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Summary

(AB) segmented copolymergombine in a unique way melt processinghich isimportant for
extrusionbased additive manufacturingAM), andthermally reversible network formatin based on
physical crosslinksTheobjective of this thesis is ttailor this type of copolymers regardig their
thermal, mechanical, and rheologigaloperties and toestablishstructure-property relation$ipsin
view of different extrusionbasedAM techniques preparation ofgradient materials and foaming
These copolymers are modifie towards amphiphilic (ABACkegmented copolymersby the
incorporaion of an additional hydrophilic segmenthis modification allow$o tune the swelling
behaviorin waterand the preparation of mechanical stable hydrogels and hydrogel gradianteew
of biofabrication both (ARand (ABAG}kegmented copolymer systems are of intereshgdrophobic

supporting materialeind hydrogels

(AB), segmented poly(ureasiloxane)copolymers

This part of the thesis focuses on tlsgnthesisand optimization of (AB» segmented poly(urea
siloxane)s regarding theihermal, mechanicaland rheological propertiesvith respect to extrusion
based AM techniquesThe copolymers are obtained by polyaddition of poly(dimethylsiloxane)
diamines (PDMS), acting as soft segmseand diisocyanats, forming the urea hard segmentThe
urea segments disassemble at elevated temperatures forming a processable melt. Upon, setfling
assembly of the urea units occuinsducingsolidificaion. Copolymerswith different propertieswere
obtainedby varying the PDMS segment length and the chemical structure dafifaxyanate Among

all testedureasegments unitsbased orl,6-hexamethylene diisocyanateere foundoptimalfor melt
processing The molecular weight and thubd melt viscositywas in additiontailored by adding a
monofunctionalreagentto match the requirements regarding melt viscosity and tengpere for the
applied extrusiorbased processing techniques.

The copolymer composed of the shortest PDMS diartiihe=1513g mol?) and 1,6-hexamethylene
diisocyanatewas utilizedfor extrusionbased AM Usingmelt electrowriting(MEW) uniform fiber
diameters below 2Qum wereachieved Accurate deposition and high stacking up to a building height
of 50 layerswere accomplishedThiscopolymer is a perfect candidate for MEW, even surpassing in
some points the benchmark material podgaprolactone). Processing soft, elastic materialfusad
deposition modelingFDM) is still challenging because soft filaments are not tranegaxtcurately
into the die. Tonevetthelessprint a soft, elasticopolymerg A i K | | 2 dzy 3 OPa, M@ R dzf dza
existing FDM setup was modified by improving the feeding systed2%\iC,a 5¢cm high, defecfree

square tube was fabricated, demonstrating for the first time the potential of the copolymeFLibt
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Summary

Usingtwo(AB)a SAYSY (i SR O02LR2f&YSNhR 6AGK | KaBEfitu®RETFSNBY
mechanical gadient mateial waspreparedfrom the melt. As a result, a mechanical gradient with a

total length of 70mm and a width of 1Gnm was obtained. Tibvariation ofthe Ydzy 3 Q& Y 2 Rdzf dza T
5 to 40MPawas measureavith non-destructive tensile tests

Several chemically ffierent (AB) segmented copolymers were investigated regarding their foam

forming ability. Utilizing apressureinduced batch foaming procesise copolymers form soft foams.

The foam properties depend strongly on the soft segment length and the chemicelwse of the

hard segment. Foamsith the hard segmenbased onl,6-hexamethylenaliisocyanateare stable By

varying temperature and pressureptimal processing parameters wedetermined: A pressure of

150bar and 40 °Care optimal parameterdor this copolymer The density was reduced by more than

70% and cell sizes arounduin were obtained. The compression moduli can be adjusted between

10kPa and 22@Pa.

Amphiphilic (ABAG,) segmented poly(ureasiloxane) copolymers combining hydrophobic ah
hydrophilic segments

The objective of the second past this thesisvas to design a versatile class of stable hydrogels based
on melt processable (ABACkegmented copolymers. Thacorporation of hydrophobic and
hydrophilicsegmentdn the same copolyer enables tuning of hydrogel properties while maintaining
melt processabilityThermally reversible physical crosslinks are providgdinby urea segments.

Thus ply(ureasiloxane)s with additional hydrophilic segmemtere synthesizedy combining in
addition to the hydrophobic PDMS component, diamines based on poly(ethygeel) (PEGYhese
amphiphilic (ABAG)segmented PDMB8EGcopolymers were characterizedith small angle Xay
scattering,transmission electron microscopyand other methodsThebest resultswith respect to
hydrogel formation were obtained usinga commercialPEGwith terminal poly(propylenexide)
diamine (Jeffamine) as hydrophilic segment$e hydrogel stability depends on the baiitratio of
the hydrophobic to hydrophilic coponent. Up to a Jeffamine content of 88.% stable hydrogels
with a water content of 54% were obtained

ThePDMSJeffamine opolymers with a Jeffamine conteof 8wt.% and 38wt.% were selected for
extrusionbased 3D printingThese copolymensossess suitablemelt viscosityat 130°C. Structures
with accurate stacking dfomogenous strandsere printed.The drying process of theseater swollen

3D constructs were irastigated by environmental scanning electron microscépyther ahydrogel
gradientwith a length of 5adnm was fabricatedThe gradient was characterized by measuring the
contact angle at searal spots along theaxis A change from 98.2° to 90.4° was deténed

demonstrating a continuously increasing hydrophilicity.
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Zusammenfassung

(AB) segmentierte Copolymere kombinieren aléganteWeisedie Verarbeitung aus der Schmelze
welche fur extrusiorsbasierte additive Fertigungverfahren(AM) wichtig ist, undeine thermisch
reversible Netzwerkbildundurchphysikalisch&/ernetzung Zel dieser Arbeit ist es, diese Copolymere
hinsichtlich ihrer thermischen, mechanischen und rheologischen Eigenschaften maf3zuschneidern und
StrukturEigenschaft8eziehungeraufzugellen. m Hinblick auf veschiedene extrusionsbasierte AM
Technikensowie fur dieHerstellung von Gradientenmaterialien und SchaamBese Copolymere
werden durch den Einbaweines zusétzlichen hydrophilen Segments zu amphiphilen (ABAC)
segmentierten Cpolymeren modifiziert. Diese Modifikation erméglicht diAnpassung des
Quellverhaltens in Wasser und die Herstellung von mechanisch stabilen Hydrogelen und
Hydrogelgradienten. Im Hinblick audie Biofabrkation sind sowohl (AR) als auch (ABAL)
segmentiete Copolymersysteme als hydrophobe Tragermaterialien und Hydrogelegra®em

Interesse.

(AB), segmentierte Poly(ureasiloxan) Copolymere

Dieser Teil der Arbeit konzentriert sich auf @gntheseund Optimierungvon (AB) segmentierten
Poly(reasiloxan)enhinsichtlich ihrer thermischen, mechanischen und rheologischen Eigenschaften
fur die Anwendung iextrusionsbasierte AM Techniken. Die Copolymere werden durch Polyaddition
von Poly(dimethylsiloxan)diaminen (PDM8glcheals Weichsegmenttungieren undDiisocyanate,

die die Harnstoffartsegmente bildenerhalten Die Harnstoffsegmentdisaggregieretei erhéhten
Temperaturen unter Bildung einer verarbeitbaren Schmélgéhrend desAbkihlers kommt es zu
Selbsassemblierungler Harnstoffeinheitendie ein Erstaren der Schmelzéewirkt. Copolymere mit
unterschiedlichen Eigenschaften wurden durch Variation der RB&nentlange und der
chemischen Struktur des Diisocyanaizielt Unter allen getesteterHarnstoffsegmenten wurden
Systeme basierend aufl,6-Hexamethylendiisocyanatals optimal fur die Schmelzverarbeitung
befunden. Das Molekulargewictturde zuséatzlich durch Zugabe eines monofunktionellen Reagenzes
hinsichtlich Schmelziskositat und Temperatur fur die angewandten extrusionsbasierten

Verarbeitungserfahrenangepasst
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Zusammenfassung

Das Copolymer, bestehend aus dem Zdsten PDM®iamin (M =1513gmol?) und 1,6-Hexa
methylendiisocyanatwurdein verschiedene\M Verfahreneingesetzt Unter Verwendung vomelt
electrowriting(MEW) wurden mheitliche Faserdurchmesser klein@0 um realisiert PraziseAblage
und hohe Stapelung bis zu eindbhe von 50 Schichten wurdegrzielt Dieses Copolymer ist ein
ausgezeichnetekandidat fur MEW und Ubertrifft in einigen Punkten sogar Radgprolacton) das als
Benchmark in der MEW Technik giie Verarbeitung weicher, elastischer Materialien mittels FDM
(Fused Deposition Modelipgst noch immer eine Herausforderung, da weiche Filamenieder
herkdmmlichen Technikicht prazisedurch die Duse geférdert werden kbnnen Um dennoch ein
weiches, elastisches Copolymer mit einem Elastizitatsmodulmuwr36é MPa drucken zu koénnen,
wurde der bestehende FDMufbau durchOptimierungdes Foérdersystems modifiziert. Bei 126
wurde ein 5cm hohe, fehlerfreig offener Quaer gedruckt waszum ersten Mal das Potenzial der
Copolymere fir FDM demonstriert

Unter Verwendung von zwei (ABegmentierten Copolymeremlie sich in ihrerElastizitatsmoduln
stark unterscheidenwurde aus derSchmelzesin Streifenmit einem longitudinalen mechanischen
Gradientenhergestellt. Erhalten wurde ein Gradient mit einer Gesamtlange vormn® und einer
Breite von 1amm. DiesekontinuierlicheAnderungdes Elastizitatsmoduls von 5 bis M®a wurde mit
zerstorungsfreien Zugversuchemittelt.

Mehrere chemisclverschiedengAB) segmentierte Copolymere wurden hinsichtlich ihFéthigkeit
Schaume zu bildenntersucht. Unter Verwendung einafruckinduzierten BateBchaumprozesses
bilden die Copolymere weiche Schaume. Die SchaumeigenscHhaiterenhauptsachlichvon der
Lange des Weichsegmenisad der chemischen Struktur des Hartsegments ab. Schaumeimeitn
Hartsegmenbasierend aufl,6-Hexamethylendiisocyanaind stabil. Durch Variation von Temperatur
und Druck wurdermuRerdem die/erarbatungsparamegr optimiert. Ein Druck von 15Bar und 40°C
sinddie bestenParameter fir dieses Copolymer. Die Dichte wurde um mehr als 70% reduziert und es
wurden Zellgrof3en um imrealisiert Die Komprasionsmodule kénnen zwischen BPa und 22GPa

eingestellt werden.

Amphiphile (ABAG)segmentierte Polyjreasiloxan) Copolymere mit einer Kombination von

hydrophoben und hydrophilen Segmenten

Derzweite Teil dieser Arbelieschaftigt sich mit der Synthese eirggrievon stabilen Hydrogelen auf
der Bais von schmelzverarbeitbaren (ABfs&gmentierten CopolymerenDer Einbau von
hydrophoben und hydrophilen Segmenten in ein und dasselbe Copolymer ermégli¢tindiellung

der Hydrogeleigenschaften unter Beibehaltung der Schmelzverarbeitbarkeit. Thermeersible

physikalische Netzwerkeerdenerneutdurch Harnstoffsegmenteealisiert.
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Zusammenfassung

Poly(reasiloxan)emit hydrophilen Segmentemwurden durch einpolymerisieren von Diamineuf
Basis von Poly(ethylenglykol) (PE@)satzlich zu denydrophobenPDMSKomponente erhalten.
Diese amphiphilen (ABAGEegmentierten PDM8EGCopolymere wurden mit Kleinwinkel
Rontgenstreuung, Transmissionselektronenmikroskopie waieren Methoden charakterisiert. Die
besten Ergebnissédeziiglich derHydrogelbildung wuten mit einem kommerziellen PEG mit
endstandiga Poly(propylenoxid)gruppe@leffamin) als hydrophig&eSegment erzielt. Die Hydrogel
stabilitat hangt vonEinbauerhaltnis der hydrophoben zur hydrophilen Komponente ab. Bis zu einem
Jeffamingehalt von 3&ew:% wurden stabile Hydrogele mit einem Wassergehalt von 54% erhalten.
PDMSJeffaminrCopolymere mit einem Jeffamingehalt voiis8w-% und 385ew:% wurden flr den
extrusionsbasierten 3Druckausgewahlt, da dies€opolymere eine geeignete Schmelzviskositit b
130°Caufweisen Hierbeiwurden Strukturen migleichmafigeStapelungron homogenea Strangen
gedruckt. Der Trocknungsprozes®n in Wassergequollenen 3EStrukturen wurde mittels
environmental scanning electron microscopyersucht.Zudemwurde einHydrogelgradienmit einer
Lange von 5énm hergestellund durch Kontaktwinkelmessungen a@hrerenPositionerentlang der
Achse charakterisiert. Es wurde eine Anderung von 98,2° auf 90,4° ermittelt, die eine kontinuierlich

zunehmende Hydrophilianzeigt
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1. Introduction

1.1. Thermoplastic elastomers

Synthetic plymers can be classified into four major groups: thermoplastics, thermosets, elastomers
and thermoplastic elastomers (TPEhermoplasticsare characterizedby their reversible thermal
processabilityand solubility in solventswed to their noncrosslinked natureHeating above the glass
transition temperatureTy of amorphous thermoplastics and beyond the melting temperatlixen
case of emi-crystalline thermoplastieresults in the formation ohomogenousprocessablenelts.!!!
Common examples arpolystyrene,polyamides, polyesters poly(ethylené), or poly(propylene.!
Thermosetsand elastomersare both covalery crosslinked polymer networkshich cannot be melt
processedor dissolved Thermosetsare highly crosslinked polymers with a high thermomechanical
stabilityanda high heat resistanc®©wed totheseproperties they are used as electrical insulators, in
a variety of car parts, coatingsnd sealing to namafew. Common examples are phenpepoxdes,

and unsaturated polyestefd.Hastomersare more looselychemicallycrosslinked polymenetworks
with long polymer chainbetween the crosslinking pointnd a glass transition temperatuf below
service temperatureThus theyare highly flexible andossessthe ability to be stretched and return to
their original shape after releasing the streSsich elastomers cannot be melt processed, however
they sweliin solventsElastomers are also known for their good resistance to abrasion and high impact
strength even at low temperatures. Belowy these materialsbecome brittle, yet above they are
flexible and due to thatare applicable in for example tiresealing ringselastic bands, andhedical
applicationssuch agubing and membranes Typical examples are natural rubber, silicone rubloer
poly(isopreng and poly(chloropreng based rubber&?® Thermoplastic elastomersombine the
properties of thermoplastipolymers and elastomes. They benefit from botlieaturessince theycan

be melt processed at elevated temperatures from solutionand can be stretched to a moderate
elongation while upon stress release theeturn to their original shap&® A physicaly crosslinled
network is responsible fothe thermoreversible nature while & below service temperatureesults

in rubber like propertied® In general, TPEsxhibit atwo-phase morphologywith thermoplastic
segmentgoften referred toashard segmentsheingchemicallycoupled to soft segments with glass
transition temperatures below service temperaturéhe materialproperties are based on the
comhbned properties of both phases. TPEs can be gmieed intoblock copolymersand graft
copolymers containing a hard, crystallisegment and a soft, amorphousatrix.®”! Suchcopolymers
undergd microphase separation since immiscible segments are calalgonded within thepolymer
backbone® Common examples of TPEs are styrene block copolyPEsuch as styreneutadiene
styrenerubber (SBJ polyolefin TPEs, thermoplastic copolyesttastomers polyether block amide

elagomers, and thermoplastic elastomers based on polyurethafés



Introduction

In Figurel.1l a multi-block copolymer based TPE, more preciselfAB) segmentedTPEjs shown
schematically, illustrating the phase separation of the amorphous reatrix and the aggregated
crystalline hard phaseacting as physical crosslinkhie hardphase of (AB)segmented TPEs, such as
polyurethanes, exhibit a melting point well above service temperatirease 05BSype TPESs thd,

of the hard polystyrene phase determines the upper service temperature. The lower service
temperature of TPEs @given by the glass transition temperature of the amorphous soft phase. These
characteristic temperatures of a TPE, highor Ty of the hard phase combined with a Ioly of the

soft matrix,determineon the one hand the thermal processability at elevatethperatures and on

the other handprovidethe elastic properties at service temperatu?é!

Amorphous matrix
(Soft segment

Crystallinedlomains
(Hardsegmenj

Thermoplastic elastomer

Figurel.1l: Schematic illustration ofniermoplastic elastomerbased on (AR)segmented copolymersompose of discrete
crystalline hard segmentgred) and amorphousoft segments(black) being covalently connected withihe polymer
backboneDue to their immiscibility they undergo phase separation while the crystalline domains act as physical crosslinks.

The physical and chemical properties of TPEs can be tailored by varying the raticoft tred hard
segmentdy chaning thechain lengthof the soft segmenor chemical structuref the hard segment
The combination of thesghasesdeterminesthe specfic material properties. Next to the upper service
temperature the hard segmeaninfluenceas multiple crosslinking points mairtlye tensilestrength
While the soft segment is maintgsponsible for the elastic properties and flexibility of the material as
well as the lower service temperatul&® The(AB) segmenteccopolymerswith alternating sequences
of saft andhard segmentunitsare tailored tomicrophase separate owed the incompatibility of the
two segments of the soft segment matrix and hard segment domé&insigurel.2 the modulusof
typical TPEs as a function of the temperature is shd@ahow theTg of the soft segment, being equal
to the lower service temperaturéhe material is brittle and stiff, while above thg it shows elastic
characteristics. The modulusmainsat a plateau until reaching the melting temperaturegrof the
hard segments. At that point the elastic material turns into a viscous aedt the modulus

decreased
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Figurel.2: Thermomechanical behavior of TPEs is described by the materials stiffness in dependency of the temperature.
Below theTg of the soft segment the materials appear brittle, while above they are elastic Bip @0 Ty of the hard segment.

