] The main disadvantage of

PP in extrusionbased 3D printings the strong shrinkage induced warp part deformation. sami
crystallinePP melt comes out fromxtrusionbased 3D printindiot nozzle and cools down, thlepecific

volume of the polymer decreashgto thecrystallization process forming dense crystal stmasi92,106

108]. Shrinkage induced contractile force results in residual inner stresses and excessive part warpage.
Additionally, because of the poor adhesion ability of PP to typically used fiatfddrms, extrusiosbased

3D printed PP parts also tend to detach easily from platforms due to contractile force and thus lead to printing
failures [94,109 111]. More and more research studies have focused on exthssaa3D printing

utilizing PP and tried to address and solve the issues. All the previous studies could be divided into two
groups, in one the focus was on the investigation of process variables and in thihethgtimization of

PP filament materials.

Firstly, the process variables are discussed. Several studies focused on the optimization of process variables
for solving the printed part warpage issue. Printing platform, printing chamber, and extrusion temperature
which haveaninfluence on the thermal $tory of extruded linesre identified as the most crucial process
variables fothewarpage as well as for mechanical properties optimiz§i12,113] All these factors

influence temperature distribution and temperature gradigin and between printed lines. Therefore, a

higher chamber temperature resuftan improved dimensional accuracy due to the lower specific volume
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decrease and less inner stress due to softened mgéridl7] Another solution is to modify the CAD data

or slice data with optimized interior infill desige.g, frequent changes of directions ambigher number

of layers[10]. Due to the restricted adhesion of the first printed layer to common build platforms, an
improved PP adhesion on more tailored platforms waoedd ftoreducedwarpage{109,110,114] In this
context, goromisingnovel build platform designed for extrustbased 3D pnting utilizing polyolefin has

recently become commercially availald5].

For PP material optimization, Carneiro et al. were the first to investigate the printability and mechanical
property of glasdiber-filled injection molding grade isotactic polypropylene (iPP). From printed parts, high
shrinkage ath warpage were observptB]. After that, many studies on various fillers or fibers for extrusion
based AM have been reported with improved mechanical, rheological, or thermal prdfiéGiés7]

Howeve, only afew of them focused on reducing the warpage of 3D printed parts. Wang et al. studied the
crystallization kinetics of iPP by adding sprdifed cellulose nanofibrils (SDCNF) targeting retarding the
crystallization rate and lowering the degree ofstallization for reduced warpad&18]. The authors
claimed thathe degree of crystallization is critical for sewrystalline polymers inspired by applied PLA
filament grades with a very low degree oystallization which exhibit almost no warp and shrinkage.
However, even after adding different amounts of SDCNF, the achieved reduction of crystallization rate and
the corresponding degree of crystallization indicates that the decrease in materiaghigknainly due

to the low degree of crystallizatigth18]. As for material optimization of feedstock filaments typically a

high amount of novel developed materials is required for the production, weopkwvean effective
screening method utilizing injectiemolded short rods and 3D printed square tube specifi€is.
Applying this screening methode investigatedeveral iPP, polypropylerethylene random copolymers

(raco PP), and PP/PE blends. Agesult, the geometric deformation was reduced with decreasing
crystallinity, indicating that raco PP, with its lower degree of crystallinity, causes less warpagavdihe |
degree of crystallinity is due to the ethyleneutits, making these PP grades very promising for extrusion
based 3D printing105,119,120] Based on this knowledg8poerket al. selected a raco PP grade with a

low degree of crystallization as base PP material for many of their sfu@&410,121124]. In addition,
Spoerket al. optimized the shrinkage adad raco PP by adding expanded spherical perlite fillers and also
one amorphous polyolefin to reduce the brittleness of produced filaments. By adding increased contents of
the inorganiexpanded spherical perlit#er, the volumetric shrinkage clearly dreases. As the topically
modified fillers are homogeneously distributed in the polymer malwy support internal stress adsorption
results in decreased warpage. Not only spherical filler but also short carbon fibers demonstrated outstanding
warpage rduction[124]. However, although the fillers and fibers managed to decrease part shrinkage,
negative effects due to the high contents such as complex crystallization kinetic, reduced maximum tensile

strength, andt®ortened elongation of modified raco PP filaments were also ob4éd&d22,123]
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For further lowering thelegree of crystallization and eliminating the side effects of incorporated inorganic
fillers, PP crystal structure modification or PP blending with polyolefins seems to be a promising way to
decrease the geometric deformation of 3D printed fard05,106,125,126]Amorphous PP (aPP) or
amorphous polyolefins can be blended in a wide range with isotactic PP as a softenirandgéetefore

they can be used to tailor the properties of PP blgrids125,127] Following a similar principle, ethylene
containing PP copolynmg or PP blends with polyethylene (PE) are also used to improve the performance
of PP[106,128] Additives such as clarification and nucleation agents are very poputeiimdustry to
improvethe optical and mechaoal properties of PRL29 132]. Among the different known modifications

of polypropylene in relation to the crystalline form, the monoclihand the hexagon& modifications
drawthemost attention in both scientific research and itdalsapplicationg130,132 134]. TheUform is

the most common modification under regular crystallization conditions, whifecttystal form is observed

in the presence ob-nucleating agents or after applying a special cooling and processing condition
[129,132,135,136]Compared to the-phase, th@-phase is tougher but less dense and[417,138] For
extrusionbased 3D printing materials, lower stiffness and density of formed crystals could reduce the inner
stress caused by material shrinkage upon cofllidpand thus may lead to enhadgeinting performance
[10,130,132,135,139,14080me studies have reported preliminary results of incidentally obseed
crystals obtained in extrusidrased 3D printed parts due to special thermal conditions during the printing
process. However, a sgstatic study of the influence @tform crystals on shrinkage was still missing
[112,122,141] As a summary, the influence of additives and fillers are well investigated on PP for
improving the warp and shrinkage. Nevertheless, a detailed igatgtiof the critical interlayer bonding
quality was still missing for PP. Thanks to the semitalline nature of PR high isotropic property is
expected due to formed crystallites at line interfaces during layer bonding. However, an effective and

reliable evaluation method to report the interlayer bonding strengtb ba developed first and established.
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1.4 Smart material for 4D printin g

In Chapter 1.1.3 the hype cycle is explained with an outlook on 3D printing technology. Here, 4D printing
emerged irtheyear 2018. Besides obtained mechanical isotropy and dimensional accutasgxdfusion

based 3D printed part, one category of matergis the spotlight for 3D printingas they offer distinct
advantagessmart materials. By applying sm materials for 3D printng new ter m was <cr e
pr i n[B86,3R,30&0,142,143]

Shape memory polymers (SMPs) are a highly interesting clasmart materialthat are defined as
polymers that can memaorize and recover from a temporary fixed shape to a programmed original shape
under appropriate conditiof83,144] 3D printing of SMPs provides 4D printing with high strain recovery,

low cost, and simple programming by 3D printinpreover, SMPs can also be modified chemically to
achieve further applicatiord445]. A trigger (temperature, pH, moisture, etc.) is necessary to allow the
transformatiorirom the temporary shape to the programmed original Jidpel46] As the shape memory

is often a thermally induced procesese materials are called thermosensitive SNIBG]. For the shape
memory effect, three requirements are important: (i) crosslinks acting as fixation of the original shape, and
(if) a second type of physical crosslinks acting as defeasible fixation of the temporary shape allowing the
reversible switching, and (iii) a certain degree of elasticity as shape recovery drivinflLftt@el8] The

first typeof crosslinks could be either chemically (covalent bonds) or physically (intermolecular interactions)
[146]. Chemically crosslinked SMPs can be achieved by crosslinking chemistry to form thermoset polymers
[146]. Forphysical crosslinks, SMPs require a polymer morphotbgyconsists of at least two separated
domains, e.ga crystalline and an amorphous phase. Another polymer morphology with physical crosslinks
is present in (AB)segmentedopolymers and thermoplastic elastomers. Here, segments of copolymer chain
form separated domains (hard segments) act as crosslinks and break (dissemble) at an elevated temperature
(Twans.(igh). FOr shape switching, a second type of reversible physioaklinking is needed at a lower
temperature (Jans.qow). This transition is important for the fixation of the temporary shape. The transition

at Twans.gowyCan be either melting/crystallizationy()Tor glass transition @) of domains formed by thaore