Above that transition a viscous melt is obtained and the moduli decrease. The service temperature of TPEs is defined as the
temperature range betweefly of the soft segment and th@, or Ty of the hard segment. [#apted and printedwith
permissiorfrom [8; © 2014 William Andrew Publishihg

The general synthesis AB) segmented TPEsdarried out ina stepgrowth polymerization. To obtain
a high degree of polymerization stoichiometric ratios of the monomers are neceasargll as a high
conversiorsince the degree of polymerization increasgésadily throughout the whole reaction time
Two main routes to synthesize (ABggmented copolymers are used iretature: onestep and twe
step/prepolymetrroute. Theone-step routeis based on a polymerization by adding all components at
the beginningof the reactionwhile the prepolymerroute primarily includes the synthesis af
prepolymerwhich iscoupled by alsain extender in a second step to increase the molecular wéight.
Thermoplastic elastomers can be processed by common meatepring techniques like extrusion and
injection molding. However, there are multiple parameters to be consideréarbenelt processing a
material, such amelt viscosity, melt flowand solidification behavioupon cooling Specifically, the
melt viscosiy of a materiahas alargeimpact on processingdf it is too highthe melt flowis reduced
or even stoppedandblocksthe setup.The meltviscosity of polymers can lefluenced by the applied
shear rategand temperatureT. Yet the temperature cannotebincreased infinitely to reduce the melt
viscosity owed tathe limited thermal stability of polymersNeither the applied shear rate since
increasing back pressure can ariskee molewlar weight of a polymer is the main factor of the melt
viscosity At bw molecular weight the zero shear viscogityincreases proportionally with the weight
average molecular weigi\, but at a critical molecular weigiMciica, When the polymer chains start
to entangle the dependency becomes steeper with- M3# (Figure1.3).2% Meaning with decreasing

the molecular weight of a polymer the melt viscosity decreases.
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Figurel.3: Effect of molecular weght on shear viscosity. Zero shear viscositys proportional to the molecular weight up
to a critical molecular weightlitica, When chain entanglements occur. From that point the viscosity increases steeper with
ho ~M34, [Adaptedand printedwith permissiorfrom [19; © 2013 Springdr

The degree of polymerizatiod® of AABBtype copolymersn case of acompletelystoichiometric
polymerization (=1) depends only on the conversignand is given by thenodified and simplified

Carothers equatioms shown irequation(1.1):*4

8 — (1.2)

Tailoring the molecular weight of a polymand consequentlyhe melt viscosity caive achieved in
different wayssuch asby stopping the polymerization at given conversiormor by inducing an
imbalance of the educts by adding one reactant in exdassher, a redudion of themolecular weight
can be achievethy adding a certain ament of a monofunctional reagertb the reaction mixture
Changing the stoichiometric ratio of the functional groups of a gpepvth polymerization, the
relationship between the degree of polymerizatian and the reaction conversiovan be quantified
by the Carothers equation (equatiofi.2)):[1%14
O

ppO—cD (1.2)
If a monofunctional reagent is used to tailor the molecular weight stiaéchiometric ratior isdefined
asgivenin equation(1.3).4

0 ——— (1.3)

With Na beingthe number of A functional groupsls the number of B functional groups aml ¢he
number of functional groups of the monofunctional reag€fte factor 2akes into account that each
monofunctional reagent is equally as effective as one excess of difunctional B monomer in reducing
the molecular weightt®t!]

Applyingthis theoryfor the polyaddition of (AB)segmentedcopolymerghe molecular weight can be
reduced andthe melt viscosity can be tailored in order &mlopt to the selectedmelt processing

techniques.
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1.2. Additive manufacturing

A wide range of polymers apesented in the literature forming fibers dhe micro-and nanometer
scale whichhave multiple outstanding properties including a high surface area to volume ratio and
flexibility of surface functionalitiesThesefeatures makethem ideal for many applications such as
biomedical materials, tissue engineering, filtration, membranes, catafysisoptical electronic8%
One widely used method to fabricate such mi¢nanoscale fibers is electrospinninglowever, the
fiber formation and deposition using electrospinnindyigicallychaotic and not controlled.

Since there is a tremendous demand on 3D structusesg single fiber depositioon different length
scales ranging from nanap to the centimeter scalghe research field around additive manufacturing
increase rapidly in the last yearg\dditive manufacturing (AM) describes techniguehich build 3D
constructs in a directed laydsy-layer material deposition process using compea@ted desigrdata
(CAD) without the need for molds or machinig® This is achieved by adding, bonding or modifying
materials in single layert was first introduced in the 198Gmd the research field has grown in the
last decade due to the possibility to produce complex objects witkativelyshort time %21 A huge
advantage of AM is that it enables a decentralized fabrication of customipellictson demandwith
high reproducibility and low costsin comparison to conventional subtractive or formative
technologies, AM approaches can save raw material andnmizei waste during the process by
avoiding additional cutting and shaping sté{¥$¥ Yet the throughput is comparatively low for AM in
contrast topolymermass productiorsuch as injection molding\M finds several applications in the
fields of medicine, in tissue engineering and also in the automatiak aerospacéndustry only to
name fewl?’2 AM includesmultiple techniques which are summarized Figurel.4. AM can be
classified into six major processes differing in theay of material deposition and curinyat
polymerizationis based on liquidbhotosensitivepolymers which are selectively cured by light
activated polymerizatiofultraviolet light or laser)One example aguch aechnique is referred to as
stereolithography (SLAyhich was first investigated by Kodama in 1#81Material jetting deposits
single droplets of a building material. 3Djects fabricated by inkjet printing belong to this category
for instance. Furthebinder jettingis an AM technique depositing a liquid bonding agent to fuse
powdered materiak. Powder bed fusioalso referred to aselective laser sintering (SW#)ichwas
introduced and patented by Deckard in 1989It is based ora powder bedvhichis selectively fused
by thermal energyprovided bya laser or an electron beam. Fusing single sheets of a material together
to form a 3D object is callesheet laminationAnother importantAM technique is based amaterial
extrusionwhere a material is selectively extruded througheatednozzle and depsited.Controlling
the movement of the printing head and the collector plate allows a distinct deposition of the extruded
molten polymer jet imapredefined patternThis AM techniqueomprisegmelt electrowriting (MEW),

fused deposition modeling (FDMhd extrusionbased 3D printing'®*”24Within this thesis the focus
5
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is on material extrusio®M basedtechniques A wide range of polymers including thermoplastics,
thermosets, elastomers, hydrogels, functa@mpolymers, polymer blengdand biological systems have
been used for diversAM techniqued!” Each technique has its advantageous and disadvantageous

like limitations in resolutionprinting, and fabrication speed andiscosity range only to name few.

Additive manufacturing (AM)

[ [ [ [ |
Vat Photo Material Binder Material Powder Sheet
polymerization Jetting Jetting Extrusion Bed Fusion )| Lamination

Stereolithography : L
[ (SLA) ][ Inkjet Printing ]

Melt Electrowriting
(MEW)

Selective laser
sintering (SLS)

Extrusionbased 3D
Printing

Figurel.4: Classification of additive manufacturing metho@®pending on material deposition, fusiceind curing of the
material it can be distinguished between six major techniques which are given with respective examples. The red highlighted
methods are utilized within this thesig]

Fused Deposition
Modelling (FDM)

Melt electrowriting(MEW) is aelativelynew AM techniqueoriginating from melt electrospinning. In
contrast to electrospinning MEW lgsed on electrohydrodynamic stabilization of a molten polymer
jet to fabricate defined3D structures.A polymer is molten whin a syringe and by applying a gas
pressure it is extruded throughreeedle tip. Ahigh voltageapplied between tip and collector stabilizes

the molten jet while by adjusting the collector speed the fibers can be deposited in a controlled manner
while moving the printing headFiber diameter®n the micrometerscalecan be fabricatedgince the

fiber jet is additionally thinned by the applied electrical fielthe final fiber diameter and placement
depends on material properties, such as the melt viscdsitycan also be influenced by the intensity

of the applied voltage, temperature, and applied pressure which is correlated to the flow rate.

Fused deposition modelingDM)resultsin more macroscopic objects acentimeter scaleTherefor
larger amounts ofaw material are necessary thdor MEW.FDM was first introduced in 1992 by
Stratasyd!® This filamentased method is widely usemved toits costefficiency,simplicity, and
reproducibility?° A filament is transferred taliquefier and a heated nozzle. Moving the printing head

in a distinct manner a predesigned object is generated by depositing the extruded polymer jet on a
base plate Qitical parameters during processing such as nozzle temperature, gradispeed as well

as worktable temperature need to be adjusted in regard for the printed part performamce
quality.2%

Extrusionbased 3D printings also based on a molten polymer beingragied through a nozzle tip.

Yet no high voltage is applied as used for MEW. Solely by applying a pneumatic pressure on the melt
it is extruded though the tipvhich mainly determines the fiber diametdavioving the printing head in

x-, y-,and zdirection ddined 3D objects can be generateBetailed introduction of the additive

manufacturing techniques utilized within this thesis will be given in the respective chapters.
6
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1.3. Hydrogels

Biomaterials applied in theiomedical fieldd 2 @S NJ | 6 NP I Rrange DegeAdhg onYh2iR dzf dza
toughness: YR |, 2dzy3Q& Y2 RdzZ dzaz ( KS &3kPaY38 softizbraet lehsés RS NXY |
(0.2¢ 1.5MPa)!?® wound dressing (0.§ 25 MPa)[?"28 orthopedic implants (& 300 GPa)?* silicone

gekilled breast implant shells @12MPa)i* and catheter (0.4 300MPa}**? only to name few

(Figurel.5) 3334

. 2 dzy 3 W3
Modulus

|||||ITI'| ||||I1TI| ||||I1TI'| ||||||IT| |||||I'I'I'| |||||rI'I'| |||||I'I'I'| ||||I'ITI'| |||||I'IT|'

10° 10”102 102 10" 10° 10" 10% 10°® 10* 10° Pg
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breast implants, wound dressing ef@daptedand printedwith permissiorfrom [33; © 2016 Elsevigr

Hydrogels are wateswollen 3dimensional crosslinked hydrophilic polymer networks with properties
similar to soft biological tissué¥! They find broad applications in the biomedical field and as
biomaterials and are of great interest due to a large number of unique physicochemical properties,
suchas waterretention ability, drug loading capacity, biocompatibility, biostability but also in some
cases biodegradability. Next to these features they also have drawbacks owing to their high water
content which may limit their application range. This iles an extremely weak and fragile behavior,
making it difficult to handle these materidf=* To overcome these drawbacks in the last years the
demand for synthetic biocompatible hydrogels with adjustable mechanical strength increased. Not
only an easy synthesis but alprocessability are preferential requirements of hydrogels. Tailored
mechanical properties including a combination of stiffness, strength, fatigue resistance, damping, self
healing, and high toughness are demand@d® In contrast, biological materials can have robust
mechanical properties in the hydrated state, such as rubier proteins which can be strained to a
certain degree without rupturé*’

To matchthe properties ofnatural tissue synthetic hydrogels based on eitheovalentor physical
crosslinking are investigated®! Chemically crosslinked hydrogetse commonly based on
photochemistry, click chemistry, or thermal crosslinking these include for exadapilele-network
hydrogels, and tetrgoly(ethylene glycolbased hydrogels. Applying double netwdtk&and sliding

crosslinkerg? results incomplexarchitectureswith interesing properties Chemically crosslinked

7
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hydrogels are not able to show séiéaling after thecrosslinked network is damagedannot be
thermally processed after crosslinkirand may contaimoxic residuals of initiators anchtalystsTheir
advantage is &igh mechanical strengtiABAsystemsblockcopolymerswith physical crosslinkand
(AB) segmented copolymers belong tthe class ofphysicadly crosslinked hydrogelsThese
supramolecular hydrogels are based on reversible,-cmralent crosslinksormed by hydrogen
bonding, p-p-stacking, metaligand interactions or hydrophobic interactions. These have the
capabilityof selfhealing after thenetworkisdamaged Alsoa shape memory effect can be introduced
by an external stimulusuch as temperature or pH chandédoreover,due to the physical crosslinks
multiple processing techniqudsom solution and the melsuch as solution castingplution and melt
electrospinning, compression moldirigjection moldingand extrusiorbased ® printing techniques
can be utilized.

Hence the fabrication ophysically crosslinketlydrogels with tunable swelling properties and gel
stability mdching the performance of naturatissue becore more and more interesting for
applications in the biomedal field and for biofabrication. Therefore, three main requirementsst

be metincluding biocompatibility, adjustment of the hydrogel propertiesid an easy adaptable
processindg® The first requirement is addressedby applying poly(ethylenglycol) (PEG) based
hydrogels. Next to that polysiloxanes gained importance in the medical field, finding wide applications
in surgical implants and medical devices such as cardiac pacemakérartificial cardiac valvetie

to their transparency and high oxygen permeabififyCombining hydrophobic PDMS with hydrophilic
PES in (ABAQ, segmented copolymerss a promising approach for biomaterials and medical
applications especially in regard of the biocompatibility of both mateliaf¢.Such materials cabe
utiized in many blood contacting applications due to their biocompatibility and water

permeabilityl47:48l



2.  Objectiveand motivation

Additive manufacturing by icected layerby-layer filamentdeposition isgaining more and more
interest owed to tle ease of fabricating compl&bDobjects.3D printing from themelt andfabricating
3D constructswith hydrophobi¢ hydrophilicor amphiphilc properties is ofyreatinterestin the 3D
printing area,in particularin biofabricationas biocompatible, nowlegradable supporting structures.
Hence there is ademandfor melt processablgolymerswith adjustable mechanicand thermal
propertiesas well ashydrophobic and hydrophilic charactatilizingthe advantageous aéxtrusion
based additive manufacturing. Furthermorsych materials are of interest fdhe fabrication of
gradient materials angolymerfoams

The objective of this thesis igo synthesizeand tailor (AB) segmented copolypers regarding their
mechanical, rheologicaland hydrophilic properties and to reveal structurgroperty relations
Different extrusionbasedadditive manufacturing techniquesill be appliedo fabricaie 3D constructs
from the melt Therefore, the melt pperties of the polymers have to lmptimizedwith respect to
the applied processing technique.

Thisthesis is divided into twanain parts, the first onefocuseson (AB) segmentedcopolymers with
hydrophobicsegmentswhereasthe second onaleals withamphiphilic(AB) segmentedcopolymers
combining hydrophobic and hydrophilic segmeiitse centralstructural motif of both hydrophobic
and amphiphilicopolymersis based on poly(ureailoxane$ with poly(dimethylsiloxanelPDMS}¥oft
and urea hard segment$dydrogen bonded urea hard segments act @sy/sical crosslirkkwhich
disassemblaipon heating and r@ssemble upon coolingroviding thermoreversibilityFigure2.1).
PDMS soft segmesitin return provide the elastic propertiesof the material By @timizing the
mechanical and thermal propertiegnd particularly the melt viscosity, anaterial platform for

extrusionbasedmelt processinggradient fabrication and foam formaticshould beaccessible.

_E[ Ureahard PDMS soft
segment segment
Heating
Cooling
Room temperature Polymer melt

Figure2.1: Schematic illustration of the thermoreversible nature of (A®)gmented poly(ureailoxane)copolymers PDMS
(black lines) astas soft segment while at room temperaturelidnded urea units (red bars) form physical crosslimkgch
disaggregate upon heatin@he mechanical, rheological, and thermal properties wikdjeistedby varying the PDMS chain
length and the chemical struate of the hard segment.



Objective and motivation

(AB), segmented poly(uressiloxane)copolymers

Synthesis:Series of (AB) segmented poly(ureailoxane) copolymes shall be synthesized and
characterizedo obtaina copolymerplatform with a broad spectrum ofroperties Variationscanbe
realized bychanginghe length of the PDMS soft segment and the chemicaksare of the urea hard
segment Diisocyanates containing linear, aliphatiycloaliphaticand aromatic structural units are
selected and their influence on ¢hmaterial properties will beexplored Most important is the
optimization ofthe melt viscosityn view of therespective applied processing techniques
Extrusiorbased additive manufacturing=rom the pool of (AB) segmented poly(ureailoxane)s
suitabde candidateshallbe selected for the fabrication @D constuctswith different resolutiorsand

on differentlength scalesMelt electrowriting (MEWwiIll be explored for the first timavith poly(urea
siloxane)s3D structures with accurate fibeleposition and homogenous fiber diameters belowm20

are targeted Furthermore fused deposition modeling-DM)shall be tested as processitechnique.
Sable 3D objects on the ciscaleshould be preparedbllowed by a characterizatioparticularly with
respect tolayerbonding and warping.

Gradient materialsGradientsare known from naturesuch agendons which mediate between soft
GAaadsS FyR aiGATF 02y Sa o0& @I NB MostnadiokcSpic gradieyt3 Q &
materials have beenprocessed from solutiorcontaining catalysts orinitiators followed by an
additional curing stepAsoutlined abovea series opoly(ureasiloxane)s witldifferent melt viscosities

will be available. Usingifferent materials macroscopic longitudinagradients with a continuously

@ NBEAYy3 , 2 dchyodddefabMcateddednditdenelt and mechanically characterized.
Foams:For biomedical applications not only bulk materials are of interest but alselalensity
materials such agoams Hence the synthesized(AB) segmented poly(ureailoxane)sshall be
investigatedalso concerningtheir foam forming ability. Sructure-property relationsof the foam
properties includingnorphology,cell size and distributiorfpam density and compression modulus
should be establishedrarying chemical structure, saturatidime, temperature and pressureof the

foaming process

Amphiphilic (ABAQ, segmented poly(uressiloxane) copolymers combining hydrophobic and
hydrophilic segments

Depending on their mechanical properties, hydrogels are used in different applications such as contact
lenses, implants, and wound dressing. So far physically cross(idsBgdegmenteccopolymershased

on hydrophilicpoly(ethylene glycolsoft segmens and urea hard segmentshow weak mechanical
hydrogel properties andventend to slowlydissolve in waterTheobjectiveof the secondmain part

of this thesigs to design a novellass ohydrogelswith fine-tunable hydrogel properties includiran

improved mechanicahydrogel stabilityand water uptake while maintainingnelt processabilityTo

10



Objective and motivation

achieve thisthe underlying concept of this thesis is to introduceecondhydrophilic soft segment in
the (AB) segmented poly(ureasiloxane) systemobtaining (ABAG) segmented amphiphilic
copolymers(Figure2.2).

Hydrophobic Hydrophilic
Ureahard PDMS soft stat Ureahard PEG soft
segment segment segment segment
n mlg

o Heating
) E_—
-—

Cooling

M
o

o aX ) )
% S, &

Rl

Swollen state Room temperature Polymer melt
O Water

Figure2.2: Schematic illustration of the concept (ABAG)segmentedamphiphilic, physically crosslinkedpolymerswhich
are melt processable arate designedo swell inwater while maintaiing mechanical stability

Synthesis, characterization and determination tofdrogel properties:Within the amphiphilic
copolymer system presented in this thesibe hydrophobidPDMS soft segment should stabilize and
improve the mechanical strength of the hydrogéldditionally as a new featurgthe hydrophilic
poly(ethyleneglycol)(PEG}oft segmenswill controlthe water uptake.Thethermoreversibilityof the
copolymerswill be maintained by physically crosslinked urea ufiike influence of an increasing chain
length of the hydrophilic soft segmeit combination withthe built-in ratio ofthe hydrophobicand
hydrophilic blocksvill be studiedregarding themelt processability andydrogel properties.
Byadjustingthe hydrophilicity of the amphiphilicopolymers andiue totheir biocompatible nature
such copolymers aralso of interest in biofabrication Fromthe synthesized copolymers suitable
candidatesshould be selected formelt extrusiorbased 3[Dprinting to fabricate 3Dconstructs.
Processing parameters such as pressure and velocity should be varied in view of printing quality and
the strand diameter. Additionally, the drying processof the water swollen 3D construct should be
investigated by environmental scanning electron microscopy (ES&iM)lar to thefabrication of
hydrophobicgradient materiad with continuously changing mechanical propert@sscribed inthe
previous chapterit is the aim to produce dydrogel gradienton the macroscopic scalith a
continuously variation of hydrophilicitglong the longitudinal axisTheexistence of such gradient

shouldbe provenby contact angle measungents.
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3.  (AB) segmentedpoly(ureasiloxane)copolymers

3.1. (AB) segmented copolymers

PolydimethylsiloxaneRDMS is one of the most widelysed component igilicone elastomeyowing

to its unique properties such agery low glass transition temperaturdyigh flexibility at low
temperatures, high oxidative and thermal stability UVtresistance, high surface tensionhigh
permeabilityto manygases)ow surface energyand hydrophobicity as well as biocompatibilify<>*

The latter makes this class of polymers very interedmgpplications in the biomedicareaandas
biomaterial Thus they are used as artificial blood vessels, catheters or other implants and-fouling
release coating8'? Linear PDMS behaves as a liquid abovegltss transition temperature
(Tg=-123°Q.5% At extremely high molecular weight- 500kgmol’) some solid like characteristics
existandcold flowis observed combined withery weak mechanical strengtft In order to obtain a
elastomer PDMS is generallgovalentlycrosslinkedand exhibits typicallywery low tensile strength
(0.2 ¢ 0.5MP4.*2 One approach to improve the mechanical strength uses small silica particles as filler
to reinforce the crosslinked silicone rubber. In additianimhprove the mechanical properties dDRIS

and make it suitable faother applications there ardifferent approaches.

The strength of silicone elastomeisimproved by incorporating rigidegmentsinto the backbone
which can beeither crystallineor amorphous withhigh melting othigh glasdransition temperatures
respectively TherebyAB ABAblock copolymersr (AB) segmented copolymeairchitectures with
PDMS as the soft segment were investigdtéefs>s! The composition antengthof the segments have

a significant influence on the materials properties. The rpadcessabilityis limited when two phase
melts occur resulting in extremely high viscosittéd.Yilgoret al.introduced for the first time in 1982

the synthesis and characterization (@B), segmented poly(ureailoxane)swvhich is based on a step
growth polyaddition reactior’! The PDMS soft segment provides a high flexibility and elasticity at
ambient conditions due to its low glass trétitn. Urea units are able to form hard segmenised to

the formation of the hydrogen bondwithin the PDMS soft matrjacting as physical crosslinks. These
prevent the material from flowing and determine thgper service temperature and mechanical
strengthof this kind othermoplastic elastomer§® The hydrogen bonding capacity has an enormous
effect on the morphology andnaterial properties. Quantum mechanical calculations indicated a
significantly stronger hydrogen bond energy between urea units (&Bol?) compared tchydrogen
bonded urethane groups (46.8Jmol?).*8 This is owed to the formation otronger bidentée
hydrogen bonding of the urea units, which results in a tougher material and improved mechanical
strength, whileurethane groups can only forntmydrogen bonds withmonodentate intermolecular

strength(Figure3.1).55%:60
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Figure3.1: Comparison of ydrogen bondingatterns inurea and urethane units Owved to the formation of bidente H-
bonding between urea units ansblelymonodentatehydrogen bonding interaction between urethane unite hydrogen
bonding strengthis higher for the urea systef#f!

Other parameterssuch asthe symmetry of the diisocyanate, the hard segmeontent and the
average length of the hard segments haakso amajor impacton the material propertie€
Yilgoretal. described a variety ofAB) segmentedpoly(ureasiloxane)s based od,4-dipheny}
methanediisocyanatautilizinga one step and a prepolymer approd@irhe mechanical behavior was
shown to be comparable to filled silicone elastomer systems and segmesiitechne containing
polyurethanesWith increasing molecular weight of the PDBEyymenta decreasing tensile strength
was observed resultinfjom the reduced amount of hard segment conteiihe elongation increases
with decreasing hard segment contéff. Small angle Xay scattering $AXBshowed that (AB)
segmented poly(ureailoxane)s undergo microphase separation owed to thgdalifference in the
solubility parametersd of the highly nonpolar PDMSd =15.5(Jcm®)%9) and the polar urea hard
segment(d =45.6(Jcm?)?9).526UThe microphase separation is in addition influenced by other factors
such aghe crystallization of the hard segmemnthe strength of the physical interaction, hard and soft
segment chain lengths and ratios in the copolyri@r.

Aside from thesdirst studies Yilgoret al. investigated AB) segmentedoly(ureasiloxane)s based on
aromatic toluenediisocyanateand cycloaliphatiet,4-methylenebis(cyclohexyisocyanate)°>53 Also

the molecular weight of the soft segment was gradually increased showing a decreasing mechanical
hysteresisand a dependency dhe hard segment concentration on the mechanical properig®!

They tirther showed that the lsoice of solvent is very important due to the great differences between
the solubility parameters of highly nonpolar PDMS and the highly polar urea hard segrgents.
Bhoxyethylether EEEandtetrahydrofuran THF both resulted irahomogeneous and clear solution
throughout the whole reactiomnd high yield$? Further the synthesis of poly(uresloxane)s based
on4,4-methylenebis(cyclohexyisocyanateran be conducted in isopropanoésulting inahigher hard
segment content and tensile strength abovePa® It was showa that isopropanol has a very low
reactivity towards the diisocyanate at room temperature, excluding side reactions and the formation
of chemically crosslinked biuret units. In general, the extend of side reactions is influenced by multiple

factors includng the diisocyanate chemical structure, reaction temperature, solveard
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(AB)n segmented copolymers

catalyst(5°6465poly(ureasiloxane)copolyners have abroadservice temperature range from the low

Ty of the PDMS segmesitip to the transition temperature when the hard segments disaggregate.

Riesst al.investigated the gelation behavior of differe(AB) segmentedooly(ureasiloxane)s iow
molecular weightsilicon fluids for applications1 cosmetic$5%¢8 Cyclosilicones are low molecular
weight silicon fluids which are widely used as ingredients in cosmetic formulatiomietail they
discussed the influence of the structure of the soft and the hard segment on the gelation belavior.
large number otopolymers with different types of hard segments and different molecular weights of
the soft segmentvere investigated Thesynthess is a onestep synthesis of #DMSdiamine and a
diisocyanatein THFat room temperature The molecular weight of the PDMiS&amine component
ranged from 80@ mol?* to 27000gmol* and five diisocyanates with varying chemical structure
ranging from linar, aliphatic tostericallyhindered and aromatidiisocyanateswere investigatedit

was shown that the molecular weight of ti{aB) segmentedpoly(ureasiloxane) is essential for the
gelation properties and that a certain amount of hard segments isessary for the thermoreversible
crosslinkingo obtain stablegels Toform siliconfluids into thermoreversible gels different amounts
of poly(ureasiloxane)s were added to the silicon solvent and heated until the polyrascompletely
dissolved. The gation was successful when the solution tathhard upon coolingand the system
does not flow anymoreRiest al. showed that the gel point depends strongly on the structure of the
poly(ureasiloxane) but can be influencedera wide temperature range. It increases with increasing
polymer content. Further the hard segment plays an essential role on the solubility behavior of the
polymer in the silicone fluid. Moreovét,was shown that the optical appearance is a major fafor

an applicationas a clear gelA certain concentration of the poly(uresloxane) is required to obtain
clear gels. Below that concentration heterogeneous networks are forooegisting of gel particles

and free solvent which leads to a turbithterial 6671

Longetal. introduced an isocyanate solvent and catalysffree synthetic route towards (AB)
segmented poly(ureailoxane)$®® In addition, theyimprovedthe thermomechanical properties of
these (AB) segmentedpoly(ureasiloxane)s by incorporatg anadditionaloxamide unitnext to the
urea unitl"® Such(AB), segmentedcopolymers based on PDMfamines with molecular weightsf

1800g mol* and 50@ g mol?! and4,4-methylenebis(cyclohexyisocyanatepre shown irFigure3.2.

o] H 0 /O/\O\ o) H (0]
Aoy o A
H § H H H H § H

n

~nnns Siloxane soft segment

Figure3.2: Chemical structure of poly(urea oxara)dAB) segmented copolymentroduced by Longt al.l’0
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(AB)n segmented copolymers

The improved thermomechanicalproperties are due to the pronouncethicrophase separated
morphology proven by SAXS aatbmic force microscopyAFM. AFM phase images revealed a
microphase separated morphology showing dark PDMS regions and lighter domains corresponding to
the hard segments. This morphology was found to differ from solely P@Xgi®ide based copolymers
which show a network of needliéke domains embedded in a matfiX. Yet these structures could not

be revealed byransmission electron microscopkurther dynamic mechanical thermal analysis and
tensile properties confirmed the increased thermomechanical properties owing toatititional
oxamide unit. ThgAB), segmentedcopolymers are assumed to show potential for adhesive and

biomedicalapplications’®

Next to (AB) segmented poly(ureailoxane)s there are also other research fields concentrating on
different types of poly(ureailoxane)s including ABgpe copolymers. Since these are not part of this
thesis only a short overview is given for completeness. Bouteilel studied ABAype polymers

based on PDMS and bisurea endgroups. They demonstrated the formation of rubbery solids at room
temperature owel to the hydrogen bonding of the urea units and their potential for tmel
processing’>’¥ ABAtype supramolecularcopolymers based m PDMS with urea units and
ureidopyrimidinone (UPy) functional end groups have been investigated by Botterhuis and coworkers
(Figure3.3).

O N H )oj\ ‘ (0] | j?\ H H N (o]
\/\/\/\ s ./\/\ /\/\/\/
x~_N. O O _N_~
H H
n =58, 342

Figure3.3: Chemical structure of AB#pe supramolecular polymer with urea andeidopyrimidinone (UPy) functional end
groupsinvestigated by Botterhuist al.[4]

They showed that the aggregation of the hydrogen bonding groups is due to the incompatibility of the
soft and hard segment and results anfibrillar morphologyproven by AFM With increasing PDMS
chain length they demonstrated a change in morphology ff@rous to spherical by atomic force
microscopy’4 Another research fiel based on poly(ureailoxane)sstudied by Li and coworkers
addresgsthe preparation of microspheres for cdyats, biosensor@nd drug carriers. They developed

a one-step precipitation polymerizationof isophoronediisocyanate andl,3-bis(3aminopropyl}
1,1,3,3tetramethyldisiloxanewithout the use of surfactants and initiatols! Poly(ureasiloxane)
microspheres with sizes ranging from 2|i@ to 7.11um were realted depending on the monomer

ratios and concentration as well as the solvent mixture r&gio.
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3.2. Synthesis and characterization ¢AB), segmentedpoly(ureasiloxane}p

Within this thesis series of (ABegmented poly(ureailoxane)s will be synthesized and characterized
to provide a copolymer platform with a broad spectrum of propertiesFigure 3.4 the schematic
illustration of sucha (AB) segmentedpoly(ureasiloxane)copolymeris show in the aggregated,
assembledorm at room temperature andh the disaggregateddisassemblegbolymer meltstate at
elevated temperaturesOwed to hydrogen bonding of the urea unf{shown ininsert), hard segment
domains arepresentat the service tempeaiture acting asnultiple crosslinking pointembedded in a
PDMSsoft matrix Upon heatingthey disaggregate and a homogenoigetropicmelt is observedThis
process is thermoreversihlepon cooling the hard segments-aggregatedriven by the formatiorof
hydrogen bond between the urea segment§ hese physical crosslinkdetermine the upper service
temperaturewhile the PDMS forms the soft matrizeing responsible for the elastic properties of the

materialwith a Ty well below room temperature

Softsegment
e~ < I/' T \‘
// \6/ , / 9H3 |
! [ I |Si 1
| N | R 'Tl H | "0 1
1 ONTON \N\(N 1| CHz |
1 \ nys
1 H\\ //H lo N— -
1 bo] // AN
X \
| H H | —
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' \'T‘*’T‘ NN &T
' H H I
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\
N S~ -
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Room temperature Polymer melt

Figure 3.4: Schematic illustration of thermoreversibility of AB) segmentedpoly(ureasiloxane)copolymer The urea units

are aggregate into discrete domainat room temperature, the so called hard segments (red bars), which are randomly
embedded into the soft PDMS matrix (black lines). Upon heating abavansition temperature the hard segments
disaggregate and the polymérms anisotropicmelt. Upon codhg the reverse behavidakes place

Within this thesisseries of(AB) segmentedpoly(ureasiloxane)copolymersare synthesized and
characterized concerning thermaheological mechanicgland morphological properties. ddeover,

the properties are deigned and tailoredor melt processingspecially in regard of a constant polymer
melt flowthroughnarrowcapillaies The material properties are tailored by changing the soft segment
chain length and the chemical structure of the hard segme&htee diferent chain length of PDMS
diamines will be used to study the influenoé an increasing soft matrixon the overall material
properties. A linear, aliphatic diisocyanate is uaschard segmerdand compared to @aymmetric and

an asymmetric cyohliphatic as well as an aromatiiisocyanate.The aggregation behavior upon

cooling and the influence on the mechanical properties will be investigated.
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Synthesis and characterization of (AB)n segmented poly{siteeane)s

3.2.1. Synthesis

(AB) segmented ply(ureasiloxane} are synthesized i a polyaddition reaction d?DMSdiamines
and diisocyanats at an equimolar ratioSeries offAB), segmentedpoly(ureasiloxane)copolymers
differing in their PDMS chain length and tbleemical structureof the diisocyanatere synthesized
aiming for materials with different mecharmicand thermal propertiesn view of melt processing
techniquesapplied in this thesissuch agnelt electrospnning, melt electrowriting, fused deposition
modeling and gradient fabricationThree commercial availablePDMSdiamines were used to
investigatethe influence of increasing soft segmeaantenton the material propertiesThe molecular
weights ranging from 151@mol* (x=18) to 2871gmol? (x=36) and 492& mol! (x=64) were
determined by potentiometric titration of the aminendgroups The detailed procedure is described
in the experimenal part (chapter5.2). In addition, the diisocyanate component is varied froime
linear,aliphaticl,6-hexamethylae diisocyanat§dHMD), tothe asymmetricgcycloaliphatidgsophorone
diisocyanatgIPD), the symmetric, cycloaliphatit,n -fethylenebis(cyclohexyikocyanaté (mbCHD),
and the aromatic diisocyanate toluene2,4-diisocyanate(2,4-TD). The general reaction is shown in
Scheme3.1. The synthesis was conducted under dry inert gas atmospeaeoid oxidation reactions
and to clude traces of water whicliould disturb thestoichiometry of thegpolyaddition. The reaction
of a diisocyanate with water leads primarily to the formation of the instable intermediate carbamic
acid which decomposes to an amine and carbon dioxide. A decreasiedularweightwould bethe
consequence. Th@AB) segmented copolymersiere synthesized in THF at room temperature for
2.5h. The completion of the reaction was proven by monitoring the absence of the diisocyanate signal
at 2270cnm! using FAIR spectroscopy. Unreacted isocysnéunctionalities could leatb undesired
chemical crosslinking and the formation of biuret unitheclearreaction solution was cast into a
Teflor? mold followed by evaporabn of THF Hastic and transparent filmsith a thickness of about

1 mmwereobtained only the aromatic poly(uresiloxane)s based on 2¥DI showda slightly yellow

color.

0 0
| oll
HoN Si IS T"ONH, ————— R l.oll
n oenonco t ™ /\/\bl i 2 THF,RT,25h NN N i SIIMH

X

R= S R= /‘iﬁ
1:x=18

2:x=36

3:x=64

1c -3¢ 1d - 3d

Scheme3.1: Synthesis ofAB) segmentedpoly(ureasiloxane)copolymersbased on three different PDM$8amines with
increasing chain length and four diisocyanatemmely 1,6-hexamethylene diisocyanatésophorone diisocyanaten =-n Q
methylene bis(cyclohexigocyanate)andtoluene2,4-diisocyanate
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Synthesis and characterization of (AB)n segmented poly{sitesane)s

Varying the PDM8iamine chain length and as a consequence the concentration of the hard segments
embedded in the soft matrix as well as the chemical structure of the hard segmdhtesultin a

different aggregation behaviand change the thermal anchechanical properties of the poly(urea

siloxane)s.

3.2.2. Characterization

The reaction progresswvas controlled by FIR spectroscopy The absence of the NC@bration
(2270 cm?) indicatingthe complete conversion of the diisocyanate whicimgortant to exclide any
further chemical crosslinkingrigure3.5 shows the FIR spectra of poly(uresiloxane)la and 3aas
well as the relevant vibrations assigned to the signalspoly(ureasiloxane)s showed a complete
reactionof the diisocyanateThe formation of the urea unit is verified by theHNstretching vibration
of the secondary amine at 33@d1* and the C=0 stretching vibration at 16&@%™. The &N stretching
vibrationis found at 1577 crhwhile the GH stretching vibration can be seen at about 226®*. The
characteristic symmetri€H bendingand SiO-Si stretching vibrations are found at 12%01* and
1000cm?, respectivelyWith increasing PDMS chain lendtbm 1ato 3athe intensity of the NH and

the C=Qvibrationsdecreases owing to thiwer ureacontent

_ | W /
S
@
N
- N-H C-H u
‘B
) C-N
e Cc=0
- 1a Si(CH3),
—3a Si-0-Si

4000 3500 3000 2500 2000 1500 1000
Wavenumber (cm™)

Figure3.5: FFIR spectra of poly(uresiloxane)laand3afilms with a thickness of abodtmmwere measired utilizing a ATR
unit. Signals are assigned to the respective vibratiddsence of the NC@brationat 2270cn?! prove the completeeaction
of the diisocyanateThe intensity of the M and C=Qibrationsdecreases with increasing PDMS chain lerfigim 1ato 3a
due to a dissolution of the urea units within the system.

Moreover, e strength of the hydrogen bondirggn be analyzed by #R. From literature it is known

that the N-H vibration isfound at 3450 cm and the C=0 vibration at690cm? for non-hydrogen

bonded urea unit§’® Hydrogen bonded systems afeund between 332 ¢ 3340 cm?* (un+) and

1615¢ 1650 cnv? (uc=9."® In Table3.1 the wavelength of the M4 and C=0 vibrations are giv&@room

temperaturefor all synthesized poly(uresiloxane)sAt the first glance it is obvious th#tey are all

hydrogen bondedThe stength of the hydrogen bonding can also be classified by the shift of the
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Synthesis and characterizatioh (@B)n segmented poly(uresloxane)s

wavenumber. The stronger the hydrogen bonding, the lower the waveleitid poly(uressiloxane)s
based on 1,6-hexamethylenealiisocyanate (HMD) show the strongest hydrogen bonding
(unn=3334cm? and uc-0=1625 cm?) and slightly increase with decreasing PDMS chain length. The
copolymers based oisophoronediisocyanatg|PD) andtoluene2,4-diisocyanatg?2,4-TD) show the
weakest hydrogen bondingowing to their steric hindrance. Thea Z-mefhylenebis(cyclohexyl
isocyanatg (mbCHDJI based poly(ureailoxane)s show slightly weaker hydrogen bonding than the

HMDI copolymers.