flexible segmentsThus, heating above wns.gowy @ certain elasticity is reacheahd in combination with

stored inner energythe transformation from temporary shape to original shape occurs. Therefese, th
domains are often called switchingndains[148]. A good SMP example is the thermoplastic polyurethane
(TPU), a typicdly segmented block copolymer with microphase separation from alternating sequences of
hard and soft segmer{ts49]. Whenthetemperature goes up above the glass transition temperaguoed (T

the soft segment, the polymer is in a rublike and elastic state and could easily deformed. If the
temperature goes down below thig the deformed shape will be retained until the temperature rises higher

than Ty again. Here, the frozen elastic energy will be released and sttajps recovery driving for¢d0].
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Another possibility is the duatomponent blend of Polgcaprolactone) (PCL) and TPU (based on PCL
diol), here the switch domain is formed by the crystalline phase of PCL with the trigger of reversible melting
and crystallization of PCL chain segmé#®,83,149] Figure 13 shows a schematic illustration aSMP
consists of crystallized flexible segment chains (blue) forming the reversible switching domain. Here, the
shapetransition temperatur&ans.ow) iS the melting and crystallization temperature of flexible segment
chains. When heating oV&#ans.gowy thesample could behape transformday applying a forceBy cooling

down below Tyans.gowy this temporary shapeanbe fixed.Because othe exising crosslinks ofthe hard
segment domas(red), restoringenergyis storeddue to theslastic deformation. Then, if theansformed
shapeds heated again ovkans.iowy the crystallized flexible segent areagainmelted, the stored energy

is releasegdwhich drives the sample to return it to fisogrammedriginal shapg150].

% A > RZ2% A2 LA & %
. S 2/ B 2SS 1S
ETBET RS Z55S WSS
A Force applying T > Tyansiow) Release force T> Tiranstiow)
72 =
s S
Original shape Temporary shape Recovered shape

Figure 13: Schematic illustrationof phase transitions duringtD printing of a shape memory polymer with
crystallizable flexible chain segmeras switching domain (blueThe hard segments (red) act as higher thermally
stable croslinks and fix the original shad€&igure 13 inspired and dirther developedrom referencg150]).

In recent years, many research activities hava be@orted on 4D printing utilizing.g, TPU materials in
combination with extrusiobvased additive manufacturiig0,142] However, the feeding issue of soft
materials by extrusiobased 3D printing couldot be ignored. Elkins ell. firstly reported the feeding issue

of a soft thermoplastic elaston@51]. However, using such soft filament materials is a big challenge for
feeding systems of 3D printers. The low stiffness combined with a high melt viscositgusa filament
buckling[151]. For pharmaceutical and drug delivery materials, the obtained filaments are often too soft to
be extrusiorbased 3D printefl51,152] Several previous studies indte that stiffness, hardness, and melt
viscosity of soft materials are very critical to processability in extrusased 3D printer$l05,153]
Consequently, TPU based soft SMP with higher stiffness and a certain hardnessoecgmponent
systems with crystalline switching domain, show clear advantages for 3D and 4D printing. In thi§ conte
Visser et al. firstly synthesized copolyetherimides consisting of pyromellitic dianhydride and- amino
functionalized poly(ethylene glycol) (PEG) aiming at creating polyurethik@golymers with enhanced

chemical and thermal stabilitjl53]. Polyimides exhibit excellent thermal stability and mechanical,
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chemical, and electrical propertjeghich make polyimides applicable in a wide range of applications such

as microelectronics, adhesives, biomaterials, aerospace, and solft581$57]. The incorporated PEG
segments should act as soft segmentwhi | e t he polyimide units-"for med
interactionsHowever,the PEG sgment with a longer chain length exhibited low elasticity because of the
crystallization of these PEG segmeifit$3]. A further TPUlike polyimide was synthesized utilizing
perylene3,4,9,106tetracarboxylic dianhydride and poly(ethylene glycol) or poly(propylene glycol) based
diamines. The photochemical properties of perylene segments and increlagddysof these flexible
spacers, allowed the application of copolymers in the research field of organic photoybi&8id62).

Based on this knowledge, in this work, aimed at 3D and 4D printing, perylene imide segments should act
as reversible physical crosslinks disassembling at elevated tempevditilesthe PEG sgments should be
semicrystalline at room temperature and melt around 50 € to enable shape switching. In addition, the
crystallinity of PEG segments should improve the filament quadihcerninghe feeding issue in extrusion

based 3D printing.
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2. The objective of this thesis

The main objective of this thesis is to establish an efficient ssnale feedstock material development
method for extrusiofrased 3D printingUsually, the feedstock material is a continuous filament, and
quantities of several kilograms are requiredfilament productionin the development stagiéae number

of polymers and additives available for scientific studies is usually limited. Tierg is a demand for
smallscale targeted material development for extrubiased 3D printingHere, the objdaives and
motivations are summarized intbe following three topics: (igffectivematerial screening methodii)
tailoring polypropylenefor extrusionbased 3D printing,and development of(iii) (AB), segmented
copolyetherimidefor 3D and 4D printing

Effective material screening method for extrusichased 3D printing

Continuous filament extrusion is the conventional feedstock material processing method for eRaxsistbn
3D printing, where the amaou of required raw material is around51kg. Thus, time and material

consumption are high for the development of new materials or formulations.

Therefore, thdirst topic of this thesiss to presenan effective material screening method for extrusion
based 3D printingo evaluate the printing performances of polymer materials. For that, by using a mini
compounder and a mini injection molding machine, an alternative feedstock filament short rods fabrication
method with less material input (from-50 g)has to be developed, which can joint together and to be fed

in the same way as continuous feedstock filament. At the same time, a particular miniature printing specimen
has to be designed for the evaluation of printing performances in particular rretenkdgeinduced warp
deformation and interlayer bonding quality. Also, a systematic evaluating method should be established for
revealing the printing performances from printed specimens. At last, different polypropylene raw materials
should be processeddto filament rods and compared to two commercially available filaments and a

commercial ABS filament for validating this method
Tailoring polypropylene for extrusiorbased 3D printing

Polypropylene is the most common applied serystalline thermoplagtiin consumer and technical
products with exceptional mechanical properties, processing and modification ability, and low cost. Semi
crystalline materials could gain reinforcement by crystals at layer interfaces and thus are fascinating
materials for extrsionbased 3D printing. However, limited commercial PP filaments were available at the

beginning of this thesis due to its volume shrinkage and part warpage.
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2. The objective of this thesis

The second topicis about polypropylene tailoringfor extrusionbased 3D printingwith optimized
formulations and printing performances combined with the develspsllscale feedstock material
development methodBased on the first topic, two candidates of commercially available grades of
polypropylene/ethylene random copolymers ¢rd&P) should be modified'he modifications aimed to

reduce warp deformation caused by shrinkage and, at the same time, reduce the anisotropic property by
improving the interlayer bonding quality. Here it is planned to use nucleating agents as additives an
amorphous polypropylenes (aPP) and polyethylene (PE) as blend components and to investigate their
influence concerning warpage and mechanical properties of the printed parts. The performance should be

compared with commercially available PLA and ABSrfilents.
(AB)n segmented copolyetherimides for 3D and 4D printing

(AB)n segmented copolyetherimides consisting of perylene and poly(ethylene glycol) are applied in fields
of all-organic polymer batteries and organic photovoltaics. With crystallized PEG sigsech (AB)
segmented copolyetherimides are promising candidates for 4D printing by utilizing 3D printing in

combination with a shape memory property.

Thethird topicdeals with the development @B), segmented copolyetherimides for 3D and 4D pratin

For this, the flexible PEG segments should be able to crystallize above room temperature, and the perylene
bisimides segments should be able to form physical crossliaks" i nt er acti ons .at hi gl
Thesynthesized (AB)segmented copolyieerimides are expecting to have two transitions to enable a shape
memory effect for 4D printing. Besides, the crystallized PEG segments should improve the filament stiffness

to overcome the feeding issue in an extrusiased 3D printer. Therefore, chamzations regarding their

thermal, rheological, and mechanical properties in view of 3D printing have to be investigated. At last, the
shape memory effect should be investigated, and a successful 4D printing should be demonstrated.
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3. Synopsis

3.1 Ovaview of the Thesis

The objective of this thesis is to establish a fast and efficient-scal material development method for
extrusionbased 3D and 4D printinglhe objective covers three main topics di) efficientmaterial
screening method foextrusionbased 3D printing (i) tailoring polypropylene for extrusichased ®

printing, and development of a new class of (il\R), segmented copolyetherimides for 3D and 4D printing

The three topics were addressed stepwise and resulted in twoagiobk and one submitted manuscript.
Figure 14 illustrates schematically how the three topics are conneaeltherefore they are structured in

a pyramidlike schema.