Table3.1: Wavelength of NH and C=0 vibrations determined byIRBivingan insight to the hydrogen bonding strength.
Theuc-ois between 1615 1650 cnr! and un.4 between 33D ¢ 3340 cnr! for hydrogen bonded units. The vibrations of free
hydrogen bonding units care assigned to 30 cnr! for unwand to 1690cn? for uc-o

Poly(ureasiloxane) (gr’:#) (gr(:'?)
_ 1a 3334 1625
S 2a 3335 1626
T 3a 3334 1627
_ 1b 3343 1628
2 2b 3339 1627
B 3b 3338 1628
a 1c 3330 1628
Q 2c 3334 1627
S 3c 3333 1628
= 1d 3329 1637
5 2d 3320 1637
o~ 3d 3333 1637

Poly(ureasiloxane)copolymersexhibit hydrogen bonded units actiras physicalcrosslinksat room
temperature and upon heating the ordered, aggregated suetturns into a disordered, nen
aggregatedorm. This behavior was provdry FFIR spectroscopgxemplarily forlaby temperature
dependent FIIR spectroscopysing a heating rate of Emin?t and an equilibration time of &in prior
to each measuremeniThe sample was heated to 170 and cooled to room temperaturéhe NH
and the carbonyl vibration shift to higher wavenumbers upon heating with decreasing intensity which
is due to weakening of the hydrogen bonding (apperfigureA-6.1). Upon cooling the reverse
behavior was observedlue to the formation of the urea units g§ppendix FigureA-6.2). The
wavenumbeiof the N-H and C=Oibrationsareshown in dependereof the temperature inFigure3.6.

It can be seen that upon heating the wavenumber of lgtH (A) and C=0 vibratio(B)shift to higher
values indicating the disaggregation of the hydrogen bonded urea udjten coolingthe reverse
behavior is observed with eetarding shift of the NH vibration owed to the kinetically controlled

processof hydrogen bonding®
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Synthesis and characterization of (AB)n segmented poly{sitesane)s
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Figure3.6: Temperature dependent FIR spectroscopgf poly(ureasiloxane)lashowingthe disaggregation of the ordered
hydrogen baded urea units upon heatin@rossesand the reverse behavior upon coolif@rcles). In grapfA)the N-H and
in graph(B) C=Ovibrationsshift towards higher wavenumbei@nd losing hydrogen bonding strengtipon heating Upon
cooling the urea unitaggregate again and the wavenumbers shift leenkds

In Figure3.7 the SEC curves of the poly(ursidoxane)sla, 2aand 3abased on HMDI are showihe
SEC experimentsare carried out utilizing THF thi 0.25wt.% tetrabutylammoniunbromide as
eluent. The other SEC curvesan be found in the appendicigureA-6.7). Amonomodalmolecula

weight distribution is observefbr all copolymers Thedispersityb with 1.5¢ 1.8is quite narrow for a

polyaddition
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Figure3.7: SEGhromatogramf poly(ureasiloxane)da, 2a, and3abased orl,6-hexamethylenaliisocyanat§HMD). The
SEC experiments were carried ouith THFcontaining0.25wt.% tetrabutylammonium bromidas eluent.E; and’E- were
calculated based on a polystyrene calibration.
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The SEC data of #AB) segmentedpoly(ureasiloxane)copolymersare summarized ifmrable3.2.
Additionally, the weight fractions of th&loxanesoft (SSand theureahard segmentg§HS)within each

(AB) segmented copolymaedre listed.

Table3.2: SEC data of poly(uresloxane)s based odifferent PDMSchain lengthand different diisocyanateslMD| IPDI,
mbCHDJland 2,4TDI, respectively.

ST sToErs) Er @ ) E~ a)l - - Siloxane SS Urea HS
(kg mott) (kg mol) content”(wt.%) content® (wt. %)
= la 73 115 16 43 89 11
= 2a 92 156 1.7 30 94 6
T 3a 306 491 16 60 97 3
_ 1b 102 166 1.6 58 86 14
& 2b 311 497 1.6 100 92 8
3b 226 369 1.6 43 94 6
[a) 1c 59 103 1.7 33 85 15
§ 2c 92 165 1.8 29 90 10
= 3c 125 189 15 24 95 5
2 1d 38 67 1.7 22 88 12
'; 2d 64 105 1.6 21 94 6
o 3d 63 102 16 12 94 6

) Determined by SEC, eluent: THF with @286 tetrabutylammoniunbromide,0 and0 were calculatechbased on a
polystyrene calibrationb=- /-

b) Repeatingunit n calculated fromd  determined by SEC.

©) Calculated wight fractions okiloxanesoft (SSandureahard segmerg (HS)within the (AB) segmented copolymers.

'H-NMR spectra ofa, 1b, 1cand1d are shown in the appendi¥igureA-6.3 - FigureA-6.6). All signals

were assigned to the corresponding protons of the poly(tsi@xane)s.
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3.2.3. Thermal properties

Differential scanning calorimetry

Thermal as well asnechanical properties of (ABkegmented poly(ureailoxane)s are mainly
influenced by three factors. These are the extend of microphase separation between soft and hard
segmens, the strength of the hydrogen bondingnd finally the extend of crystallizat of the hard
segment®Yilgoret al. stated that for poly(ureasiloxane)s bsed on mbCHDI, TRahdn Z-meghylene
diphenyl diisocyanatéDI) no distinct transitions attributing to the hard segmeaggregationwere
observed in the DS@easurementssince their content is quite smaif! As can be seen fRigure3.8,
showing the first heating anfirst coolingcurveof the DSC measurement, poly(ursidoxane)s based

on HMDI show weak and broad transitions upon heating and cooling. These are attributed tedhe ur
hard segment disaggregation since the PDMS segment is completely amonphbus T, around
-123°C The EF'heating and coolingurve is shown since the raggregation and the equilibrium

morphology are strongly time dependent which result in even less dominant and broader transitions

upon 29 heating and coolin§”
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Figure3.8: DSC curves of poly(uresiioxane)sla, 2a and 3abased on HMD(heating and cooling rate: 0mint). Thermal
transition of the disaggregation of the urea hard segments are observed as multiple broad sidmalselt enthalpy
decreases with increasing PDMS chain length due to reduced hard segeight fraction

Forthe poly(ureasiloxane)Xlawhich isbased on the short chain PDMS=(%8) andl,6-hexamethylene
diisocyanate(HMD) three melting transitions at20°C, 57 °G and 77°C are observedThe first
transition is extremely weak with a melt enthalpy @, = 0.7 Jg* while the othertwo signas show a
total melt enthalpy oDH, =9.9Jg'. Upon cooling thecrystallizatioroccurs over a broad temperature
range from70 to 10°C with an enthalpy of7.5Jg" showing a high degree of 4&ggregation For
poly(ureasiloxane)2a with a longer PDMS chalength (x=36) twomelting transitions at 28C and
58 °C could be detected. Upon cooling the crystallization also occurred over a broad temperature range

from about 80 tol5°C.Yet, wth increasingPDMS chain length the enthalpy decreases signifigantl
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(Table3.3). Thisis explained by thdilution of the urea units within the copolymer and therefore a
lower concentration of aggregated hard segment domains3Bgpady(ureasiloxane) with the longest
PDMS chain length &64), weak meltingransitionsat 28°C, 598C and 124C could be detected. The
crystallization range could be determined between 70 and@ each case the melting temperature
IS more a transion over a broad temperature rangather than asinglemelting transition. This can

be explained by a broadize distribution of the hard segment domains which melt successively

according to their domain size.

Table3.3: DSC data of poly(uresiloxane)sbased on differentPDMSchain lengthand 1,6-hexamethylenaliisocyanate
(HMD).

Poly(ureasiloxane) Tm (°C) DHm (JgY) Tayst. (°C) DH. (Jg%)
_ la 20.2 569 770 0.7 9.9 49.1 - -7.5 -
% 2a 276 584 - 18 19 - 64.4 20.4 -0.7 0.8
Tt 3a 201 589 1241 06 05 3.0 604 - -0.5 -

However, for poly(ureailoxane)slb, 2b, and 3b based onisophoronediisocyanate (IPD) no
transitions upon heating or coolingere detectedby DSGs can be seen iRigure3.9. As discussed
before the hydrogen bonding of these urea units are weaker which might result in weaker thermal
transitions which cannot be detected by DSC. Further it is assunag¢thiisterically hindrance of the

hard segments cannot forfmydrogen bondss efficient
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Figure3.9: DSC curves of poly(uresiloxane)slb, 2b, and 3b based onlPDI(heating and cooling rate: 0min?). Thermal
transition of the disaggregation of the urea hard segmecamnot be observedlue to a broad distribution and low
concentration.

The DSC curves of the poly(wsilbbxane)s based am Z-mefhylenebis(cyclohexybocyanaté (1c, 2c,
30) and toluene-2,4-diisocyanate(1d, 2d, 3d) are shown inFigure3.10. In both cases only for the
poly(ureasiloxane)s based dhe PDM&liamines with théwo shorter chain lengthl(c, 1dand?2c, 2d)
the transitions of the hard segment disaggregatigoon heatingwere detected Broad and weak
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transitions areobservedwith low melt enthalpiesindicating smaller and more broadly distributed

hard segment domains
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Figure3.10: DSC curves of poly(ureiloxane)qA) 1c, 2c and 3c based ormbCHDIand (B) 1d 2d and 3d based on 2,4TDI
(heating and cooling rate: min). Thermal transition of the disaggregation of the urea hard segments are obseraed as
extremely weak and broad signal fac, 2c and 1d, 2d. Yet3c and 3d did not show any thermal transition due to the
dissolution of the hard segments

The resultfor these two series are summarizadTable3.4. For thecopolymers based on the loegt
PDMS chain lengtt8¢, 3d) no transitions were observeawingto the low concentration of the hard
segmentswithin the material In comparison to the (AB¥egmented copolymers copolymets, 23,
and 3abased on HMDI no aggregation upon cooling was detected byTh&an be explained by a
slower aggregationate of the hard segmentbased on mbCHDI and ZI4Dlupon cooling due to higher

steric hindrance compared to the linear, aliphatic HMDI

Table3.4: Melting transitions and enthalpiesf poly(ureasiloxane)sbasedon different PDMSchain lengthand different
diisocyanates Z-meGhylenebis(cyclohexyibocyanateYmbCHDJ(1c 2¢, 3¢) andtoluene2,4-diisocyanatg2,4-TD) (1d, 2d,
3d), respectively.

Poly(ureasiloxane) ) DHm (JgY)
é 1c 56.2 0.88
_% 2c 12.7 0.10

e 3c - -

3 1d 88.0 2.02
iy 2d 64.1 0.50
o~ 3d - -
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Oscillating shear rheology

Considering that the DSC measurements are not as sensitive to determine the traokitierbisurea
segmentsfrom an aggregated to a nesggregated statén this type ofcopolymers other methods

such asheology and dynamic mechanical thermal analysisexq@ored For melt processingAB)
segmented copolymergheological properties aref greatinterest sincethey can givenore insight

into the material prgpertiesupon 1% cooling and2" heatingas well as the transitiorisetween elastic

and viscous behavioiThis is essential regarding additive manufacturing (AM) since the polymer is
initially heated toform a homogenous melt and upon processing thcaoling behaviorgives
information aboutthe solidification behaviof-urther themelt viscosityat elevated temperaturesan

be determinedwhich is of interest fothe appliedprocessing techniques

Therefor, oscillating shear rheology measurements/iere conducted on each poly(uresiloxane).
Figure3.11 shows theshearstorageD @nd loss modulu®Q@ | a | Fdzy OGA2y 2F (GSY
poly(ureasiloxane)sla, 2a, and 3a based onl,6-hexamethyleneliisocyanate(HMDI). Initially it can

be seen that bothshear moduli D @nd D Qd@crease with increasingDRIS chain lengtlat low
temperaturesP 2 K X108t PQ | &8MPRferlali KS Y2 Rdzf A ROSIUREahdE S G 2
D &G0.09MPa for3a at 10°C. This can be explaind®y the higher soft segment content and
consequentlya reduced crosslinkdensity with an overall decreased moduis. The rheology
measurements foeach ofthese pdy(ureasiloxane)show asimilartrend starting from low storage

and loss modulus at high temperatuf&60°C)with a moderate increase upon cooling beforstaep
increase of moduiis observed. This phenomenon is attributed to the aggregation obiheeahard
segments. Due to theiinear aliphaticchemical structurghese segments fornfast a well ordered
hydrogen bondedstructure. At lower temperature the moduli reach a plateau. The reverse behavior
can be observed for the"?heatingcycle Moreover, apronouncechysteresis upon heating is detected

resulting from time dependency of the aggregation and disaggregation of the urea hard segments.
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Figure3.11: Oscillatingshearrheology measurements of poly(uressloxane)dla, 2a, and 3a applying a cooling/heating rate
of 2Kmin?t and a frequency of Hz Shear gorage D @nd loss modulu® oO1st cooling and 2 heating are shown in
dependency of the temperature.

The transition from a viscous to an elastic behavior upon cooling is defined as the crossover

temperature Teross Of the storage and loss modulusduation(3.1)).""]

D@osd) I cdNQQ 0 ¢ (3.1)

St2g GKS ONRPaa20SRIQOQSYWSKSE ( azliB O & SKI BRI A & R2Y
D @D (Qiscous behavior determines the material propertid$ie transition from a viscous to an
elastic behavior upon cooling is the lowest f@rat 55 °C while it increases to about 8CQ for2aand
3a The crossover temperature upon heatindpigher reflecting the kineticsf the hydrogen bonding
aggregationof the bisurea segmentsipon cooling and their disaggregation upon heatifdpis
phenomenonis also observed in other TPEs.
Additionally the complex viscosites /*120-c Of the poly(ureasiloxane)s whichare measured in
dependency of the temperaturerere extractedat 120°C.The complex viscosities in dependency of
the temperature are shown irhe appendix irFigureA-6.10 (A). It decreases with increasing RIS

chain length from 16 P&@ for 1ato 12 P&3 for 3a This tendency can be explained by a decreasing

27



Synthesis and characterization of (AB)n segmented poly{sitesane)s

weight fractionof urea hard segments within theopolymers by increasing the soft segment chain
length.

For a timeindependent determination of the melt viscosity, isothermal continuous shear rheology
measurements were additionally conducted of poly(ustiaxane)laand3a. Cox and Merz postulated

in 1958the following empirical relation (equatio3.2)) which allows a comparison of oscillating and
rotational viscosity under the assumption that the shear rate is equal to the angular freqligfity:

hr ' ds (3.2

With A being the rotational viscosity, (1/s) the shearate, /#* the oscillating viscosity and (rad/s) the angular frequency.

The requirement for the equation to be fulfilled, is a simple polymer structumeaning only
entanglements occur and influencing the rheological properties. Dewisitbetween/? and /#* may
indicate chemical or physical interactions between the polymer cH&A¥.The rotational melt
viscosity at 120C(/imeit120°Q Was determinedo be 350P&3 for 1aand 630Pafor 3a. It can be seen
that the melt viscosity differs from the complex viscosity whichnwng othersdue to inter and
intramolecular interactions. Yet, these results argaod agreement with the molecular weight of the
poly(ureasiloxane)s which is also higher féa than 1a. As well knownthe molecular weight has a
large impact on the melt properteof a materialHowever,the complex viscosity determined by
oscillating shear rheology is a good indication for the viscosity at elevated temperafinesesults
of the rheology measurements are summarized able3.5.

Table3.5: Crossover temperaturekyos from a viscous to an elastic behavigion cooling andiponheatingare given as well

asthe complex viscosity* 120-candthe melt viscositydeterminedat 120°C/melt, 120°cOf poly(ureasiloxane)s based onMiDI
and differentPDM&hain length.

Poly(ureasiloxane) Tlcsrfzz(oolifz) Ecnrdozse (;%) h*120.c(P&BY  hmeit120 «c(PEBY
= la 55 70 150 350
S 2a 81 113 145 n.a.
- 3a 80 123 12 630

a) Determined by oscillating shear rheology measurements with a cooling/heating rat mir2* and a frequency of 1Hz.
b) Isothermalcontinuous shearheologymeasurement at 120Cwith a frequency of 0.5z
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In Figure3.12the storage and loss moduif the (AB) segmented copolymergh, 2b and3b based on

isophoronediisocyanatgIPD) are plotted in dependency of the temperaturas already discussed for

the HMDI systenmthe modulialsodecrease with increasing PDMS chain length fadnto 3b at low

temperaturesdue todecreasingveight fractiors. 1lba K 2 4 a
Y 2 Rdzf dziA=02MPa BXQIMC while for3b D &0.3at |

a4 0 2 NI =B BIPayvagdR txs dza
I )/ZIVE.OSFQIEBt 10°C was

determined. It stands out that no steep increase of moduli upon cooling is observed neither a large

hysteresisinstead the moduli increase steadilyer the whole temperature regiorThis is owed to

the sterichindrance of thasophoronediisocyanatglPD) segmentsvhich do not allow suchfastand

sufficient aggregation as it was observed for thirear, aliphaticl,6-hexamethylenaliisocyanate

(HMDI) system.This indicates a retarded solidification of the material upon cooling, yet facilitated self

organizatiorcharacteristicsAdditionally, it can be seen that the moduli are slightly lower than for the

HMDI based poly(uresiloxane)s which isattributed to poorer stacking of the asymmetric,

cycloaliphatic IPDI hard segments.
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Figure3.12: Oscillatingshearrheology measurements of poly(uradoxane)slb, 2b, and 3b applying a cooling/heating rate
of 2Kmin?t and a frequency of Hz Shear sorage D @nd loss modulu® f1st cooling and X heating areplotted in

dependency of the temperature.
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The crossover temperatures uporit dooling and 2 heating aresummarizedin Table3.6. Only a
hysteresis of 3C is observedpon heatingfor the pdy(ureasiloxane)s based on IP2b shows the
transition from a viscous to an elastic behawigion coolingat Teress= 101 °C, while they decrease for

2b Teross=86 °C and3b Teross=79°Cwhich is due to dilution of the hard segment content and less
aggregated urea unit¥ he crossover temperatures upon cooling are higher than for the HMDI systems
which is due to a deeased mobility of the polymer chaias a result of thenore steri@lly hindered

hard segment structure.

Alsq the complex viscosity was determined at PZA* 120°9, the results areshownin Table3.6. The
complex viscositieas a functiorof the temperature aralepictedin the appendix ifFigureA-6.10 (B).

It is obviougthat the viscosities are at least one magnitude larger tfarthe HMDI systemsdue to

the reducel chain mobility.Yet, the viscosity decreases with increasing PDMS chain length owed to
decreasing hard segment weight fraction.

Table3.6: Crossover temperaturefsom a viscous to an elastic behavigyon cooling andipon heatingare listed as well as

the complexviscositydeterminedat 120°Cof poly(ureasiloxane)s based on IRDibCHDIland 2,4TDI withdifferent PDMS
chain length.

Poly(ureasiloxane) Tlcsffzso (Ooli(rfz) -;ruof]se (;t?;) h* 120 -c(PER

B 1b 101 103 4107
% 2b 86 89 1440
B 3b 79 82 800

E 1c 122 127 10300
Q 2c 137 140 14500
E 3c 109 112 3000
= 1d 104 108 8500
K 2d 123 126 9000
N 3d 94 08 2300

a) Determined by oscillating shear rheology measurements with a cooling/heating rat mir2* and a frequency of 1Hz.
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The poly(uressiloxane)s based on Z-mefhylenebis(cyclohexyikocyanate (mbCHDJI and toluene
2,4-diisocyanate(2,4-TD) show a similar behavior as theophoroneadiisocyanate(IPD) systems. In
Figure3.13the rheological measurements @€based on mbCHDI arddi basedon 2,4TDI are shown.
Othermeasurements are shown in the appendidigureA-6.8 andFigureA-6.9. The storage and loss
moduliat 10°Care in the same magnitude as for the IPRbedsystem. The moduli increase as seen
for the poly(ureasiloxane)s basedn IPDI moderately over the whole temperature range upon cooling
without a steep increase. Thisagain attributed tothe steric hindrance oboth hard segmentsThis
behavior indicates a more moderate solidification upon cooling compared to the HMDHnsYst
(cf.Figure3.11).
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Figure3.13: Oscillatingshearrheology measurements of poly(uredloxane)slc and 1d based on mbCHDI and ZIDI,
respectively A cooling/heating rate of Kmint and a frequency of Hz was appliedhear gorageD @nd loss modulsiD Q Q
of 1stcooling and  heating aredepictedin dependency of the temperature.

The results including the crossover temperatures upércdoling and 2 heating as well as the
complex viscosities of poly(uredioxane)s based on mbCHDI and-2IXA aregivenin Table3.6. For
both poly(ureasiloxane)kseries the hysteresisipon heating is about 3C. The crossover temperatures
of the mbCHDI based TPEs are slightly higher than the ones basedDI2Aso for the complex
viscositydetermined at 120 Cit can be seen that they are significantly higher than for the HMDddbas
copolymers. The highest complex viscosity is observed for the mbCHDI syX&tevith 14500P&3,
followed by the 2,4TDI basedaopolymer 2d with 9000P&3 at 120°C The complex viscosities as a
function of temperature are plotted in the appendixkigureA-6.10 (C)and (D).

Concluding fromnthe oscillating shear rheology measurements of the four poly(sitxane) series,
the (AB) segmented copolymers based &fMDlare the most promising materials regarding melt
processingrom a low viscous polymer melt. The other systems basetP@ mbCHDland 2,4-TDI

are expected to become more difficult to process owed to the significantly higher viscosity.
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Dynamic mechanid thermal analysis

Rheology measurements provided an insightb the shear properties df*! cooling and 2 heating of

the (AB), segmentedpoly(ureasiloxane)copolymersNeverthelessthe 15t heating of a material is also

of interestregarding melt proessing Therefore,dynamic mechanical thermal analysis (DMTA) was

conductedin tension modeon the bulk materiabf poly(ureasiloxane)sla, 2a, and 3abased onl,6-

hexamethyleneliisocyanate (HMD). For these measurements specingemwere prepared from

solution cast filmsThe DMTA curvesepresentingthe elastic storage9 @nd loss modulu® Q

dependency of the temperature are shownFigure3.14. The elastic modub &nd9 QHow the same

trend at room temperatureas was previously observed by rheolo@yith increasing PDMS chain

length the modulidecrease Starting with the highest storage moduluslafat 700MPa and a loss

modulus of 22QMPaA (i

R S ONXBflL.5aS &l

{l- 29T 6% PR for3aat 25°C.These values differ

from the ones determined by rheology¥hisis due to the different measuring modes, tensizgrsus

oscillatingshear mode For eachcopolymer a plateau is obtained up to about 20.Upon further

heatingboth moduli decrease and cross at a certain temperature indicating the transition from a

elastic to a viscous behavior.
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Figure3.14: DMTA curves of poly(uresiloxane)dla, 2a, and3abased on HMDI and different PDMS chain length applying a
heating rate of Kmin! and a frequency of Hz. Elastic storag@ @nd loss modul® @ shown as a function of the
temperature measured in tension mode.

32



Synthesis and characterization of (AB)n segmented poly{sitesane)s

The measurement reaches its limits shortly affessssince the material becomes soft and starts to
flow. Thecrossover temperaturefrom an elastic to a viscous behavior upchhkaing rangefrom
63°C for3ato 75°C forlawhich differ slightly from the SLcoolingand 2 heatingdata determined
by rheologyet are in the same order of magnitudghis can be explained by therrsensitive kinetics
of the aggregation and disaggregm process of thebisureahard segmerg and the different
measuring mode.The crossover temperatures of the poly(urgifoxane)sla, 2a, and 3a are
summarized inTable3.7. Dynamic mechanical thermal analysis bulk material in tension modes
restricted bythe material properties upon heating. If the material too softbefore the crossover
temperature is reached and the measuring parameters cannot be adjusted to such low tloeces
transition cannot be determineditilizing this method. Neverthelessdynamic mechanical thermal
analysis can be performed within a snraktal specimen holdeutilizinga single cantilever bending
experiment. Additionally, temperatusaup t0-150°C can be measured allowing the determination of
the glass transition temperature of the PDMS soft segment. Though using the single cantilevegbendin
experiment narue moduli values can be determined owitwthe large values of the specimen holder
compared to the small difference of the specimen moduldewever, the storage modulus in
dependency of the temperature can be evaluated and gives infoomaabout the transition
temperatures.

In Figure3.15 the elasticstorage modulu® @ndtan das a functiorof the temperature determined
via a single cantilever bendm experimentutilizing ametal specimen holdeibased on poly(urea
siloxane)la, 2a, and 3aare plotted. For all threecopolymers two distinct transitioncan be observed
indicated by a drop of thelasticstorage modulus correlating to the maximum taih d Tand is
defined as the ratio of the loss modul@s@Qhe storage modulu® .CT'he initial drop o® &ound-
120°Cis assigned to the glass transition temperature of the PDMS soft segiat. whichthe
material shows aubberyplateau, being irthe elastic stateThenanother decrease of moduli can be
observed resulting from the disaggregation of thisureahard segmentsThese measurements show
the thermomechanical behavior in dependency of the temperatupen T heatingand are typical
for common TPEgcf. Figurel.2). The service temperature of these (ABpgmented poly(urea
siloxanexopolymerss given by the temperature range betwe&of the PDMS soft segment and the
TerossOf the hard segmentanging fromabout-121°C to 54C

The DMTA measurements of the poly(wsbxane)copolymes based orisophoronediisocyanate
(IPD), n >-meghylenebis(cyclohexyikocyanat¢ (mbCHD), and toluene2,4-diisocyanate (2,4-TD)
were found to behave in a similar way solely with highgsss Theyare shown in the appendix in

FigureA-6.11, FigureA-6.12, and FigureA-6.13, respectively.
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Figure3.15: Elastic torage modulis9 @ndtan das a function of the temperature upalft heating of poly(uresiloxane)s

1a, 23, and3abased on HMDI and different PDMS s#gment length determined via a single cantilever bending experiment
utilizing ametal specimen holdewith an applied frequency of Bz and a heating rate oftomin.

The glass transition temperatures as well as the crossover temperatures upbeating are
summarized irmable3.7 for all poly(ureasiloxane)copolymes. Thesevalues correspond tthe tan o
maxima Independent of the used hard segment the glass transition temperafydecreases with
longer PDMS chain lengtHt is known from the literature that long chain PDMS lowlee glass
transition temperaturesiue to thereducedamount of hydrogen bonded haskgmentswhichlimits

the soft segment mobility?®! Compared to neat PDMS;@-123°C), theTy of the soft segment within

the poly(ureasiloxane)s is slightly higher, since the PDMS chains are phase separated from the
hydrogen bonded hard segmentBhelimited chainmobility results ina higherglasstransitions% As
already seen byhe rheology measuremenishe lowest crossover temperatures can be observed for
the HMDI based poly(uresiloxane)sanging from 52C to54 °C.While the other (AB)segmented
poly(ureasiloxane)s show about 2@€ higher crossover tempaures. Thelgossdetermined by DMTA
utilizing the single cantilever bending experiment differ slightly from the ones obtained by DMTA in
tension mode. This is owed tbe different measuring geometry and different measuring parameters.

However, they arén reasonableagreement.
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Table3.7: Thermal transitionsipon Btheating ofthe differentpoly(ureasiloxane)xeriesdeterminedby dynamic mechanical
thermal analysién tension mode anditilizinga single cantilever bendingxperiment.

Poly(ureasiloxane) -I;C;"f]zgicriz) Tg (°CY E;f’ﬁzgtﬁz)
_ la 75 -115 54
= 2a 72 -118 52
Tt 3a 63 -121 54
B 1b -112 72
& 2b n.ad 117 71

3b -120 62
E 1c 112 74
Q 2C n.a® -118 87
£ 3c -120 73
= 1d -112 69
iy 2d n.ad -117 84
~ 3d 119 66

a) Determined by DMTA in tension mode with a heating rate Kih@nand a frequency of Hz.

b Determined by DMTA utilizing a singlentileverbending experimentitilizing ametal specimen holdewith a heating
rate of 5Kminland a frequency o2 Hz.

© Not available due to measurement limitations.

From these results it can be concluded that all poly(ts#axane)s synthesized within this thesis
provide thermoplastic elastomeric propertiggth a broad service temperature window ranging from
about -115°C up to 70 and can be melt processambove Teoss Yet forsome techniques not all
copolymers might be suitable sinealequatemelt viscosities are necessary to obtaifmomogenous
melt flow. Poly(ureasiloxane)s based amore stericallydemandingcycloaliphatic and aromatic hard
segments were fountb have higler viscosities compared to thaoly(ureasiloxane) copolymers with

linear,aliphaticl,6-hexamethylenealiisocyanatg HMD) hard segmert.
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Temperature stability of poly(uresiloxane)s

Melt processing a material alsequires a sufficienthermal stability which will be analyzed more
detail in the followingThernogravimetric analyse€f GAxhow for all poly(uresiloxane)s a twetep
degradation with a 5% weight l0SEsfu.o) Startingfrom 300to 355°C.This twastep degradatiorof
poly(ureasiloxane)ss assignedirst to instabilities of the hard segmeand seconty to the PDMS soft
segmentresultingin dissociation reactions and randoamain scission$38%8 The weight losss a
function d the temperature oflais shown inFigure3.16. The temperature at 5% weight loss is at
Tsw=322°C Themost stable systesare observed for the HMblased copolymerillowed bythe
IPD] mbCHDJand2,4-TDIcopolymers

100

g s
e o]
o) H
= | \
g 60 - N\/\/\/\NJ\N siOlsi™" N
5 H H I H
o 18 n
g— 40 -
3]
7] la

204

0

0 100 200 300 400 500 600 700
T(°C)

Figure3.16: TGA curve of poly(uresiloxane)la showing a 5% weight loss at a temperatureTgfuto=322°C measured
under nitrogen atmospherand a heating rate of 1Bmin-1.

As known from literature the urea bondan undergo back reactions ardissociates at higher
temperaturesbackinto isocyanateand primary aming The formed isocyanatanfurther react with
the urea unitsto form biuret units which arethen chemically ad irreversible crosslinked
(Schemes.2).[82:84]
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Scheme3.2: Reactionof isocyanate which is formed upon thermal decomposition of urea unitith another urea unit
forming the covalent crosslinked biuret unit.

This crosslinking leads to a sudden incraaslee meltviscosityresulting ina polymer with completely
changed material propertied To investigate the thermal stability tfe (AB) segmentedpoly(urea
siloxane)copolymersover time isothermalrotational rheology measuremestwere conducted on
poly(ureasiloxane)la at four different temperatures, @°C, 140C, 160G and 180°C Figure3.17
depictsthe melt viscosity as a function of time. It can be seen that &i®€he melt viscosity remains
constant aound 390P&a3 over aperiod of 14h. A slightly different behavior is obsex at 140°C,

initially the viscosity slightly decreases and after abohtitlsteadily increases. This can be explained
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due to postaddition reactions increasing the molecular weight moderately. A complete different
behavior is observed at 16C. The mig viscosity shows an abrupt increase afteh.3At 180°C a
sudden and steep increase ff.ei is observed after only 3@in. These steep increasef the melt
viscosity are attributed to the back reaction of the polyurdaowed byimmediate irreversible

crosslinking reactionsesulting in a dramatic increaserimelt viscosity
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Figure3.17: Temperature stability of(AB) segmented poly(ureasiloxane)la characterized bythe melt viscosity in
dependency of time determined by isothermadtational rheology measurementsit a temperature of 90C the melt
viscosity does not change over h4At higher temperatures of 168C and 180C a sudden increase of the melt viscowsty

observed resulting from irreversiblzrosslinking of theopolymer, changing the material properties completelReprinted
with permission fronf®, 6 wnAamy 21L[ 9,6 mx/ |

It isexpectedthat the poly(ureasiloxane)s based ahe otherhard segment¢IPDI, mbCHDI, 2/ADI)
behave in a similar way since the sudden increase of melt viscosity is attributed to the back reaction
of the urea unisinto isocyanateunits and amine unite/hich is known from literature occurs at higher
temperaturesfor urea units® &3 From these results it can be concluded that processing temperatures
above 14C°C are not advantageouk regard of melt processing it is crucial to find the ideal balance

between a low melt viscosity at a certain temperature and thermal stability.
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3.2.4. Mechanical properties

In addition to optimizepoly(ureasiloxane)segarding theithermal propertiesthe goal was further

to explorethe mechanical properties byaryingthe composition of th§ AB) segmented copolymers
Ay Of dzRd\ sfréks at Brelks, haria
. 2 dzy 3 iecalcuMatedRrom thedinitial slope of

TheseY SOKI yA Ol f

toughnessare accessiblby tensile testingt K S
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the stressstrain curve in the linear elastic region. The toughness which is calculated from the total

area under the stresstrain curve is the ability of a material to deform plastically andtsorb energy
before rupture The tensile properties were determined from the average of ten measurements.
In Figure3.18 representative stresstrain diagrams of all sghesized poly(ureailoxane)s are shown.

Comparing thadiagramsit can be seen that the TPR&gth the shortest PDMS chain length) (show

the highest stress at break accompanied by the shortest strain at break. The largest elongation can be

seen for thecopolymerswith the longest PDMS chain leng®) (vhich is due to an increasimgnount

of soft matrix
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Figure3.18: Stressstrain diagrams of poly(uresiloxane)s based ofA) HMDI, (B) IPDI,(C)mbCHDland (D) 2,4-TDI with
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different PDMS chain length. The strain at break increases with increasing PDMS chain length while the stress at break
decreases. Detailed experimental data can be fourzhapter5.2.
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The material with the highest ultimate elongationeof 2593% was found to b&awhich is due to the
largest soft matrixln contrast,laprovides the shortest elongation at break 367%owed to strongly
aggregated urea hard segments embedded in the short chain PDMS soft mhtistress at break
decreases with increasing PDMS chain length regardless the hard segment stragtuapt for3a
This behavior caralso be explained by the dweasing hard segmenteight fraction It is also
noticeable that thecopolymers based onsophoronediisocyanate(IPD) (b) and n Z-meghylene
bis(cyclohexyikocyanaté (mbCHDI (c) show quite similar stresstrain behavior with comparatively
high stresst bre& which is owed to their cycloaliphatic nature of thisurea hard segment3.he two
poly(ureasiloxane)sla and 1d based on short chain PDMS adgdb-hexamethylenaliisocyanate
(HMD) andtoluene2,4-diisocyanatg2,4-TD), respectivelyare the only twocopolymers with a yield
point. Yilgr et al. stated thata yield point is observed for polymers with high hard segment content
and is due to continuity of the domaifs!
GSyaats

increasingPDMS chain lengtindependent of the hard segmerthemical structureowing to the

Table3.8 summarizedi K S LINPLISNIAS&ae LG OFy 6S aSSy
decreasing ureahard segmentcontent. The poly(uressiloxane)s based ond,6-hexamethylene
diisocyanate(HMD) and the short chain PDM& K2 ¢ (1 KS KA IKS awiith 37MBa 3 Qa Yz
followed by toluene2,4-diisocyanate(2,4-TD) (20MPa) n Z-mefhylenebis(cyclohexyikocyanaté
(mbCHD)J(10MPa)andisophoronediisocyanat€lPD) (6 MPa).This is in agreement with the previous

discussed hydrogen bonding strengthe to their chemical structurelhe overall bughness of the

poly(ureasiloxane)s was found to range from 34en*10* to 3500Jm*10

Table3.8: Mechanical properties determinebly tensile tests of poly(w@asiloxane)s based on different PDMS chain length

and HMDI, IPDI, mbCHDI and-Z[, respectivelfs KS | 2 dzy 3 Q& Y2 RdzZtf A | NB obtheflir@atzbldsic SR FNR Y
regionof the stressstrain curve, while the toughness is a measure for the area under the stess curve An average of

ten measurements is givebetailed experimental data can be foundcimapter5.2.

Poly(ureasiloxane) | * 2 dzynmbduiBus Strain at break Stress at break Tougshness
(MPa) (%) (MPa) (In*10%
= la 36.6+£1.02 367+15 1.23+0.01 482+19
> 2a 5.4+0.13 1773+18 1.02+0.02 1266+ 30
Tt 3a 11+0.04 2593+ 27 1.70+0.@ 2414+ 56
_ 1b 6.4+0.10 987+22 5.46+0.10 3500+ 125
@ 2b 1.7£0.02 1213+20 2.89+0.04 2294+61
3b 0.7£0.01 1548+43 1.76+0.05 1462+ 76

é 1c 10.0+0.19 808+ 11 5.95+0.05 3184+59
Q 2c 2.6+0.03 1089+ 23 3.63+0.06 2431+ 83
£ 3c 0.8+0.02 1147+ 24 1.20+£0.02 873+28
a 1d 20.1+0.65 7756 4.40£0.03 2635+ 29
'; 2d 2.2+0.03 2003+ 37 3.08+0.07 3516+ 112
o~ 3d 0.5+0.02 1907+61 0.23+0.01 339+ 15
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In summary, the ultimate elongation of the materials is primarily controlled by the soft segment chain

f SyaidkKs é6KAfS (GKS aaNBaa G oNBF|1 FYyR GKS | 2dz/13
concentration and chemical structure. By using differsoft segment chain lengths and varying the

chemical structure of the hard segments a wide range of different mechanical properties were covered

ranging from extremely soft to relatively stiff TPEs.
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3.2.5. Morphological nvestigation

As it was shown in the pvéous chaptershard segment domains hawe strong influenceon the

material propertiesa closer look on the mphology of these materials &f interest Owed to a large
difference of the solubilityparameters of nopolar PDMS1=15.5(Jcn®)®® and the polar urea unit
d =45.6(Jcm®)®>microphase separation between the soft and the hard segmeptasent37% This

is investigated in detail by SAX8d TEM of poly(ureailoxane)la.

Small angle Xay scatering (SAXS)

Temperature dependent SAXS measuremsaftpoly(ureasiloxane)la were jointly conductedwith
Paul Reichsteirlacromolecular Chemistriyupon heating and coolinggefore each measurement the
sample was equilibrated at theettemperature forl0 min. As can be seen fhigure3.19 (A) a broad
scattering signal is observed at 30 with a maximum scattering vecta.g=1.31nm™. This indicates
a microphase separation between incompatible PDMS soft segaemt urea had segments, yet,
without longrange order due to the absence of higher order reflecti§fi8yheating the samplén
stepsto 120°C, the signal intensitgraduallydecreases which is attributed to the disaggregation of
the hard segment domairaend the loss of microphase separatidius, aroom temperature the hard
segmets are aggregated in an orderddrm and are phase separated from the hydrophotRRDMS
soft matrix,while upon heatinghey disaggregatand an isotropi©ijomogenousnelt is observedBy
cooling the sample to 3TWC the signal intensity increases again confignthe aggregatiorand

microphase separatioaf the hard segment@-igure3.19 (B)).