The fundamental approactihe miniature feedstock short filament rods fabrication by using a mini
compounder and a mini injection molding machine from a limited polymer amows0@)0 The speai
printing specimen (square tube) was designed for identifying and testi8D ghréntedpart performances.
Smaltscale processingndtestingmethods were developed.

Topic I Based on theniniature material processing and weditablished testing ap@ch, an effective
material screening method to evaluate printing performances of thermoplastic polyregteufionrbased
additive manufacturing was develop@agure 14, I). The findingsof thistopic are published as a full paper

article.

Topic 2 Furthermore, the expertise was extended to tailor the promisingcsgstalline material
polypropylene for obtaining optimized formulations gmihting performanced~{gure 14, Il). The findings

of thistopic are published as a full paper article.

Topic 3 Last, the acquired knoWwow wastransferred to develop a new class of (ABegmented
copolyetherimides consisting of perylene bisimide and poly(etmdbmo®l) segments which provide a
shape memory effeaisedfor 4D printing Figure 14, 1ll). The results of this topic are presented in a

manuscripthatwill be submitted shortly.

The following chapters of the synopsis will give an overviethefnajor findings and results of each topi

all literature references can be found in the attached publications and manuscript.
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Material development for extrusion-based 3D printing

lll. (AB),, segmented
copolyetherimides for 4D printing

Uu. v U,

Original shape Temporary shape Recovered shape

Il. Polypropylene tailoring

New material

Injection molded filament short rods

raco PP 2 rod PP 2filament ABS filament

Figure 14. Overview of the thesis: lffective material screening method to evaluate 3D printed part performances
of thermoplastic polymers foextrusionbased additive manufacturinghe mini compounder and mini injection
molding machine allowthe fabrication of feedstock short filament rods from limited material amotihe printed
square tube allogthe identification oBD printed part performances. Tlvmbination obmallscale processing and
testing methodss the fundamental approach for all three topidk). The pomising semcrystalline material
polypropylene was tailored favith respect tamptimized formulations and printed part performances. Ill). A new class
of (AB), segmented copolyetherimides consisting of perylene bisimides and poly(etiyéaiesegments was
developed foBD and4D printing.
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3.2 Filament materials screening foFDM by means of injection molded short rods

In this paper efficient smallscale screening and testing methaebich requires only 10 to 50 g is developed
to enhancematerials forthe extrusionbased 3D printing. This was achieved in this paper by using a mini
compounder and a mini injection molding machine to produce short filament rods which wemgtimer

and used as feedstooiaterialin the 3D printerAlso, aparticulartest specimen, itheform of a printed
freestanding square tube consisting of only a singiéerialline stack was used fothe evaluation of
critical performance parameter$ grinted parts, in particular warp deformation and interlayer bonding
quality.

Filament short rod processing

Figure 15shows the entire processingjgence from raw material to feedstock filament short rods and their
use as extrusichased 3D printing material. The main advantage of the presented neetimivnin the
fabrication of rods with a welllefined and reproducible geometry, requiring ongnall amount of raw
materialuseable fotheextrusionbasedD printing process. Three different PP grades were processed into
rods {PP rod, raco PP1 rodandraco PP2 rod and 3D printed.

3.0 mm

Compounding Injection molding Filament rods

Raw material 3D printing processing

>

Figure 15: Sequence of the fabrication of rods for extrusi@sed 3D printing material screening. The raw material
is first compounded in a mimnixer and then injectiomolded into Tefloh tubing, fabricating individual filament
rods. These are then fed into BDM 3D printer and printed into square tubé€ 2018Authors)

1This part of the thesis wasiblishedas a full papearticlein the journaMacromoleculaMaterials and Engineering018 303(12),
1800507, sealsoChapter 4.3 reprintand reuse of full papevith permission frondohn Wiley and Sons
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Printed square tube for printing performances evaluation

For comparison, commercial continuous filameA8$ filament, PP1 filameandPP2 filament were also
printed into square tubes via extrusio@sed 3D printingThe geometry of the square tubeswalectediue

to its simplicity anda small amount of material consumption. With this thiall, singlelayer geometry,

the sidewall warp deformation is greatly pronounced and allows the visualization and quantitative
evaluation using simple geometric aseirements. Additionally, tensile tests of specimens along and
perpendicular to the printing direction will provide direct information about the layer bonding stiength.
Figure 16, images ofextrusionbased 3Dprinted square tubes are depicted. Here, the extent of warp
deformation is clearly visible, with PP exhibiting pronounced warp deformation and ABS, a common

reference filament materidibr extrusionbased 3D printingbeing almost warfree.

™
. |

‘.

.

—

réﬁc.:'é‘ka 1 rod

PP 2 filament ABS filament

Figure 16. Extrusionbased3D printed square tube geometries of different polypropylene grades compared with
amorphous ABS. PP exhibits significant warp deformation whereas ABS can be printed without visible warp
deformation(© 2018Authors)
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Geometric deformation

Figure 17 (left) depicts the sidewall warp deformation from a top vieacd PP 2 rod. The distance
between the maximum deformation point (white dashed line) and the idedefamation contour (bl&c
line) corresponds to the warp deformation vahaed as hyp. Figure 17 (right) summarizes the measured
averaged values of warp deformationafg) for all sidewalls. The data demonstrate that,@orrelates with
the degree of crystallization. In summary, smaltdahle filament short rod manufacturing in combination
with FDM printing into a single layer square tube geometffers a fast and effient evaluation of

geometric warp deformation of new feedstock materials.
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Figure 17: (left) Definition of warp deformation as observed from the top view of a printed square tube of raco PP 2
rod. The distance between the ideal ts@miormation square contour (black line) and the maximum deformation
position of each sidewall (white dashed line)swaeasured and averaged for the reported geometric deformations,
noted as gdap. (right): Warp deformation (ghp) and degree of crystallization (measured by DSC) of different grades
of PPs, raco PPs, and reference filament AS52018Authors)
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Mechanical propertes

From each sidewall of the 3D printed square tube a maximum of five dog bones as test spEamens (

18) were punched out with angles of 90°and 0°to the layer deposition directiera(d Y-axis). Due to

this dogbone punchingthe complexity of contour and infill deposition techniques fodpaing discrete

test specimens is avoided and thus allows the reliable measurement of mechanical properties. For 90°
specimens, the tensile loading direction is perpendicular to the layer deposition disswdidhe load is

applied to the interlayer boimd) area. For the 0°specimen, the load is longitudinal to the deposited layer

90° specimen 0° specimen

Figure 18: Specimens (nominal tensile specimen dimensions according to DIN-53a0gtandard) were punched
out of 3D printed square tube sidewallesulting in two different tensile specimens for evaluating the interlayer
bonding quality (© 2018Authors)

Mechanical characterization was conducted using three selected square tubes prinifl Irfitament
PP 2 filament,and raco PP 2 rodshowing the lowest geometric deformatiofsgure 19 depicts

representative streng#train curves of different PPs.
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Figure 19: (a) Tensile curves of 90°specimens and (b) 0°specimens of three different PP grades (PP 1 fisohént:
line, PP 2 filament: dashed line, raco PP 2 rod: dotted line) and images of failed dog bones (from raco PR rod).
2018Authors)
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3.3 Tailoring polypropylene for extrusion-based additive manufacturing

The second paper reports on the tailorihgalypropylene (PP) feedstock material towards extrubmsed

3D printing. To achieve this, two commercially available grades of polypropylene/ethylene random
copolymers (raco PP) were modified (Jedlel), aiming to reduce warp deformation caused by shrinkage
and at the same time reduce the anisotropic property by improving the interlayer bonding quality of 3D
printed parts processed kgxtrusionbased 3D printing A b-nucleating agent, several amorphous
polypropylenes (aPP) and one linear {density polyethylene (LLDPE) were selected as additive or
blending component to reduce shrinkage. The polypropylene feedstock material optimization was conducted
by a combinatiorof a labscale filament rod processing method and utilizing printed square tubes to
optimize 3D printing performance. Investigated materials ($able 1) were compoundednd injection

mouldedinto filament rods instead afsingconventional continuous feedstock filaments.