(A) Heating (B) Cooling
« 30°C . s0c
; \ 0 ‘ 70
50°C § 70°C
i E 0-c R 120 °C
5 it g 5 " st
© S :
sl I
é é 58] I%Eifﬂiﬁ%ﬁfﬁ
g c
16'1 16-1
T q (A

Figure3.19: Temperature dependent SAXS measurements of poly{siteaane)la. (A) Uponheating (B)uponcooling The
measurements we conductedin aluminum discwith a 1mm hole, wherethe dry solution cast filmsre embedded
Samples were equiliated at each temperature forQlmin prior measurement
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It is also obvious that the transition takes place over a broad temperature range and not at a distinct
temperature which was already seen by temperature dependeriiRF3pectroscopy, DSC, rheology,
and DMTA investigations. The initial intensity is nottesd completely which is due to kinetic control
of the hard segment aggregation. These SAXS data prove the thermoreversible behavior and
microphase separation of the poly(ursdoxane)s.
The interdomain spacind, being an averagperiodicspacing lengtiobtained within thecopolymer
morphology’®” can be calculated from thgnaxvalue according tequation(3.3).

Ay o i 33
For poly(uressiloxane)labased on short chain PDMS and HMDI a spacing/8frn at 30°Cwas
determined.Yilgoret al. conducted SAXS measurements at room temperaturaionlar poly(urea
siloxane)s and reported interdomain spadimptween 4¢ 6 nm. They showed that a slight increase
of d is observed with increasing PMDS chain lendtlom these results and from calcuiahs
considering the bond angles between the atoms, they concluded that thdaedd distance of the
hard segments is too small to be directly correlated to the interdomain spatimy. suggedbr d to

be an average spacing length within theorphology!™!
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Transmission electron microscdffjEM)

In addition to the SAXS measuremetiits morphology waslso investigatd by transmission electron
microscopy TEM. These measurements were jointly conducted with Carmen Ku@etutiondrop
cast thin films from THF (¥8gmL?) were prepared and annealed at 60 for 15min. Figure3.20
shows TEM images ofhe poly(ureasiloxane) 1la and 3a based on HMDIwith a short
(Mn=1513gmol?) and a long chain PDM#{=4926gmol?). In both cases circular structures
embedded inthe matrix are observedThe average diameter of the circular structure Xd is
51+11nmand55+22nmfor 3a. Thesinglecircular objects differ slightly in sizeorresponding to a
small distribution ohard segment domain siz€omparing the two morphologiesdan be seenhat
3ashows less circular domains thaa Thisis owed to thdower concentratiorof the hard segments
due to longer PDMS chain length and consequently a lavegght fraction of hard segments within
the poly(ureasiloxane)Evaluating the area covered by the circular domains utilizing IMagé and
4% forla and 3a, respectively was found which are in reasonable agreement with the calculated

weight fractions.

Figure3.20: TEM images da$olutiondrop cast thin films of poly(ureailoxane)la and 3abased on HMD{10mgmL?, THF)
after annealingat 60°C for 15min and cooling to room temperature.

As a final remarkit was shown by TENhat the urea hard segmentsf (AB) segmented poly(urea
siloxane)swithin thin solution cast filmsaggregate and microphase separatdoirdomains with

diameters up to about 9am.
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3.2.6. Adjustment of themelt viscosity

An essential property for melt processingtie melt viscosityparticularly in view of the applied
extrusionbased additive manufacturing techniques. These neafficient low melt viscositiesto
overcome back pressuissueswithin asetup andhus accommodate ahomogenousand steadyflow
of the melt. On he one hand the melt viscosity can be reduced by increasing the temperature
however thisis restricted by the thermal stability of a materi@n the otherhand, the molecular
weight of the copolymer @n be reducedince it is proportional to the viscosifgf. chapterl.1). Due
to the thermal stability of the(AB) segmented poly(ureasiloxane) copolymers discussd in
chapter3.2.3 the copolymers cannot be heated highthan 140°C for a prolonged time without
irreversible crosslinkingndproperty changesTherefore, the molecular weighteeds to beoptimized
in adefinedmannerto reduce the melt viscositip ensuresuccessfumelt processingln this respect

poly(ureasiloxane)slaand 3awere modified regarding their molecular weight.

The polyadditionreactionfollows the sameprocedureasin the synthese described irBchemes.1,
but with the differencethat a small amunt of benzylamine (BkH) as monofunctional @gentis
added to the PDMS8iamine solution at the beginningf the reaction (Schemed.3). The
monofunctional reagent is responsible for a change in the stoichiometric ratigsulting in a
decreagd molecular weight.The theoretical backgroundf the molecular weight regulatioris

described irchapterl.1.

~R{
n OCN NCO

z mol% Bz- NHZ

I
.0 |/\/\ R.
+ Si NT NN N
THE.RT. 250 ©/\ }I NTONTN H/\©
| | X n
n HZN%Si’O S‘i/\/\NHZ

| 1a-(1.7) x=18
R= SN
a 3-(5) X = 64
x =18, 64
3<(10) x=64

Scheme3.3: Synthesis of molecular weight controllédB), segmented poly(ureailoxane) copolymers based on HMDI and
PDMS&diamines. The degree of polymerizationis reduced bythe addition of small amounts of benzylamine acting as
monofunctional reagent.

In the following the molecular weight controlled poly(uresiloxane)s are denoted &efore with the
additionof the mol%of added benzylaminm parenthesisForexample 1a-(1.7) is based on the short
chain PDMS (M=1513gmol?, x=18) and 1,6-hexamethylenaliisocyanate(HMD) with 1.7 mol%

benzylamine added to the reaction mixturer@ducethe molecular weight.

The polymerization waslso investigated by FIR spectioscopyto demonstrate the complete
conversion of the diisocyanate by the absence of the NCO signal at&#70he hydrogen bonding
strength of 1a-(1.7), 3a(5), and 3a<(10) is not influenced by the addition of the monofunctional

reagent.The reduction of the molecular weight wasnfirmedby SEC anid shownin Figure3.21. It
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can be seen that for both poly(uresloxane)sla and 3a the molecular weight w&s successively
reduced due to the addition of the monofunctional reagent. The molecular weight distribution is

unaltered monomodal with a dispersity about1.6.
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Figure3.21: SEC curves ¢A) molecular weight controlled poly(uresiloxane)laand(B) 3a Owing to the addition of a small
amourt of the monofunctional reagerthe molecular weighbf 1a(1.7) and 3a(5) and 3a-(10) was reducedrespectively
The SEC experiments were carried ouhviliHF containing 0.25t.% tetrabutylammonium bromidaseluent.’E; and'E~
were calculated based on a polystyrene calibration.

The SEC results of the moleculagight controlled poly(uresiloxane)s are summarized iFable3.9.

The molecular weight of poly(uresiloxane)lawas reduced from 78gmol*to 52kgmol? by adding
1.7mol% benzylamine which correlates to a reduction of the degree of polymerizafi@mm 43 to

30. For the (AB)segmented copolymeBa the molecular weight was reduced from 3R§mol?to
238kgmoltby adding 5mol% benzylamine, while ireasing the amount ofonofunctionalreagent

to 10mol% the molecular weight was even further reduced to kgtnol?, while the degreeof
polymerization was divided to more thdmalfto n=27. This is expected to have a significant influence
on the meltviscosity of the material. The molecular weight reduction did not show an influence on the

dispersity.

Table3.9: SEC data of molecular weight conteallpoly(ureasiloxane)slaand3a.

) ‘E~ @ E.?
Poly(ureasiloxane) (kg rlnotl) (kg ﬁ10t1) P2 n®
la 73 115 16 43
la(1.7) 52 91 1.7 30
3a 306 491 1.6 58
3a(5) 238 338 14 46
3a(10) 140 213 15 27
a) Determined by SEC, eluent: THF with @256 tetrabutylammoniunbromide,0 and( were calculated fronpoly-

styrenecalibration.b=- /-
b) Repeatingunit n calculated fromd determined by SEC.

45



Synthesis and characterization of (AB)n segmented poly{sitesane)s

An additional aim, next to the reduction of the melt viscosity, was to match the melt viscosities of
and3ain view if simultaneous melt processing which is of great interest regatdangreparationof
gradient materialérom the meltwhich will be discussed @hapter3.4. The influence of theptimized
molecular weight on the melt viscosity was determined by isothermahtional rheology
measurements at 120C Detailed experimental data are included in chagdie2. The molecular weight
Mn and the melt viscosity at 120 /imei120°cin dependency of the benzylamine content is graphically
summarized irFigure3.22. The nelt viscosityof poly(ureasiloxane)la decreasedrom 350 Pa3 to
70Pa3dueto the addition of 1.7mol% benzylamine. F@athe melt viscosity could beeducedfrom
630Pa3 to 300Pa3 and finallyto 130Pa3 after adding 5 and 1fi0l% monofunctional reagent,

respectively.

(A)
350

(B)

700

3a 3a

300 600
250+ 3a-(5) w500+
< ©
) o
g 200 = 4001 1,
o c B,
< 1504 4, 3a-(10) § 3004 3a0)
s g

100 la-(1.7) £ 200+

3a-(10)
504 100 la-(1.7)

(AB), segmented copolymer (AB), segmented copolymer

Figure3.22: (A)Molecular weight of poly(uresailoxane¥ 1aand3awith different amounts of the molecular weight reguteit
and (B)the melt viscosity determined witisothermal rheology measuremenas 120°C.

Rheology measurements of the molecular weighgulated poly(ureasiloxane)s show the same
behavior aswithout regulationas shown irFigure3.11 for 1a. Upon cooling a steep increase of the
storage and the loss modulus is observed due to the aggregation of the hard segments. A minor shift
of the crossover temperature$coss was observed which ismfluenced by the different molecular
weights. For poly(ureailoxane)lathe crossover temperature increases aboui@with the addition

of 1.7mol%BzNH. While for 3a a decreasinglcossiS 0bservedwith decreasing molecular weight.
Theseresults are summarized ifable3.10. The crossover temperature of tHé' heating determined

by DMTAIn tension modes also given.
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Table3.10: Crossover temperaturekyossfrom a viscous to an elastic behavigyon cooling and heatingre given as well as
the melt viscositydeterminedat 120°Cof poly(ureasiloxane)sla and 3awith and withoutregulatedmolecular weights.

Tcross(oc)l) Tcross(ocji) Tcross(ocy)

Pl IEESEEme) 1stcooling 2nd heating 1stheating Nimeti 120 (P
la 55 70 75 350
la-(1.7) 60 83 78 70
3a 80 123 63 630
3a(5) 62 84 78 300
3a-(10) 61 82 76 130

a) Determinedby oscillatingshearrheology measurements with a cooling/heating rate € &in*and a frequency of 1Hz

b) Determined by DMTA in tension mode with a heating rate Kh@n'and a frequency of Hz

°) Isothermalcontinuous shearheologymeasuremens at 120°Cwith a frequency of 0.5z

Tensile tests were conducted on the molecular weigdyulatedpoly(ureasiloxane$ and compared

with the nonregulated (AB)segmented copolymer$a and 3a. Detailed experimental data can be
found in chapte5.2. Representative stresstrain diagrams ofaand 3amolecular weightegulated
poly(ureasiloxane)s are shown figure3.23. Comparinglaand 1a-(1.7)only a marginal decreasing
stress and strain at break is observed. While the stress and strain at break 8ar@ecular weight
regulated copolymers decreases significantly, which is due to a reduced copolymer chain length and
less entangled chains. The strain at break decreases from 2593% to 2039% and finally to 1258% by
adding 5mol% and 10nol% benzylamine, reectively.

(A) )
20— 1a 20— 3a
---- la-(1.7) --- 3a-(5)
“““ 3a-(10)
= 1.5 = 1.5+
o o
=3 >3
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Figure3.23: Stressstrain diagrams ofA) poly(ureasiloxane)slaand 1a-(1.7) based on short chain PDMS soft segment and
of (B) poly(ureasiloxane)s3a, 3a-(5), and 3a-(10) based on long chain PDMS soft segmé&mith increasing benzylamine
content the strain at break and stress at break decrease due to lower molecular weight abgbé/mers. Detailed
experimental data can be found ahapter5.2
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The mechanical properties determined from awerage of ten specimerage givenin Table3.11. It

can be seen thatla(1.7)aK2¢ga y2 aA3dYyAFAOlI Yl Okdmpate tofay GKS
Whereas3aa K2 ga |y AYyONBI &Ai yi decrdadiyfInOleculay eRybizBadsiands A (i K
3a(10). Thiscan be explained by a reducing total chain lengtiol keeping the hard segemts at the

same weight fraction results in a better formation of the physical network structure and in

consequence a stiffer material with decreasing strain at break.

Table3.11: Mechanical properties of poly(uresiloxane)sla and 1a(1.7) and 3a, 3a(5), and 3a(10). An average of ten
measurements is given. Detailed experimental data cafobed inchapter5.2.

Poly(ureasiloxane) , 2 dzyhnibdUBis Strain at break  Stress at break TOUQShn‘?SS
(MPa) (%) (MPa) (Im'10)
la 36.6+1.02 36715 1.23+0.01 482+19
la(1.7) 35.7+14 321+£16 1.18+0.04 415+28
3a 11+ 004 2593+ 27 1.7+ 0.@ 2414+ 56
3a(5) 2.2+ 0.06 2039+ 50 0.84+0.02 1137+ 50
3a(10) 3.2+ 0.8 1258+ 27 040+ 0.01 451+11

¢KS ,2dzy3Qa Y2RdzZ dza Ay RSLISY R &asphicaly sufmatiz&dSin 6 Sy 1
Figure3.24x aK2gAy3d (GKS avylrff OKFIy3aSa 2F GKS ,2dzy3Qa

weight of the (AB)segmented copolymersHowever, KS f I NHS RAFFSNByOS 27
between poly(ureasiloxane)laand 3ais influenced by the PDMS chain length ascclearly be seen

isalso presenafter regulation of the molecular weight.

404 la 1a-(1.7)

> 5] 3a 3a-(5) 3a-(10)

(AB), segmented copolymer

Figure3.24:, 2 dzy 3 Q Zof pylURedilokane)daand3awith different amounts of the molecular weight regulatdihe
AAIYATAOLYG RAFFSNBYOS 27F (KS -siléday)3yatams ¥6 2tk prdsetiter cliajinghé Sy (1 K S
molecular weght resulting from the different chain length of the PDMS block.

It was shown that the melt viscosity of tH&B) segmentedpoly(ureasiloxane)copolymerscan

efficiently and easily benodified by controlling the molecular weight while preserving the le

thermal and mechanical propertiegurther, the melt viscosity ahe (AB) segmentedpoly(urea

siloxane¥ can beadjusted to match similar orders of magnitud€his isimportant for gradient

fabrication from the melt which will be discussed in chaj3et
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3.2.7. Conclusiorof chapter 3.2

Within this chapterhydrophobic (AB) segmented poly(ureailoxane)copolymerswith different
thermal and mechanical properties were designed, synthesized, and characterized concerning their
thermal, mechanicia and morphological properties, providing a copolymer platform vetibroad

spectrum of properties fodifferent additive manufacturing techniques from the melt.

SynthesisProperties were tailored by varying the chain length of the soft segment aladthe
chemical structure of the hard segment to manipulate the intermolecular interaction strength. Thus,
three PDMSliamines with increasing chain length ranging from 1§b®l* to 4926g mol* and four
different diisocyanate componentd 6-hexamethylenaliisocyanate isophoronaliisocyanaten >-n Q
methylenebis(cyclohexyisocyanate) andtoluene2,4-diisocyanat§ were used. Latter differ in their
chemical structure and range from linear, aliphatic to cycloaliphatic and aromatic. (AR

segmented copolymensere synthesized by a catalyfsee onestep polyaddition reaction in THF.

Material properties:The PDMS segment forms the soft matrix of togolymerwhile the urea units
form embedded aggregated, hydrogen bonded hard segment domains. Thesenagkipte physical
crosslinksand mainly determine the mechanical properties next to the elastic properties being
governed by the PDMSegment The amorphous PDMS soft matrix determines the lower service
temperature which is defined by th&; of the copolymerat about -115°C. The upgr service
temperature is defined at the crossover temperatufgoss from an elastic to a viscous behavior
determined by rheology measurements and dynamic mechanical thermal analysis (DMTA). The
crossover temperatures range from 36 to 137C for the dferent copolymers, onlyl,6
hexamethylenaliisocyanate (HMD)) based poly(uresiloxane)s show a distinct hysteresis upon
cooling and heatingyf about 30°C AboveTeossthermal processing is possible since the hard segment
domains diassembleand form an isotropic melt. The thermal properties were found to differ in
dependency of the type of hard segment and the chain length of the soft segment. It was shown by
rheology that HMDI based poly(urailoxane)s exhibit a steep increase of moduli upon coalinigh
implies a fast solidification of the material. Whereas the otffB), segmented copolymensased on
isophoronediisocyanaten >-mefhylenebis(cyclohexybkocyanate)andtoluene2,4-diisocyanateonly
show a moderate increase of the shear storagd bbss modulus over thentire cooling process. This
implies a slower and less dominant solidification process. Regarding melt proqg€8jrgpgmented
poly(ureasiloxane)s the thermal stability and the viscosity at 12Qvas investigated. Since ureats
undergo back reactions at temperatures above 1€tand irreversible, covalent crosslinkiagresult,
the copolymers need to show adequate melt viscosities and stability beblieweritical temperature.
Owed to the more complex structure of thsophoronediisocyanaten >-methylenebis(cyclohexyl
isocyanate) and toluene2,4-diisocyanatebased hardsegments the viscosities of these poly(urea
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siloxane)s were found to be at least ten times higher than for tléhexamethylenaliisocyanate

based poly(ureailoxane)s. Further the mechanical properties were determined by tensile tests and it
wasconfirmedli K G G KS | 2dzy3Qa Y2RdzZ dza RSONBIF aSa 6AGK Ay
strain at break increase3.0 obtain more insight ibhe morphology SAX&nd TEM measurements

were conducted. SAXS measuremestsowed for the (AB) segmented copolymers certain

periodicty within the copolymer with a&pacingength of 4.78 nm, however no defined morphology

can be assigned. TEM imagesgealeddomainsbeing embedded in a matriKverall diametes of the

urea hard segment domaingere found up to 90nm in size

Adjustment of the melt viscositPther parameters like melt viscosity still play an important role in
melt processing. Additiongl] the molecular weight of twqAB) segmentedpoly(ureasiloxane)s
based orthe shortest and the longest PDMS chain leng#stailoredto reduce the melt viscosity and

to adjust the melt viscosities of both copolymers to match each. The melt viscosgyndeed at
120°C was successfully reduced from &3 to 70P&3 forthe (AB) segmented copolymer with the
shortest PDMS chain lengéind from 630P&3 to 130P&3 forthe one with the longest PDMS chain
lengthby adding a defined amount of monofunctional reagent, benzylamine, to the reaction to offset
the stoichiometry and the final molecular weight. The mechanical and thermal properties were not
significantly influenced by theeduction of themolecular weight solely the ultimate elongation was

reduced owed to shorter polymer chains.
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3.3.1. Additive manufacturing technigues

Melt electrospinning

Electrospinning is a simpdadversatile technique to fabricate randomly distributed fibers by inducing
a fluid jet into an electrical field. Randomly nonwovens with quasi infinitely long fibers are coliected
form of fiber membranesSolution dectroginning was already discovered in 1897 by Rayl€iga
first patent was publishedn 1934 by Formhal& Melt electrospinning was first introduced by
Larrondoand Manley several years later in 1988 Using polymer melts instead of solutions makes
it even more interesting sinceo additional solvent removal andentilation system isiecessary and
on topthe use of toxic solvents is excludedakingthis approachmuch more environmentally friendly
andless expensiveAlso anasdoss by solvent evaporation is excluded resultinghigher throughput
rate [929°l

The @neral proces®f melt electrospinnings simiar to solution electrospinning. Auid (here a
polymer melt) ixtrudedthrough a spinneret which has a high potextilifference applied between
the spinneretandthe collector. Thefluid formsfirst a pending drop which deforms intoTaylor cone

at the needletip. When the targes generated at the Taylor cone overcome sh&face tensionan
electrified, molten jet is directed twardsthe collector.This techniqgue makes use of electrostatic
forces dragging and thinning polymer fibers towatigls collector instead of mechanical forces which
are applied in common melt spinning techniqu¥sElectrostatic instabilitiesf the mdten jet cause
whipping resulting in a chaotic fiber depositiomstead of evaporation of the solvent in case of
solution electrospinning, the polymer melt solidifies upon deposition. This can take giaite way
towardsor after fiber placementon the collector®®

Electrospun fibergither from solution or meltan be éundin a wide range of applications, including
membranes, filters,@amposites, biomimetic materials, dredglivery ystems protective clothingand
scaffolds for tissue engineerifig:>*Yet most of the research fooeson solution electrospinning while
only a fewreport on melt electrospinningThis is owed to the fact that polymer melts are intrinsically
nonconductive andposes ahigher viscosity compared to solutiorend thusthicker fibers are
generated.Up to today homogenous melt electrospun fibers with a diameter below one micron can
be fabicated by increasing the electrical field strength and temperatth®:°”) Further studies
concentrated on an increasing condivity of the polymer melto reduce the fiber diameteby adding
conductive additivessuch as antistatic agents, ammonium salts, sodium chloride or sodium tteate
the polymer melt®8 9

The physical instabilitiesxduced by the electrical fielshfluence size and geometry of the deposited
fibers. The Rayleigh instabilities are axisymmetric and occur at low electrical field strength or at low

viscosities. Yet this results in breakage of the jet and bead formation. These instabilities are ®tppress
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by high electrical fields. Next to that there are bending (axisymmetric) and whipping instabilities (non
axisymmetric) arising from chargnarge repulsion between the excess charges within the jet. These
are responsible for thinning and elongation bEtjet*°® The morphology and fiber diameter of the
electrospun fibers depend strongly on the one hand on the setup parameters such as dpglied
voltage, distance between needle tip to collegtow rate temperature and inner needle diameter.