Tablel:Composition of pol ymeleating hgenatheaphausRRpLLDPEI ng a b

PP Additive/aPPs Concentration
raco PP 1 b-nucleating agent 100, 500, 1000 ppm
raco PP 1 aPP 1 1.0, 5.0, 10.0 wt%
raco PP 2 aPP 1 10.0, 15.0, 20.0 wt%
raco PP 2 aPP 26 10.0 wt%

raco PP 2 LLDPE 10.0 wt%

b-nucleating agentand LLDPE as blend component

The achieved results demonstrate that the crystallization behavior-mwedid#us of polypropylene play
significant roles for warp deformation in extrusibased 3D printed parts. Thenucleating agent alters the
crystallization lehaviortowards an increasduscrystal contenteven a slightly negative influence on the
warp deformation was observed. The investigated polymer blend of raco PP and LLDPE shows no

significant contribution to redudhewarpage andlsoimpairs also the interlayer bondistrength
Amorphous PP aslend component

Themost promisingesults were achieved by blending raco PP with selected amorphous PPs. With two aPP
grades warp deformation could be drastically reduced. In addition, the interlayer bonding quality is

remarkably enhanced in these blemdspite of slight decreases in stiffness and strength. In conclusion, the

2This part of the thesis wamiblishedas a full papeatrticle in the journalAdditive Manufacturing202033, 101101, see also

Chapter 4.4, reprint and reusef full paperwith permission fronElsevier
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optimizedraco PRaPP blendeedstock material features less warp deformation, high stifame$snost
importantly, outstanding interlayer bondiesength To compare the performae of 3D printed parts of
the investigated two raco PP grades and their optimized blends with aPPs, we selected iFatland
2, the blends ofaco PP land 10 wt% ofaPP 1 andraco PP 2and 10 wt% ofaPP 2 For reference
purposeswe selected fourommercially available PP filaments denotedRsl-4.

Results of PHilament optimization

From Figure 20 (left), the measured geometric deformation demonstrates that the values could be clearly
reduced by blending the investigated raco PP grades with%4@f an aPP (visualized by arrowsHigure

20), and optimized values are at a very similar level to those of the commercially available filRReénts
and3.
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Figure 20: (left) Geometric deformation and (right) degree of crystallization ammddguli (90°crientation) of printed

square tube specimens of raco PP 1 and 2, the blends of raco PP 1 and 10 wt% of aPP 1, raco PP 2 and 10 wt% of
aPP 2, and selected commercial RRrhents (hollow cube: raco PP 1, solid cube: raco PP 1 with 10 wt% aPP 1,
hollow triangle: raco PP 2, solid triangle: raco PP 2 with 10 wt% aPP 2, filled circle: commercial PP 1, filled diamond:
commercial PP 2, filled star: commercial PP 3, filled pemtagcommercial PP 4, arrows: tendency from neat raco

PP to modified raco PP by blending with 10 wt% of aPP 1 or aPRE22020Authors)

While the commerciaPP 1shows higher geometric deformation, the commeiRRl4 demonstrates the
best value for tls property among alhvestigatedPP specimens. Frofigure 20 (right), thedegree of
crystallizationis slightly higher for blendingaco PP1with aPP 1compared withraco PP 2blended with
aPP 2 while the Emodulus decrease trend is reversed. Timedeuli of modified PPs are around 700 MPa,
which is similar to that of the commercRIP 4 The commercidPP 1has the highest-Bhodulus andiegree
of crystallization which lead to the highest geometric deformation value. The commeridandPP 4
show \ery interesting propertie®P 2shows the loweddegree of crystallizatiobut a significantly higher

E-modulus, resulting in a relatively low geometric deformation value, which indicates that the influence of
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the degree of crystallization is very impartaoncerningpart geometric deformation. In comparisew, 4

offers a highedegree of crystallizatioand lower Emodulus and features the lowest geometric deformation.

In conclusion, these observations confirm that the combination of degree of agstalliand stiffness
cause the final geometric deformation of 3D printed parfégure 21 demonstrates the mechanical
properties of neat raco PP grades and optimized raco PP blends compared with the commercial PP filaments.

80

E==——= 0°specimen
50 4 ——Raco PP 1
----Raco PP 1+ 10 wt% aPP 1
Raco PP 2

40

----Raco PP 2 + 10 wt% aPP 2

Tensile strength (MPa)

T T L L |
500 1000 1500

Strain (%)
60 —

E———==—= 0°specimen

50+

Commerical PP 1

Commerical PP 2
40 Commerical PP 3

Commerical PP 4

Tensile strength (MPa)

ya
T 7/

0 20 40 60
Strain (%)

T T T
500 1000 1500

Tensile strength (MPa)

Tensile strength (MPa)

10

o
o
1

40

N
o
1

[P 170

——Raco PP 1
----RacoPP1+10wt.% aPP 1
Raco PP 2
----Raco PP 2 + 10 wt.% aPP 2

90°specimen

60+

350

40

30

204

T
0 20 40 60

1000
Strain (%)

[[II=1{J]]] 90°specimen

Commerical PP 1
Commerical PP 2
Commerical PP 3
Commerical PP 4

_*

(d) J’/"

20 40 60
Strain (%)

T 1
500 1000

Figure 21: Stressstrain curves o) 0°specimens and) 90°specimens of raco PP 1, raco PP 1 with 10 wt% aPP 1,
raco PP 2, and raco PP 2 with 10 wt% aPP 2 (raco B#lid:blackline, raco PP 1 with 10 wt% aPP 1: black dashed
line, raco PP 2solid blueline, raco PP 2 with 10 wt% aPP 2: blue dashed linegsSstrain curves of) 0°specimens
andd) 90°specimens of commercial PP filaments (commercial PP 1 to 4: black, red, peantpolid greerlines).
All shown stressstrain curves are a representative example of an actual measurement out of Gtseesinieng©

2020Authors)

FromFigure 21(a), for 0°specimens, the tensile curves for neat raco PPs are very santgthe curves of

the blended raco PPs show a similar progression, too. The general trend ismibdtilEand strengths

decline from neat to blended raco PPs, while high strains of above 1400 % are obtained for all specimens.
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In contrast, the strains &0°specimens show clear differences and are dramatically improved for the
blended raco PPs compared with the neat specimens, which means the interlayer strain bonding quality is
significantly enhanced by adding 10 wt% aPP. This trend is especially absdmea blendingaco PP 2
withaPP 2as here the 90A specimendés measured tensi.l
corresponding 0°specimen. For naaico PP 2 this anisotropic behavior only allows a value of less than

5 %. As expected, a drayf tensile strength and-Bodulus is observed for blended raco PPs due to the
smoothness of amorphous polyolefin chains, which could act as a plasticEgyule 21 (c) and (d) the
mechanical properties of all commercial PP filaments are compiled:ofitmmerciaPP 1demonstrates the

highest tensile modulus and strength for the 0°specimen, but also the lowest strain interlayer bonding for
the 90°specimen. Commerci&®P 2and 3 show similar tensile strengthisut commerciaPP 2 exhibits
significantly lower tensile strain. The commercRP 4 offers the strongest interlayer bonding among all
commercial PPs and excellent mechanical properties as well. The observed differences in mechanical
properties may be explained by the different chemical natutieeohvestigated PP grades, as there is a
huge discrepancy between commercially available PP filamémtsonclusion, the key criteria for
optimizing a PP filament for extrusidrased 3D printing arthe degree of crystallization, high mechanical
propertes, excellent interlayer bonding, as well as identifying the optimal balance of these three.
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3.4 (AB) segmented copolyetherimides for 4D printing

In the third topica new class of (AB)segmented copolyetherimides for 3D and 4D printing was developed.
The polymer requiretwo separate transitions at different temperaturgss. dowand Trans.(ign)in order to
provide processability for extrusidrased 3D printing with the additiahshape memory effect. In this
respect, th¢AB), segmented copolyetherimidéa and 1b consist of polyethylene glycol segmetisit

crystallize above room temperature and of perylene bissegmentswhich are responsibler forming

physical crosslinksia"-~ i nt er ac ttemparasureat hi gher
O
o) o) m .
la, 1b

Figure 22: Chemical structure of synthesizédB), segmented polymetksa and 1b with rigid perylene bisimide
segments and flexible polyethylene glycol (PEG) segmEats(= 45,1b: m = 182).