On the other hand, intrinsic parameters like the electrical conductivity of the polysadidification
behavior,surface free energyand the viscosity are crucial.

The final fiber formation during gamelt electrospinning process is basedeoquite complex physical
process which can be divided intour majorsteps!!21°t (1) pendantdroplet formation at thetip of

the needle (2) initiation of the melt jet(3) elongation and thinning of the jet owed tectrical
instabilities and (4) solidfication of the jet and final fiber fixatioi?? The physical process of the jet
formation is initiated by a pendant drop formed at the needleagpshown irFigure3.25 (A). Exposed

to the electrical field the drop is elongated owed to repulsion of the induced ch#@B)eAt the Taylor
cone(C)the melt jet is initiated, when the electrostatic charges overcoming the surface tension and
the viscoelastic properties of the melt. This jgticcelerated towards the collector at a sufficient field
strength®697.1%1Compared to solution electrospinning, the fibers resulting from melt electrospinning
are thicker owed to higheviscosity®? In general, with increasing molecular weight of the polymer,
chain entanglements increaseausing an increasing resistance to elongation and stretching the
fibers® Forhighly viscous polymer melts, thet is more likely extruded through the spinneret than

electrospunsince the jet stability increasg§®104

(A) (B) ©)
Polymer
Electrica)
melt
field .
* -

J ol o % & Induced charges from electrical fie
y + 4

7 Initiation of the jet

Pendant drop Taylor cone
Figure3.25: Schematic illustration of the Taylor cofe@mationand jet initiation (A) Initially a pendant drop is formed at the
needle tip which igB) elongated due to repulsion of the induced charges from the electrical f{€dn the laststep the

Taylor cone is formed and theelt jet is initiated, when overcoming the surface tension and the applied electrical field is
high enough.Adaptedand printedwith permissionfrom [100; © 2010 Elsevigr
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Synthetic biomaterials such as silicone rubber and polyurethanes are of interest for different
biomedical applicatiomand medical usbased ortheir properties. These include elasticity, excellent
hydrolytic stability, tissue and blood compatibility and resistivity to microorganisms and
abrasion’®1%°! Up to today nultiple research groups worked on the electrospinning behavior of
polyurethane copolymers, yet in solution. Kaataal.'®®! usedan electrospunpolyetherbasedTPU as
non-degradable blood vessels since they are thermally stable in the body temperaage.r
Yilgoret al’% electrospun polyurethaneurea segmented copolymers based on poly{tetra
methyleneoxideglycol, a cycloaliphatic diisocyanate andusisymmetricacthain extender from DMF
solution. By varying the solution concentration, they were able to obtain fiber diaetehe range

of 7nm to 1.5um. Further theyfoundthat the morphology of the elecbspun fibers strongly depesd

on the solution concentration and consequently on the viscosity as well as on the tempetéiure.
Yilgoret al. showed by slution electrospinning ofpolydimethykiloxaneurea copolymers from a
THF/isopropanol solutiofollowed by UV/ozone exposurecanversion of amydrophobic surface into

a hydrophilicone. Theyfabricatedwell-defined fibers with a diameter ranging fromui to 7um.

However, the fibersvere not perfectly round more flattet®”

Knowing that dlkinds of polymers were analyzed by solution electrospinning the amount of polymers
being investigated by melt electrospinning is diitlited. Polymers previously investigated by melt
electrospinning include poly(ethylene), poly(propylene), poly(ethgtenephthalate), polyamides,
polystyreneand poly(ethylenaaphthalene) which were processed laigh temperatures between
200°C and 290CH%8 Daltonetal. reported melt electrospun poly(ethylerglycotblocke
caprolactone) fibers with melting points below B801%! A biodegradable TPU based on
poly(caprohctone) was melt electrospun and was found to form smooth, robust fibers without bead
formation and having mechanical properties comparable to many native ti§$fieget to the best of

our knowledge there was so far no research on poly(tgig@xane)s being melt electrospun.
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Melt electrowriting(MEW)

Additive manufacturing (AM) describes technigubat buildprecise 3D constructs in a directed layer
by-layer material deposition process using compeaéted design (CARlata*® They are achieving
complex shapes anphrtswith highdegree of automation, good accura@nd reproducibility® Melt
electrowriting (MEW) is a relatively new additive manufacturing technique to melt fabricate 3D
structuresat least two magnitudes smaller thdnsed deposition moeling (FDM). It is also based on

an extrusion process yet a high voltage is applied betwéertip of the cannulaand the collector

plate which is the essential driving force to generate tieirfibers byelectrostaticallydraggingthem
towardsthe collector plaé. This allows a significant higher resolution while the resolution of FDM is
limited by the nozzle size since it is sol@yextrusionbasedprocess?? Melt electrowriting bridge

the gap between electrospinning and direct writing additive manufacturing technigtiédbeit MEW

is relatedto melt electrospinningwhere small diameter fibers are induced by electrical instabilities
and a chaotic fiber deposition takes pldté.

In MEW golymer melt is extruded through a spinneret and being charged due to an applied electrical
field between the tip of theannulaand a collector. The jet formation is more or less analogous to the
melt electrospinning process. Initially a pending drop is formed which deforms into the so called Taylor
cone and by overcoming the surface tension the melt jet is induced. White@spinning is based on
electrical instabilitiesMEW uses electrohydrodynamic stabilization of the molten jet to control the
directedfiber depositionIn detail MEW is based on a electrohydrodynamic process, where a molten
jet is stabilized at lowdlw rates with an accelerating voltage, providing a predictable jet pdsing a
moveable collector plateallows acontinuous direct writing and an accurate laywrlayer fiber
deposition with building heights to millimetel¥95111113]

In order to exclude buckling and coiling of the melt jet and reaching a straight and defined fiber
deposiion, the collector speed needs to be adjusted to the jet speed. This speed, when collector and
jet are equal is defined as the critical translation speed (CTS) and is an important parameter for
controlled fiber placement. IRigure3.26 the fiber deposition in dependency of the @tand collector
speedscis shown schematically. It can be seen thaf stationary collector spee@) coiling occurs
owed to compressionfathe jet Thisis reduced with increasing:(B). At CTSC) straicht fibers are
deposited With furtherincreasing the collector sped®)the fiber diameter can béurther reduced

by mechanical stretching. Nevertheless, the printing qualédy suffer especially at the turning points
due to an increasing lag of the jet. Thus, an optimal direct writing is obtained when the speed of the

collector matches the jet speed as close as pos&ble.
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Figure3.26: The shape of the melt electrospinning jet profile depends on the speed of the colteottative to the jet speed
5. [Adaptedand printedwith permissiorfrom [24; © 2011 WileyWVCH

In Figure3.27 distinct patterns are shown in dependency of the translation speed of the colldétpr.
showsa straight fiber deposition owed to MEW printing at CTS, while thedilngB)to (D)areplaced
below the CTS showing increasing buckling owed to coiling of the jet on its way towards the

collector13]

Figure3.27: Different fiber deposition patterns depending on tfet speed relative to the collector speed, with it beiff)
at and(B-D) below the critical translation speed (CT@)dapted and printedwith permissionfrom [113; © 2016 Walter de
Gruyter]

Direct writingof highly resolved 3D objects by applying a high voltage on a molten polymer jet requires
several parameters to be adjusted. In comparison to extrusion basedhiques MEW uses an
electrical field tdfurther reduce the fiber diameter anthusthe overallresolutionof the 3D structure.

To ensure a high printing quality, including uniform fiber diametacsurateand unbroken fiber
stacking, the mass flow rate from the spinneret onto the collector plate needs to be adjusted to exclude
pulsing, which is defined as undesired sectional oscillation of the fiber diameter. It can be distinguished
between three diameter insthilities: (1) temporary pulsing, (2) continuous pulsing and (3) regular long

bead pulsing. Pulsing hadso a negative effect on the fibelepositionwhen there is a change in
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direction of the collector plate like turnindrurther, the collector distancespinneret sizeelectrical

field strength and environmental conditions influence the printing quality and need to be
optimized™*® Next to the instrumental parameters the material characteristics have also a significant
influence on the printing accuracy and resolution of the 3D objects. The moleculghtweimost
critical,as itdeterminesthe melt viscosity of the material arlwking the major factor for the abilityp
extrude the polymer melt through the needle md overcoming back pressuté’

MEW permits the fabrication of 3D objecuch asscaffolds with defined designs in pore size, pore
interconnectivity, or mechanical propertie$® Since MEW is described as an additive manufacturing
technology for tissue engineeringnultiple medical polymers were processeohd investigated
Including the benlemark material poly(-caprolactone) (PCf2H114119 poly(lactideco-glycolide)*?"
poly(lacticacid)*?!! PCEtblockpoly(ethyleneglycol)®:12%1251  photocurable poly(lactideco-capro-
lactone-co-acryloylcarbonate)*?!  nondegradable poly(propyleng,®”?"1  poly(methylmeth-
acrylate)*?® andwater-solublepoly(2-ethyl-2-oxazoline}*?® PCL gained a lot of interest for MEW not
only because of its biodegradable behavior but also from a processing perspé&siivhdas a low
melting temperature (F=58°C) as well as a slow thermal and hydrolytic degradation. Further its
semicrystallinecharacter is advantageous féast solidification upon coolingnd a precise laydvy-
layer depositionHowever, this is also a dréack since the material is opaque, limiting applications
where optical quality is required.

Still there isin generala challenge in fabricating high3D structures by MEW owed to repelling of
newly deposited fibers on top of each otheraatertain heigh. This leads to inaccurate fiber deposition
and poor printing quality and is assigned to shielding and residual charges upon the previous deposited

fibers 119

Fused deposition modelif§DM)

Fused deposition modelings one of the cheapest and most popular AM technologgesa,solely
extrusion based proces#t is already comnreially usedn the fields of aerospace, automotivand
medical engineering only to name fewhe basic principle is based onpalymer filamentbeing
transported b a liquefier were it melts before it is extruded through a nozzle onto a moveable collector
plate. The fiber thickness is defined by the nozzle diametereatidudateswell FDM can fabrate 3D
objects on the entimeter scale wlich means that a larger @utity of materiak on the kilogram scale
is necessary for manufactuririige filament while MEW uses only few gran&nce no electrical field
is applied and the melt is not chargedo defects owed to repulsion upon layky-layer fiber
deposition are oberved and building higher 3D objects is not restrictedttiy. Yet the spatial
resolution is limited dueto difficulties in extruding tsands below 100um. Reducing the nozzle

diameterand thefilamentdiameter to the lowemicron scale leads to a dramaslowing of the FDM
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process. Fabricating polymélamentswith diameters above 10Qm is a lot fagr, thoughsacrificing
smooth surfaces and an additional pgsbcessing step might be necess8f/The fiber geometry is
significantly influenced by material propertisach assolidification behavior and stifess However,
critical instrument parameters including nozzle temperature, nozzle path and speddhe collector
temperature governthe printing quality**® In order to print more complex 3D objects, supporting
structures are necessary which can be printeditn utilizing a second printing heaahd be removed
afterwards The fiber diameter resulting from FDM is mainly determined by the nozzle diametdr, yet
further extends after exiting theozzlel**! Polymer chains are statistically oriented, forming ramd

coils in the molten state. Upon extruding them through a nozzle the mechanical stress leads to
deformation and stretching of the polymer chains. Upon leaving the nozzle a relaxation process takes
place calleégxtrudateswell. This process is driven bympy and releases the elastically stored energy

of the stretchedpolymer chains by again randomly coiling. This process results in larger fiber diameters
than the nozzle diameter itseffll

Typical FDM materials are thermoplastic polymers and in particular amorphous polymers such as
acrylonitrilebutadienestyrene (ABS), polyetherimide (PEI), acrylonistigeneacrylatecopolymers
(ASA) angholyethyleneterephthalate modified with glycdPETG) Semicrystalline polymers are less
popular due to warpingand inaccuracy of the final 3D construddevertheless, there are some
commercial semcrystalline polymers used for FDddch agoly(lactic acid (PLA)polyamidel2 and
poly(propylene)?>13213ITPESs such as polyuretharzee also commerciallgvailable for FDM.ex they

have a high shore hardness which corresponds to comparable tough and stiff matesiaéxample,

a TPU filament frorBainSmarhas a shoré hardness of 9%/ and FlexLin&rom Extrudrbeing slightly

softer witha shoreA hardness 8831 Further these TPUs are predominantly processed at extremely
high temperatures (200°C). Qved to the difficulty in filament transportation towards the liquefier
andareduced printing quity of soft and elastic materiathe product market igather small

FDM for commercial applicatisror only for material screening needgnerallylarge quantites of
material. Common filament spools are availablth 0.5kgand up Thus it is nopossibleo investigate

new classes of matermif they are only available a a small scaleAt the chair Macromolecular
Chemistryl at the University of Bayreutldinet al. developed a method for screening new FMD
materialsusing smalinaterialquantities(8 ¢ 20 g) 2% Firstthey fabricaed single filament rods instead

of endless filamengpoolsby compounding and injection molding. A special designpoirded square

tube was developed to investigate the FDM performance as a function of the polymer type, material
composition and printirg parameters. Th8Dconstruct is based on a frestanding, open, square tube

with cubic dimensions built up of singliee stacks. Thitube can beused to evaluate the printing
performance such as wrap deformation and interlayer bondihgew materialsAnadvantage of this

method ismaterial, timg and cost saving®r the development ohovel FDMmaterials?%
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Thermoplastic elastomers are well knowat only for their elastic properties at service temperature
but alsofor their thermoreversible naturewhich allows processing from the melt with common
techniques for thermoplastic polymers such as extrusion or injection mol@fittin this chapterthe
before described(AB) segmented thermoplastic poly(uresiloxane) copolymerswill be melt
procesed ino fibers. Firsimelt electrospinnings utilized to determine the melt processability within
an appliecelectrical fieldand the resulting fiber properties such as fiber geometry, fiber diametea
fiber fusionwill be analyzed. This is followed by two &de manufacturingechniques on different
length scalemelt electrowriting(MEW) andfused deposition modelifgDM. The layetby-layer fiber
deposition andhe influence ofprocessingparameters orthe printing quality will be investigatefbr
these twvo methods The aim is to fabricataccurate3D objects with thin fiber diameter@nd perfect

fiber fusionon two different length scales
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3.3.2. Melt electrospinning

Melt electrospinningsetup

A schematic illustration of melt electrospinning unit is showim Figure3.28. A1 mL glass syringe
containing the polymer is heated the meltby an external electrical heater. Thscouspolymer melt
is transportedwith a constant flow ratéo the needletip by applynga definedpressureon the piston
via a syringe pumgnitially a drop is formed at the needlip before transformingnto a Taylor cone
induced by theapplied high voltagdetween tip and collectorOvercoming the surface tensiom
polymer jet is fomed which is dragged towards the collector while whipping occ@@hkaotic

distributed, solidified fibers ardeposited on the collector.

? Syringe pump

Electrical heater

Syringewith
polymer melt

Highvoltage
source

Cannula

Fiberformation

Collector

Figure3.28: Schematic setup of melt electrospinning unitontainng a syringe pump araheatedglass syringe filled with
the polymer melt.Upon applyinga definedpressure on the syringand a high voltage between cannula and collecior
polymer jet is formedvhichmovesrandomlyfrom the needle tip tavardsthe collector.

For the (AB)segmented copolymers @apillary cannulavith aninner diameer of 600um is chosen
Theviscosity of the melhasto ensure a sufficient and continuous flow réaterough the capillary
Further the distance between tip and lezctor is essential since the solidification of the jet needs to
be ensuredbefore reaching the collectaio avoid coalescence of molten fibers. The electrical field
depends on the applied voltage and the needle tip to collector distance, whiclkepsonstantat
3.7cm, while the high voltage was varidgtween 10 and 2KV, resulting in a field strengtiof 2.7

to 7.3kvVemt.

Material selection

The viscosity of the polymer melt plays a crucial factortto melt flow rate andthe final fiber

diameter. Further a fast solidification of the polymer is advantagetmusbtain homogenous round
TAOSNE 6KAOK R2y Qi O2 yaatiezolléNdsurfSceContliiding fiohBhesB 206 2 S
requirements (AB) segmented poly(ureasiloxane) copolymers based on 1,6-hexamethylene

diisocyanate(HMDY)) are of great interest owing to their excellent steep increase of moduli upon
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cooling going hand inand with a rapid solidificatiorHence,the poly(ureasiloxane)la and 2a are
chosen as suitable candidaties melt electrospinning due to their complex viscosities determined at
100°C of 370Pa8 and 340Pa3, respectivelyPoly(ureasiloxane)3a is not selected asa suitable
candidateowedto itstoo high melt viscositandparticularlyits selfthealing chaacteristic Slf-healing

could lead to an increase mergingand sticking of thdibers.