Thermal and rheological characterization

The thermal and rheological properties of synthesif&B), segmented copolyetherimidesere

investigated to determine their transition temperatures
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Figure 23: (a) DSC second heating and cooling curves (rate 10 K/min) with corresponding melting temperatures and
enthalpies and recrystallization temperature$ polyethylene glycol segments) oscillatory shear rheology
measurements upon coolin§the (AB) segmented copolyetherimidesand 1b.

3This part of the thesis wasibmitted to the journaflacromolecular Materials and EngineeringeemanuscripChapter 4.5,
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In Figure 23 (a), DSC 2nd heating ancboling curves ofla and 1b are shown. Both curves show one
endothermic transition between @0and 60 € representing the melting of the crystallized PEG segments.
In rheology measurements upon cool{fggure 23 (b)). Here both copolyetherimiddsi and 1b show a
low melt viscosity at above 200 €, which should allow easy extrusiased 3D printingA clear increase

in viscosity is observed at about 40,€@nd 10 €, respectively, and they fit well to corresponding
recrystallization temperatures of PEG mamts as measured by D&@asurementslowever, fromboth
DSCand rheologyurves oflaandlb, the formation ophysical crosslinks by the perylene bisimide units

cannot beclearlyidentifiedin thetemperatureange from 150 t@20€C .
3D printing

For dficient transport through the driving wheels and the feeding zsofe materials need particular
filament column strength. Therefore, tensile tests of fabricated filament rods were carri&ttessstrain
curves of injectiormolded filament rods ofa and 1b are shown irFigure 24(a). The measured high-E
Moduli of 1a and1b provide sufficient stiffness required for feeding by extrudiased 3D priters.In
Table2, mechanical properties of copolynidy investigated on injectiemolded filament rods, degones
punched out of compressionolded films, and dotpones punched out of 3D printed square tuttevealls

are summarized. TheiBoduli from different tensile specimgare very similar.
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Figure 24: (left) Stressstrain curves of injectioimolded filament rods oAB), segmented copolyetherimidesand
1b, (right) 90°and 0°test specimens punched out of sidewalls of a printed squarewithelifferent orientation to-z
direction
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Table2: Comparison of mechanical properties of 3D printed pdth compressiommolded films ofAB), segmented
copolyetherimidegb.

Sample E [MPa]® Gor [MPa]®) Chr [%6] ©

3D printed part 909 644 (54° 14.4 (0.2) 7.2(0.2)
3D printed part 0° 659 (66) 18.2(0.2) 1400 (60)
Compressiormolded film? 613(51) 12.5 (0.3) 35 (0.5)

) E-modulus; strength at break} elongation at breakYorientation of tensile loading direction to layer depositiinection of
punched dodbones from 3D printed square tuBkstandard deviation in parenthesé€ompressiormolded film = dogbone
punched out of a compresstamlded film;

4D printing

For a successful realization of a shape memory effect utilizing a thermoplastic materighermal
transition temperatures areeded. The low thermal transitionyask.gowy Should be clearly above room
temperature that fixation of a temporary shape is easily possible. The second thermal trapsiiggy T
should be at a distinct higher temperature that the physissloks aresufficienty stable at Tans.gowy TO
increase the aggregation of perylene bisimide segnanglditional polyetherimide with a higher perylene
bisimide contentand JeffaminB ED-900 segmerstwas synthesize@eeFigure25). As 1b showedexcellent
3D printing performance and mechanical properadsend ofLlb and2 waspreparedn al:1 ratio(named
asblend3) and processeidto filament rods for 4D printing.
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Figure 25. Chemical structure of synthesiz€dB), segmented copolyetherimidewith perylene bisimide and
Jeffamin& ED-900 segments.

Rheological properties of blerf8were measured and compared viidand?2 in Figure 26. Blend3 shows
a combination of both properties by featuring a low and a high thermal tran$itigdtiow) aNd Trrans. (highy
The two transitions are at aroud@ € and 180 € and should allow 3D printing abov&ans.(ignand 4D
printing betweenT yans.gow) @aNd Twans.(ighy Each thermal transition is observed as an evident change in

viscosity within a narrow temperature range.
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Cooling
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Figure 26: Oscillatory shear rheology measurements upon cooling of copolyetheriiieled 3. The complex

viscosity as function of the temperature is plotted for the blend compdrearisl 2, as well as for the blenglitself.

In summary, the copolyetherimide bleBdlemonstrates a material properties combinatiofibond 2,
features relative low melt viscosity, and thus allo@® and4D printing To demonstrate 4D printing
ring-shaped selbiting snake was 3D printed in iriginal shape utilizing blen®. From rheology
measurementT ians.qowyWas determinetelow60 € as at this temperature crystallized PEG segments are
completelymelted. After heating at 60 € for 5 min in an ovethe 3D printedring-shaped snake was
transferredinto the temporary shape, an open +éigped snake, and in this shape cooled down in a
refrigerator at about & ( Figure 27 middle). Due to physical crosslinks of aggregated perylene bisimide
segments and recrystallized PEG segments, the achieved elastic deformation could beofiradriag
shaped snak&Vhen the temporary shape is reheated at 60 € for 3 min, the crystallized BE®@rds are
melted again, the stored elastic energy is released, and the original shape réEayared? right).

1cm .
— , time
>
Original shape Temporary shape Recovered shape

Figure 27: Demonstration of shape memory effect of 8D i nt e d . Theutdifed3D mprinting material is the
blend of (AB) segmented copolymetband2in a 1:1 ratia named blengd.
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4. Publications andmanuscripts

4.1 List of publications and manuscripts

Publication 1:
fiFilament materials screening for FDM 3D printing by means of injection molded sho¢t rods

Minde Jin Reiner Giesa, Christian Neuber and H&srner Schmidt

published irMacromolecular Materials and Engineerir218 303(12), 1800507

reprintand reuse of full papevith permission frondohn Wiley and Sons

Publication2:
fiTailoring polypropylene for extrusiebased additive manufacturiag
Minde Jin Christian Neuber and Haiv8erner Schmidt
published inAdditive Manufacturin@02Qq 33, 101101

reprintand reuse of full papeavith permission fronkElsevier

Manuscript 3:
fi(AB), segmented copolyetherimides for 4D prinfing

Minde Jin, Markus Stihl, Reiner Giesa, Christian Neuber, Naamer Schmidt

Submittedto Macromolecular Materials and Engineering

54



4. Publications and manuscripts

4.2 Individual contributions to the publications

In the following section the individual contributions of each author are specif¢drk contributed by
myself was carried out at the chair of Macaecular Chemistry | at the University of Bayreuth and Key
lab of Bavarian Polymer Institute.

Publication 1: Filament materials screening for FDM 3D printing by means of injection molded short

rods
Macromolecular Materials and Engineeri2§18, 303(12), 1800507
Minde Jin, Reiner Giesa, Christian Neuber and H&lesner Schmidt

The first manuscript was submitted for publication as a full paper article for establishing an efficient
materials screeninmethodfor extrusionbased3D printing by meansf injection molded shoffilament

rods The processing and testing method presented in this manuscript was performed by my8&f. The
printed geometry and printing performances evaluation tests developedogetherwith Reiner Giesa

and Christian Nduper. The first draft of the manuscript was written by myself with all data evaluation. Reiner
Giesa, Christian Neubeand HansNerner Schmidt were involved in scientific discussions of the results

and finalizing of the manuscript.

Publication 2: Tailoring polypropylene for extrusion-based additive manufacturing
Additive Manufacturin@020, 33, 101101
Minde Jin, Christian Neuber and Havwerner Schmidt

The second manuscript was published as a full paper article and desetbésring of polypropylene for
extrusionbased additive manufacturind\l investigated materials were firstly compounded and then
fabricated into filament short rods. Compounding, processing, 3D priatiajtesting methods presented

in this manuscript we performed by myself with all data evaluation. | wrote the first draft of the manuscript.
Christian Neuber and HatWerner Schmidt were involved in scientific discussions of the results and

finalizing of the manuscript.

55



4. Publications and manuscripts

Manuscript 3: (AB), segmentedcopolyetherimides for 4D printing
Submittedto Macromolecular Materials and Engineering
Minde Jin,Markus Stihl,Reiner Giesa, Christian Neuber and Haisrner Schmidt

The third manuscript is intended for submission as a full paper article. MarkussBithesized one
copolymer, and | synthesized the other copolymers and prepared the copolymer blend. Analysis of
copolymers by DSC, TGA, and DMA was done in joint watith Markus Stihl Reiner Giesa investigated

the rheological properties. Tliament shot rods were fabricated by mysel§ingsynthesized copolymers

for mechanical testing. The 3D printing andatrespondinglata evaluation were also done by myself. |
wrote the first draft of the manuscript. Christian Neuber, Reiner Giéakus Stihl,and HansWerner

Schmidt were involved in scientific discussions of the results and finalizing of the manuscript
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4.3 Filament materials screening for FDM 3D printing by means of injection molded

short rods

Filament Materials Screening for FDM 3D Printing

by Means of Injection-Molded Short Rods

Minde Jin, Reiner Giesa, Christian Neuber,* and Hans-Werner Schmidt*

A miniature small-scale material processing and testing approach is
developed as a screening method to evaluate polymer materials for fused
deposition modeling (FDM). This method is suitable for a small material
input of less than 10 g using a mini compounder in combination with

an injection molding machine to manufacture short rods usable as FDM
feedstock material. Compared with conventional continuous filament
extrusion, where the amount of raw material required is around 1-5 kg, time
and material consumption are both significantly reduced for the investigation
of FDM filament materials or formulations. In order to demonstrate this
method, three different polypropylene grades are processed into rods and
compared to commercially available continuous filaments. In addition to warp
deformation, interlayer bonding properties are also measured on test speci-
mens punched out of FDM-printed square tubes. The presented rod prepara-
tion and square tube printing offer fast and efficient material screening and

optimization for new FDM material development.

1. Introduction

The idea in the American automotive industry of producing
complex components within a very short time but without the
need for sophisticated tooling is regarded as the first initiator of
rapid prototyping (RP).l!) Nowadays, numerous RP technologies
are established which reduce the production time-to-market
cycle and allow for more customized characteristics.”l The
key principle of RP is summarized as layered manufacturing
by sequential deposition of material in layers.?! Among all RP
technologies, material extrusion additive manufacturing offers
plunger-based, screw-based, and filament-based processing
methods. However, filament-based fused deposition modeling
(FDM) is one of most widely used processes due to its cost-effec-
tiveness and simplicity." The FDM technology is supported and
implemented by a simplified thermoplastic extrusion process
combined with computer-numerical-controlled technology. This
process utilizes the melting and resolidification properties of
thermoplastic materials in heating and cooling.®! The material
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Macromolecular Chemistry | & Bavaria Polymer Institute (BPI)
University of Bayreuth

Universititsstrafie 30, 95447 Bayreuth, Germany
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is usually supplied by a continuous feed-
stock filament spool driven by a material
feeding system into the liquefier, where
the material is softened and melted. A
nozzle at the end of the liquefier extrudes
and deposits the molten material in the
X-Y plane.” A computer which handles
the layer construction information of the
digital model file typically controls the
movement of the nozzle. When one layer
is finished, the nozzle starts to deposit
new material on top of the previous layer
by either lifting the nozzle or lowering the
worktable by exactly one layer step height
in the Z axis. Extruded material lines are
fused together by mechanical pressure
and thermal energy of the moving hot
nozzle during printing.’! Processing vari-
ables such as nozzle temperature, nozzle
path, and speed, as well as worktable
temperature, are also adjustable by FDM
setups and are critical for printed part performance./°!

Typical FDM materials are common thermoplastic polymers
such as polylactic acid (PLA), acrylonitrile-butadiene-styrene
(ABS), and polyetherimide (PEI, Ultem). These are the most
representative examples targeting hobby and all-purpose mar-
kets as well as high-performance engineering parts.”°l How-
ever, for functional applications, the anisotropic mechanical
property caused by layer manufacturing is a typical drawback
and limitation of FDM-fabricated parts compared to conven-
tionally extruded and injection-molded objects.?!"!

Most popular FDM materials are amorphous (ABS, PEI,
acrylnitrile-styrene-acrylate-copolymers (ASA), polycarbonate).
Only a few semi-crystalline polymers with a low degree of crys-
tallinity (PLA and Nylon) are available as FDM filaments./11-14
Hence, there is a need for commodity semi-crystalline plastic
for FDM technology.

In this context, polypropylene (PP) is the most common semi-
crystalline thermoplastic polymer material used in consumer
and technical products. It features exceptional mechanical
properties, outstanding processability, high chemical resistance,
low density, and all this at reasonable costs. In addition, PP can
be readily modified for various applications.’”! These modifi-
cations can be performed by copolymerization with ethylene,
as well as by compounding with additives and fillers."!
Polypropylene-ethylene random copolymers (raco PP) play an
important role in applications such as film and rigid packing.!”)
The advantages of raco PP are improved transparency, rela-
tive softness, and better impact strength at lower temperatures
due to lower degree of crystallinity caused by the ethylene
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units, which also makes it promising for FDM processing.'®!
Only a few research studies have focused on FDM with PP
since semi-crystalline polymers such as PP exhibit high volu-
metric shrinkage upon cooling, resulting in poor printing and
large warp deformation. This warping of semi-crystalline FDM
printed parts is always observed but it is less significant and
more tolerable with the use of amorphous materials.[1920]

For the development of FDM feedstock materials, the neat
polymers were compounded and processed using standard
single-screw filament extrusion lines.?'?°) The use of such
lines requires considerable time and at least 1 kg material for
an extrusion process optimization to achieve satisfying filament
quality for further FDM printing. For instance, Carneiro et al.
used a glass fiber reinforced standard injection molding grade
of isotactic PP (iPP) as a filament for FDM.?4l Hertle et al. also
used iPP while studying the influences of FDM processing con-
ditions on printed part mechanical properties.*® M. Spoerk
et al. used a PP copolymer for filament extrusion and added dif-
ferent types of fillers.?>?7-%] In these studies, they investigated
the dimensional stability and volumetric shrinkage of printed
parts bonded to the build surface. However, the mechanical
properties of investigated materials were determined directly
on filaments and no interlayer bonding studies were included.
Another author evaluated mechanical properties by directly
using a printed test specimen, which is, however, affected by the
anisotropic properties of the printed part.? In a study by Gray-
bill et al., a free-standing square tube was used for the evaluation
of interlayer bonding quality.*!! Here the test specimens were
manually cut out of a printed side wall and the required material
amount was significantly reduced by printing this geometry.

Until now, there has been no effective FDM material
screening method for new semi-crystalline polymers or com-
pounds combining material processing and the evaluation of
part performance, such as warping and interlayer bonding.

The scope of this work is to develop a processing method
requiring small amounts of a polymer in combination with
a printed thin-wall geometry for FDM material screening. To
realize this, a small amount of polymer (from 10 to 50 g) is
compounded and injection-molded into short filament rods
instead of extruding a continuous, endless filament. To dem-
onstrate the advantages of this method, different types of semi-
crystalline polypropylenes were employed. Furthermore, a
printed square tube geometry was developed to investigate the
FDM performance as a function of polymer type, material com-
position, and printing parameters. This geometry is based on a
free-standing, open, square tube with cubic dimensions, con-
sisting of only a single-line stack. The printability and printed
part performance, such as warp deformation and interlayer
bonding, were evaluated. By applying this method, material,
time, and cost are minimized for screening and developing
new FDM materials in the early stage.

2. Experimental Section

2.1. Materials

In this work, two commercial continuous PP filaments serve
as a reference: from Reprap Germany (denoted PP filament 1),
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and from Popbit, China (denoted PP filament 2). The other
three PP types were supplied as a fine powder or pellets:
iPP Pro-fax PH350 (density at 23 °C): 0.90 g cm™, melt flow
rate (230 °C/2.16 kg) 3.5 g/10 min®? (denoted iPP) from
LyondellBasell, USA; RF365MO a polypropylene/ethylene
random copolymer (density at 23 °C): 0.905 g cm™, melt flow
rate (230 °C/2.16 kg) 20.0 g/10 min®*! (raco PP 1), and RD208CF
(density at 23 °C): 0.90 g cm™3, melt flow rate (230 °C/2.16 kg)
8.0 g/10 min®* (raco PP 2) from Borealis, Austria. In addition,
ABS, a commonly used FDM continuous filament material
(tradename: smartABS) from Orbi-tech, Germany, was also
printed as a reference.

2.2. Lab-Scale Rod Processing

The feedstock materials for FDM were compounded and
injection-molded into short rods. The compounding step ena-
bles the development of new feedstock materials involving
compounds with other polymers, additives, and fillers. PP
fine powder or pellets were each compounded for 5 min
under nitrogen atmosphere in a co-rotating twin-screw micro-
compounder (DSM Xplore, 15 mL) at a rotational speed of
40 rpm and a temperature of 240 °C. This compounding step
results in a homogenous polymer melt for the injection molding
step. The melt was discharged and filled directly into the barrel
of a DSM injection molding machine and injected into a metal
mold containing a Teflon tube (length: 140 mm, outer diam-
eter: 4.0 mm, inner diameter: 3.0 mm). Thus, the final dimen-
sion of the injected rods is very precisely controlled by the tube
dimensions. The melt temperature was set to 235 °C, the mold
temperature to 23 °C, and the injection/holding pressure was
6 bar for 5 s. The Teflon tube was removed from the mold
and a new tube was inserted for the next injection cycle. After
removing the Teflon tube by cutting, both ends of the rods were
cut with a rotary microtomte (RM2255 from Leica Co.) with a
step length of 25 um to obtain flat cross sections linking indi-
vidual rods without a gap. Each polymer filament rod is around
135 to 140 mm long and weighs around 0.85 g.

2.3. FDM Printer and Geometry Design

The FDM 3D printer used in this study is a desktop twin-nozzle
(nozzle diameter: 400 um) FDM printer (3NTR A4, Italia). In
order to use the rods for printing, the filament supply system
was modified by aligning the feeding tube vertically.

The 3D digital model of the geometry to be printed was
first designed (Autodesk Inventor 2014) and additionally
sliced (Slic3r) into digital layers. This geometry is designed as
a free-standing square tube (5 cm x 5 cm in size) consisting
of only a single-material stack with a line thickness of around
600 um. This means that, within each layer, the nozzle moves
one square path and extrudes a single material line. For the
printing process, the printing bed material was either an epoxy
resin hole-plate or glass (see Table 1); on top of the bed, two
thin layers of the same material were printed. Six rods were
necessary to print one square tube requiring less than 10 g of
material for one run.
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Table 1. Optimized printing variables for investigated iPP, raco PPs,
and ABS.

iPProd  raco raco PP1 PP2 ABS
PP 1rod PP2rod filament filament filament

Nozzle temperature [°C] 240 250 250 250 250 260

Parameter

Bed temperature [°C] 120 120 120 120 120 120
Printing speed [mm s7'] 15 15 15 15 15 15
Layer height [um] 250 250 250 250 250 250
Fan speed [%] 100 100 100 100 25 100

Printing bed material epoxide resin hole-plate

2.4. Pre-Optimization of PP FDM Processing

To achieve dimensionally stable and defect-free FDM printed
parts, each FDM procedure has to be optimized regarding
processing variables, such as extruder and bed temperature,
printing and cooling fan speed, for any particular feedstock
material. The printed geometry for this pre-optimization was
also a square tube and the criteria for optimization were less
warp deformation and better part finishing using a visual quali-
tative evaluation. Over the course of a series of printing runs,
the most important processing variables, such as nozzle tem-
perature and cooling fan speed, were optimized (Table 1).

2.5. Warp Deformation Measurement

Warping of the side walls is defined by the distance dyarp
between the maximum deformation of a printed square tube
and the non-deformation contour of an ideally shaped square
tube (Figure 1). To mimic the ideal non-deformation contour, a
rigid flat plate was attached to the side wall as a reference. The
distance between the deformed surface and reference plate was
measured using a digital caliper (Mahr Digital Calipers 16 ES,
measuring range 150 mm, resolution 0.01 mm). Each side was
measured twice, resulting in eight different positions on the
side walls of each square tube.

2.6. Mechanical Testing

For mechanical testing, the square tubes were cut into four
side walls using a CO, laser cutter. In this work, five tensile
specimens were punched out (Coesfeld Material Test Inc.,
knife for tensile specimen DIN 54504 S3A) of each side wall
at angles of 90° and 0° to the layer deposition direction (X- and
Y-axis) and used to determine interlayer bonding and bulk
mechanical properties. Tensile tests were performed on an
Instron 5565 universal tester using a 1 kN load cell and pneu-
matic clamps. The thickness of the specimens was measured
with a digital micrometer (Mitutoyo 293-831, digimatic MDC
Lite) in the range of 600 to 650 um. The E-Moduli of all speci-
mens were investigated at a strain rate of 0.2 mm min~! and
calculated between 0.1% and 0.3% strain. Then a strain rate
of 2.0 mm min~! or 40.0 mm min~! was applied for 90° and
0° specimens, respectively. In addition, the surface roughness
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Figure 1. Definition of warp deformation as observed from the top view
of a printed square tube of raco PP 2 rod. The distance between the ideal
non-deformation square contour (black line) and the maximum deforma-
tion position of each side wall (white dashed line) was measured and
averaged for the reported geometric deformations, noted as dy ;.

of each side wall was determined with a stylus profilometer
(Veeco DEKTAK 150 profilometer) in combination with WYKO
Vision software to analyze the surface roughness data. The
surface profile height R, is defined as the 10 points average
distance between peaks (five highest points) and valleys (five
lowest points) of the surface profile measured along the layer
deposition direction (Z axis).?>3%l The thickness measured
with a digital micrometer (Mahr 16ES MOD. S225) is regarded
as overall thickness &,.,s of the fused material. The thickness
of the tensile specimens refers to the effective bonding thick-
ness S between the individual layers as shown in Figure 2b.
For 90° specimens, the difference between the measured thick-
ness and bonding thickness can be approximated by twice
the surface profile height: 2R, = 8,e0s — Oer, and hence the
mechanical properties were calculated using the specimen
cross section area A% = b (Speas — 2R.), where b = 4 mm is
the width of the test specimen. However, for 0° specimens, the
cross section A” is calculated by using the value of one profile
height R, t0 A” = b (8peas — R2).-

2.7. Thermal Analysis

Thermal analysis was conducted using a Mettler Toledo
DSC 2 STAR® system under nitrogen atmosphere ramping
from 25 to 250 °C at a heating/cooling rate of 10 K min~!,
The degree of crystallization of FDM printed samples was
determined by cutting a small piece out of the center area
from the side wall. Only the first heating curve was used for
the calculation of the degree of crystallization according to
Equation (1):
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90° specimen

0° specimen

|
|

Figure 2. a) Specimens (nominal tensile specimen dimensions according to DIN 53504-S3a standard) were punched out, resulting in two different
tensile specimens for evaluating the interlayer bonding quality (90° specimens, layer deposition direction (grey lines) perpendicular to tensile loading
direction) and the material intrinsic properties (0° specimens, layer deposition direction (grey lines) parallel to tensile loading direction). b) Illustration
of effective bonding thickness and measured thickness by utilizing a screw micrometer with a 90° specimen. Here the tensile load is applied directly

to the interlayer bonding area.

AH,,

X =
“” AH,,

1)

where AH,, is the measured melting enthalpy and AH,,,  is the
melting enthalpy of a 100% crystalline PP (207 ] g™!) as known
from literature.’!

3. Results and Discussion
3.1. Lab-Scale Feedstock Rod Processing

Figure 3 shows the entire processing sequence from raw mate-
rial to feedstock rods and their use as FDM printing material.
The main advantage of the presented method is seen in the fab-
rication of rods with a well-defined and reproducible geometry,
requiring only a small amount of raw material followed by the
printing process.

First, around 8.5 g raw material is compounded in a conical
mini mixer and then injection-molded into six individual rods.
Since the polymer melt is injected molded into a Teflon tube,
the rods exhibit a very uniform diameter. Figure 3 shows details

of four rods (raco PP 2). After removing the Teflon tubes, all the
rods were cut to a length of about 14 cm.

3.2. 3D Printing and Characterization

To use the rods in an FDM process, the filament supply system
was modified by turning the feeding tube vertically to achieve
a close connection without a gap among the individual rods.
This modification resulted in a constant, smooth, and contin-
uous transport of the individual rods into the printer. Thus, the
entire FDM printing process remains similar to printing a com-
mercial continuous FDM filament. Three different PP grades
were processed into rods (iPP rod, raco PP1 rod, and raco PP2
rod) and 3D printed. For comparison, commercial continuous
filaments (ABS filament, PP1 filament, and PP2 filament) were
also printed into square tubes via FDM.

The geometry of the square tube was chosen due to its sim-
plicity and small amount of material consumption. With this
thin-wall, single-layer geometry, the side wall warp deforma-
tion is greatly pronounced and allows the visualization and
quantitative evaluation using simple geometric measurements.

3.0 mm

Raw material Compounding

Injection molding  Filament rods

FDM processing

>

Figure 3. Sequence of the fabrication of rods for FDM material screening. The raw material is first compounded in a mini mixer and then injection-
molded into Teflon tubing, rendering individual filament rods. These are then fed into a FDM 3D printer and printed into square tubes.
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raco PP 2 rod

PP 2 filament

ABS filament

Figure 4. FDM printed square tube geometries of different polypropylene grades compared with amorphous ABS. PP exhibits significant warp deforma-

tion whereas ABS can be printed without visible warp deformation.

Additionally, tensile tests of specimens along and perpendicular
to the printing direction will provide direct information about
the layer bonding strength.

In Figure 4, images of FDM-printed square tubes are
depicted. Here, the extent of warp deformation is clearly visible,
with PP exhibiting pronounced warp deformation and ABS, a
common reference FDM filament material, being almost warp-
free. A quantitative analysis of the warping is listed in Figure 5.

Figure 1 depicts the side wall warp deformation from a top
view (raco PP 2 rod). The distance between the maximum defor-
mation point (white dashed line) and the ideal non-deformation
contour (black line) corresponds to the warp deformation value.
Two measurements were performed per side wall and the values
averaged for the reported geometric deformations, noted as dqp.

Figure 5 summarizes the measured averaged values of warp
deformation (dp) for all side walls. The iPP rod material with
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Figure 5. Warp deformation (d,,) and degree of crystallization
(measured by DSC) of different grades of PPs, raco PPs, and reference
filament ABS.
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the highest degree of crystallization and stiffness exhibits the
highest geometric deformation, followed by the different raco
PP grades. The improved printed part quality of the three inves-
tigated raco PPs can be attributed to their significantly lower
degree of crystallization. Warping is mainly governed by the
shrinkage-induced residual inner stress and primarily depends
on the elasticity modulus and linear shrinkage coefficient.®!
Thus, a lower E-modulus and reduced degree of crystalliza-
tion result in less part warping for semi-crystalline polymers.
Consequently, PP 2 filament with about 20% degree of crystal-
lization shows the least geometric deformation of all investi-
gated PP and raco PP grades. In summary, small lab-scale rod
manufacturing in combination with FDM printing into a single
layer square tube geometry offers a fast and efficient evalua-
tion of geometric warp deformation of new feedstock materials.
The data demonstrate that dy,,, correlates with the degree of
crystallization.

3.3. Mechanical Properties

A mechanical characterization of FDM parts requires a side
wall separation of the square tube into four single side wall
pieces, which was accomplished with a laser cutter (see Exp.
Part). Then a maximum of five dog bones as test specimens
(Figure 2a) were punched out from each of the four side walls
with angles of 90° and 0° to the layer deposition direction (X-
and Y-axis). For 90° specimens, the tensile loading direction is
perpendicular to the layer deposition direction and the load is
applied to the interlayer bonding area. For the 0° specimen, the
load is longitudinal to the deposited layers.

A thin wall, in combination with tensile specimens
punched in different directions, avoids the complexity of
contour and infill deposition techniques for producing dis-
crete FDM test specimens and thus permits the reliable
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Figure 6. a) Tensile curves of 90° specimens and b) 0° specimens of three different PP grades (PP 1 filament: solid line, PP 2 filament: dashed line,
raco PP 2 rod: dotted line) and images of failed dog bones (from raco PP 2 rod).

measurement of mechanical properties. However, when
calculating the mechanical properties, the true specimen
thicknesses for both 90° specimens and 0° specimens are
required. As shown in Figure 2b and defined in Section 2.6,
when calculating the mechanical properties of 90° speci-
mens, the effective bonding thickness is the measued thick-
ness minus twice the profile height R,. For 0° specimens, the
measured thickness minus one profile height was used for
the thickness calculation.

Mechanical characterization was conducted using three
selected square tubes printed from PP 1 filament, PP 2 filament,
and raco PP 2 rod showing the lowest geometric deformations
(dwarp, Figure 1). Figure 6 depicts representative strength—strain
curves of different PPs and Table 2 summarizes the details of
tensile testing.

Interlayer bonding is most critical for the toughness of an
FDM printed part and typically the printing direction causes
pronounced anisotropic behavior. In this work, the inter-
layer bonding quality is assessed by comparing the tensile
testing results of 90° and 0° specimens. All 90° specimens
in Table 2 show much lower elongation at break g, than
0° specimens, which is due to the poor adhesion of inter-
layers among the sequentially deposited layers. The image in
Figure 6a of tested 90° specimens shows a clear and even

Table 2. Tensile properties of PP 1 filament, PP 2 filament, and raco PP 2 rod as a function of

the layer deposition direction in FDM printed square tubes.

fracture among an interlayer in the center of specimen. The
raco PP 2 rod shows the highest bonding quality with an
elongation (g,) of around 36%. The PP 1 filament and PP 2
filament exhibit elongations at break (g,,) of around 10% and
12%, respectively, and hence inferior bonding performance.
The Young's moduli (E) of 90° specimens are around 10% to
20% lower than the 0° specimens. This is in agreement with
other studies of tensile specimens with different raster ori-
entation.>*’-3% In Figure 6b, two curves of typical strong and
tough properties of bulk PP are observable as the 0° speci-
mens consist of parallel-oriented fused ribbons along the
tensile loading direction. The two investigated raco PP mate-
rials show similar mechanical properties of 0° specimens
with a strain hardening effect due to molecular chain orien-
tation. Blended with a soft and incompatible PE component,
the PP 2 filament demonstrates a dramatically lower tensile
strength and ultimate strain due to phase separation.*’)
Compared with the smooth fracture surface of the 90° spec-
imen, the 0° specimen shows irregular failure of ribbons. As
a conclusion, punched specimens out of a square tube side
wall of 90° and 0° orientations to the printing direction offer
an alternative, efficient means to investigate the interlayer
bonding quality and mechanical properties of FDM filament
materials.

4. Conclusions

A new lab-scale feedstock rod processing

Material £ [MPap? o, [MPa)? G [MPa]? £, [%]%) method for. FDM material screening was pre-
PP 1 filament 90° 1028 (162)°) 18.9 (0.9) 18.9 (0.9) 9.5 (3.9) sented. This method allows feedstock rods to

be processed from a limited amount (from 10
PP 1 filament 0° 1073 (203) 28.4 (2.9) 415 (5.5) 405 (73) 10 50 g) of a newly developed material by using
PP 2 filament 90° 1050 (165) 10.5 (0.1) 10.5 (0.1) 12.0 (4.0) a mini compounder and an injection molding
PP 2 filament 0° 1267 (110) 16.1 (0.3) 16.7 (0.6) 1170 (80) machine. With the help of a Teflon tube as a
raco PP 2 rod 90° 828 (21) 239 (02) 239 (02) 35.9 (5.1) m(fldr the manufactured rods demonstrated

uniform diameters and were successfully
raco PP 2 rod 0° 900 (130) 27.3 (0.4) 343 (3.9) 1400 (20)

printed with an FDM printer. Three different

AYoung’s modulus; Y)strength at yield; 9strength at break; Yelongation at break; 9standard deviation in

parentheses.
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grades of PP were processed into PP FDM
rods and then compared with two commercial
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