Results and discussion

Melt electrospinning ofa: Influence of flow rate on fiber formation

la
Firstthe processing temperature was determin@dthe melt electrospinning setugithout applied
electrical field at a flow rate of 106Lh*. Thecopolymer was completely molten at 14C for 10min
and subsequently cooled to 6C. hcreasing the temperature stepwise 5K steps the processing
temperature was determined obtainingrmogenous and constant mdlow. The optimal processing
temperature was found to be 100 for la. Poly(ureasiloxane)la was investigated by melt
electrospinning concerning the fibgeometry, fiber diameter and fiberfusion in dependency of an
increasing flow rate.
As can be seen iRigure3.29 1a can be meltelectrospunat 100°C with an applied voltage of ¥
(E=5.4kVcm?) and aflow rateof 100 uLh. Neither electrospraying ndsreakage of the melt jet was
observed during the whole process, implying an extremely stable prodgss that process cooling
and solidification of the melt jet occurs. If the jet solidifies moreless completely upon its way
towards the collector the fibers ardefined assolid state fibers. While if they are still in the molten
state upon arrival at the collector, they adenotedin this thesisas molten fibers since the fibers show
coalescene and a flatteed geometry. For poly(ureailoxane)la only one category of fibers is
observed, namely perfectly round fibers in the solid statesolidifies extremely fast which results in
homogenous fibers with aound and uniform fiber diameter of 56+ 3.7um. The small standard
deviation is due to a constant melt jet and the fast solidificattor. high quality and resolution of fiber
placement meaning uniforrsolid fibers withround fiber diametersare the aim |t is also noticeable
that no bead are formed along the fibers. Yet no random fiber mats are obtained, instead the fibers
are curled and stacked into height as seerfrigure3.29 (A). Thiscan be explained by the relatively
high viscosity of the polymer melt, preventing the melt jet from a high degree of whipping and a
significant acceleration towards the collector. Further extremely smooth fiber surfaces without any
cracks or other physitadefects are obtained as can be seenFigure3.29(B). From solution

electrospinning it is known that many cracks on the fiber surtreecaused bgolvent evaporatia
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which is fastr on the surface than within the fiber cof¥! One major interest in melt electrospinning
poly(ureasiloxane)s was the single fiber fusiarich is essential foprinting 3D structures with
excellent bonding between the single fiberss shown in magnification Figure3.29 (C)fiber fusion
maintaining the round fiber geometrys observedThis is due to the physical crosslinks within the
copolymer. Since thee fibers are thermally processed, the hard segments disaggregate at elevated
temperatures and upon fiber formation and fusiaihe urea units reaggregate and fornphysica

crosslinksalso betweerthe interfaces resulting in well fused fibensith excellent bonding

I_ 1mm

Figure3.29: SEM images oflectrospun fiberdrom poly(ureasiloxane)la at different magnifications presentingerfectly
round and uniform fiber¢A) with a smooth fiber surfacéB)andvisualizindiber fusion(C) The highly viscous melt prevents
a high degree of whipping and acceleration of the jet resulting in a morasatr based procesElectrospinning conditions:
100°C, 2V, 100uLh™.

Applying a higheflow rate of 500uLh™ while keeping the temperature at 100C and the applied
voltage at 2kkV (E=5.4kVcm?) a similar behavior of fiber formation can be obseresdcan be seen

in Figure3.30. This is due to a more extrusion based process than electrospinning including wghippin
Again the fibers form a curled and stacked object antdarandom fibermat (A) owed to the viscosity

of the polymer meltSince the fibers reach the collector in the solid state, ideally round and uniform
symmetricfibers are observedlhe fibers als show a perfectly smooth surface as well as a good fiber
fusion (B) and (C) Owing to the increased flow ratand consequently a higher mass throughput,
thicker polymer fibers with an average fiber diameter of 179®5um are obtainedvhich is about
three times larger than at a flow rate of 1@ h*. The small standard deviation confirms additionally
the uniformity and homogeneity of the fibers due to the constant melt flewen at higher flow rates

the melt jet remains constant without bead formatior jet breakage

Figure3.30: SEM images oflectrospun fibersrom poly(ureasiloxane)la at different magnifications presentingerfectly
round and uniform fibergA) with a smooth fiber surfacéB)and fiber fusiorto a certain exten{C) The highly viscous melt
prevents a high degree of whipping and acceleration of the jet resulting in a more extrusion based pE@EB3SpiNNing
conditions: 100C, 2V, 500uL ht.
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Melt electrospinning o2a: Influence ofapplied voltageon fiber formation
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Poly(ureasiloxaneRapossessingbout twice the PDMS chain lengthesand an increased elasticity
GAUGK | aA3ayATAaOlyitdlafe sréilNdt hreakdnindeStiateicdntealningl 5
potential for melt electrospinningThe optimal processing temperature was also found to be°T00
with a viscosity ofi* 100.c=340P&3. In Figure3.31 SEM imagesf the resulting fibers melt electrospun
at 100°C with arapplied voltageof 10kV (E=2.7kVcm?) and a flow rate of 10QLh™ are shown. As
seen before forla, round fibers with an extremely smooth surfaaad fiber fusiorare obtained(B)
and (C) The melt jet shows also fda a fast solidification upon its way towards the collector and
reaching it in the solid state excluding any flattening of the fiber geom¥eyless stacking in height
is observedhswas seerfor the previoudessflexible copolymer. Owed to its more elastand softer
properties the polymer melt is dragged towards the collector in a more random famaverage fiber
diameter of 159.% 13.5um without beadformation along the fibersvas achievedThe melt jet was
stable and constant throughout the whole electrospinning proceesembling morean extrusion

process instead of electrospinning

Figure3.31: SEM images oflectrospun fiberdrom poly(ureasiloxane)2a at different magnifications presentingerfectly
round and uniform fiberqA) with a smooth fiber surfac€B). (C) visualizing an excellent fiber fusio&lectrospinning
conditions: 100C, 1V, 100uL ht.

For thispoly(ureasiloxanerystem the influace of an increasing applidighvoltagein regard of fiber
geometry, fiber diameterand fiber fusiorwasinvestigated By increasinthe applied voltagdo 20 kV
(E=5.4kVcm?) the fiber diameter could be reduced to 583.0 um whichis in the sameangeas
melt electrospun fibers ataunder the same condition3his is owed to similar viscosities at TAdf
la (h*100°.c=360P&3) and2a (h* 100°c=340P&3), resulting in comparable flow rate8esidesmore
random fiber distribtion and less stackingh heightis observedresulting from the more elastic
behavior of the TP&nd the increased impact of the higher applied voltéggure3.32). Furthermore,

avisualexcellent fiber fusion and smooth surfacelstained.
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®) 4

Figure3.32: SEM images oflectrospun fiberdrom poly(ureasiloxane)2a at different magnifications presentingerfectly
round and uniform fiberqA) with a smooth fiber surfacé€B). (C)visualizing an excellent fiber fusioklectrospinning
conditions: 100°C, 2(kV, 100uL ht.

Further increasing theappliedvoltageto 27kV (E=7.3kVcm?) and keeping the other parameters
constant even thinner and randomly distributed fibers at#ained Eigure3.33). During the whole
processing time the melt jet remained constant without bead formatisreven breakage of the melt
jet. Which is again attributed to the materials viscosity, resemldtilpamore extrusiorbasedprocess
instead of electrospinninglhe averagdiber diameteramounts to 48.3 1.8um. A visualexcellent
fiber fusion and smooth surfadsstill observed.27 kVisthe maximum applied voltage before arching

and breakdown of the electrical field occurred.

Figure3.33: SEM images oflectrospun fiberdrom poly(ureasiloxane)2a at different magnifications presentingerfectly
round and uniform fibergA) with a smooth fiber surfac€B)and an excellent fiber fusiofC) Electrospinning conditions:
100°C, 2%V, 1@ pL h.

It was shown that(AB) segmented poly(ureasiloxane)copolymersla and 2a based onl,6-
hexamethyleneliisocyanatdHMD) and different PDMS chain lengtan be processeidto fibers with
an average fiber diameter ranging from 18 downto 48 um viamelt electrospinningVaryingthe
appliedelectrical fieldthe fiber diametercan betunedin this range Herean extrusionlike process
through the needle tip ipresent. It was further shown that constant melt jets without bead formation
and/ or breakage during processing were obtaindthe material properties allow more stacke
construct formation however without repelling of single fibers owed to charge accumulatidmmssis

a distinct feature for further processing theopolymers byextrusionbased layetby-layer additive
manufacturing methodsThe fibers show a fiber fumi and homogenous, smooth fiber surfaces.
Proceeding from these results itdgpectedthat these poly(uressiloxaneropolymersare an excellent
material forextrusionbasedadditive manufacturingechniquessuch as melt electrowritingnd fused

deposition modeling.This will be discussed in the following chapters.
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3.3.3. Melt electrowriting

Melt electrowriting setup

Ageneral melt electrowritinginit is schematically shown Figure3.34 (A) as well as a photograpiB)
of the actual setup. A 3 mL glasssyringeequipped with aflat-tipped stainless steetannula(inner
diameter: 300um) is filled with polymer and heated by anegitrical heaterabove thecrossover
temperatureof the poly(ureasiloxane) Nitrogenpressureis used togeneratea certain flow rateon
the polymer meltto extrude it through thecannula A positive igh voltage is applied between the
needletip and the collector plate analogous to tineelt electrospinning setupnaintaining a distance
of 8.5mmwhich is significantly smaller than for melt electrospinnifige field strength of the applied
electrical field was varied between &¥cm? and 14.1kVcm?. The syringe can be moved in z
direction while the collector platés no longer stationary as for the melt electrospinning experiments,
it can be moved in-»and ydirectionprogrammed previously with a softwate direct write a distinct

structureon a glass microscope slide

(A)

N, gas pressure

Electrical heater

Syringe with
polymer melt

Zz-motion

High voltage Cannula
source . H

Collectomplate
X-, y-motion

X-, y-motion

Figure3.34: (A) Schematic setupf amelt electrowritingunit. Nitrogen pressure is applied on theatedsyringe containing
the polymer melt Betweerthe tip and the collecto, ahigh voltage isipplied dragging the formed polymer jeta controlled
way towards the collectof=or accurate fiber deposition the collector speed-iaxd ydirection is externally controlledB)

shows a photograph of the MEW setapthe University of Wirzburgtilizedwithin this thesis.
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Material selection

As known from other polymersppymers used for MEWave tofulfill certain requirementsHrst they
need to bemelt processable and thermigistable over several housihceMEW processingantake
place overt least 4¢ 5 hours*3® A sufficient melt viscosity and fast solidification is also important to
ensure a homogenousielt jet and perfectly stacked round fibers resulting in a highycurate3D
construct Moreover, a goodusion between theibersis advantageous since it improves the quality
of the final construct by minimizing defects. As shown by melt electrospinfBy segmented
poly(ureasiloxane)copolymerscan be processed intesymmetricaluniform fibers. The polymer melt
can be influenced and stretched by an applied electrical field, forming a stable and constant melt jet.
This airborne, extruded jewas stretched toequilibrium while the charges within the melt and the
surface tension balance each ethand owed to the high viscosity a predictable melt jet paths
observed%® Based on the electrospinning experiments it dasnonstratedthat poly(ureasiloxane)
lashowedafast solidification upon deposition and fiber curling in heigithout repelling of charged
fibers, whereas2a showedmore randomly distributed fibes. For these reasonkais choserfor MEW

expaiments.

Results and discussion

Thermal stability during melt electrowriting process

Essential for MEW is a thermal stability of the polymer for at legsi 4 to achieve a sufficiemrinting
time. During that period the polymer should neither degrade nor melt jet instabilgiesuld emerge
influencing the uniform fiber diameteRoly(ureasiloxane)la shows a thermal stability over several
hours at temperatures lower than 14C as previously disssed by isothermal rheology
measurements c¢hapter3.2.3 Figure3.17). Above that temperature within short time frames a
dramatic increase in viscosity owed themicallycrosslinking is observedidditionally, the fiber
behavior with respect to diameter fluctuations was investigated over tifhe.average fiber diameter
was monitored atoptimum processing condition90°C, 2.(ar, 10.0kV, 8.5mm, 11.8kVcm?) for

8 h. An average fiber diameter of 158n and a standard deviation of Ouin was determinedNo
significant change nor a breakup of the electrified jet overetimas observedlemonstratingthe
thermal stability of the material and a constant flow rate at processing conditmres time

(Figure3.35) [
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Figure3.35: Fiber diameter in dependency of MEW printing time. The data points are fitted with a linear fit showing a gradient

of 0.02, indicating no change in polymer melt properties and thermal stability okeP&nting parametes: 90°C, 2.(ar,
10.0kV, 11.8kVcm?. [Reprinted with permission froM®; 6 Hnamy 2 L[ 9, mz/ |

Influence of instrument parameters smglefiber formation

Thevariation of the average fiber diameter wdstermined by varying one instrument parametar
thetime while keeping the others constant. In spedifie influence othe heating temperatureT, the
feeding pressure, and the applied/oltageU are analyzed regarding the fiber diameter variatiamile
maintaining a constant tip to collector distanc&8.5mm.

Initially the lowest possible temperatuig., for MEW of poly(ureailoxane)lawas determinedFor
this the copolymer was completely molten in the syringe forrhth at 150°C. The temperature was
decreasedo 60°Cand gradually elevated untilyi=80 °Cwas reachedlt was found thathe most
significant instrument parameter influencing the fiber diameters are the feeding pressure and the
collector speed, while the applied voltage is tuned to mininfiker pulsihg, a common issue with
MEW where the fiber diameter periodically fluctuateach as bead formatiQnresulting in poor
placement and stacking accurdéy! Hence single MEW direwtriting layers were processed to
investigate the influence of multiple instrument parameters on the printed fibers and to supfibes
pulsing.The average fiber diameter was investigatsia function oheating temperatureT, feeding
pressurep and applied voltagé). Only one parameter was changed at a timdive equidistant steps
as shown inTable3.12, while the otherparametes were kept constant at theptimum parameters
(90°C, 2.(Mbar, 10.0kV, 8.5mm, 11.8kVcm?).
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Table3.12: Investigated instrument parameterfor MEW of poly(ureasiloxane)la. While investigating one specific
parameter(heating temperature, feeding pressure or applied voltagfe} others were kepat the optimum parametersThe
distance between tip and collear were maintained at 8.5nm. The average fiber diameter is calculated from a total of 40
fibers.

Heating temperature | Feeding pressure Applied voltage Average fiber diameter
(°C) (bar) (kV) (Hm)
80 14.6+0.5
85 15.0+0.9
90 2.0 10.0 15.6£0.5
95 16.5+0.8
100 17.0+0.9

1.0 10.6 £ 0.6

15 13.5+0.5

90 2.0 10.0 15.3+0.5
2.5 16.9+0.8

3.0 17.0+15

8.0 17.8+0.7

9.0 16.5+0.6

90 2.0 10.0 15.1+0.4
11.0 146 +0.6

12.0 13.5+0.7

Pulsing defined as the undesired sectional oscillation of the fiber diameateeds to be avoidedto
achievehomogenous fiber diameters and a good printing qualifiis includes a straight fiber
deposition as well as an accurate deposition at the turning poirtigs can be controlled by adjusting
the fiber deposition flow rate and the feeding pressiité.The printing performance and the average
fiber diameterf4 wasinitially evaluated in 5C steps up to 20C abovémin. Figure3.36 (A) shows the
average fiber diameter in dependency of the temperatlihich increases from 1460.5um to
17.0+£0.9um upon heating from 86C to 100°C.This is owed to a decreasing meiscosity and as a
result an increasing throughputhe critical translation speed CTS which is defined as the minimum
collector speed where straight fibers can be collectiwell as the deposition flow ratd//dt show

a linear correlation to the incresing temperature. The CT&pressing the jet speethcreases from
1521+108mmmin?t at 80°C to 385@& 364mmmin? at 100°Csince a lowviscousmelt is more
accelerated towards the collector than a higher viscous meltTjee deposition flow rate treases
from 61+ 5 mm?h?at 80°Cto 209+ 23.5mm? h at 100°C.

Further thefeeding pressurg exhibits a directinfluence on the fiber diameteas can be seen in
Figure3.36 (B). By increasing the pressure from baérto 3.0bar in 0.5bar steps the fiber diameter
f4increases from 10.6 0.6 um to 19.5+ 1.5umowed to a higher throughpuilhe standard deviation
of the fiber diameteilisincreased at 3.@ar as a consequence of fiber pulsing. For the CTS only minor
changes are observed with increasing pressurgile the deposition fiber flow rate showsgaina
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linear dependency on the feedimgessure(appendixFigureA-6.14). Startingfrom 57+4 mm?h? at
1.0bar it linearly increases to 12319 mm?h? at 3.0bar since the throughput increase3hus, by

varying the feedingressurethe fiber diameter can b&uned between 10; 20 um &
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Figure3.36: Influence of(A) temperatureT, (B)feeding pressur@ and(C)applied voltageJ on the fiber diameterOnly one
parameter was varied at a time the other parameters were kept atdpgmum processing condition®0°C 2.0bar, and
10kV. An increasinfiber diameter can be observed with increasing temperatanel feeding pressure, while it decreases
with increasing applied voltage.
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Varying the applied voltagd, a decreasing fiber diameter with higher applied voltage can be observed
since the electrical field is thinning the melt jet by accelerating towards the colldeitpuire€3.36 (C).

The fiber diameter decreases from 1£8.7um to 13.5+ 0.7 um with an applied voltage of 8K/

and 12.0kV, respectively. Yet, the voltage cannot influence the deposition flow rate she melt

feed rate remains constant. Further, the voltage cannot be decreased below a critical value since a
strong electrical field is necessary to introduce and maintain a Taylor cone and the
electrohydrodynamically stable j&€° Neither can the voltagée increased above a critical value,
leading to arching and thus to a breakdown of the electrical field. From experience it was found that a
field strength of E-10¢ 20 kVem™? is a realistic maximum for MEW printing. The theoretical limit in

air is E-30 kvVem, 149 however, in real systems it is usually lower consideaitymid environment
Interestingly, previously MEW processed polymers did not show a significant variation of the fiber
diameter in dependencyf the applied voltage. It is primarily tuned to control and minimize fiber
pulsing®® Besides, the jet speed could be controlled by the voltage which increases with higher
voltage while the deposition flow rate remains mostly constant. The investigated range of instrument
parameters did neitheshow pulsingr long beading, nor other processing instabilities, classifying this
material as an excellent candidate for MERA/.

Concluding from these results, the feeding pressure was tuned to control the fiber size of the printed

structure. Whereas the fiber diameter and the jet speed were regulated bgpipéed voltage.

Fabrication ohigh resolution MEW printe8D construct

The resolution of direetvriting is affected in two ways. On the one hand, @igenby the resolution

of the linear collector plate specifications, which is in this instanpen10n the other hand, the
accuracy of fiber stackinghichis influenced by theopolymer propertiessuch as physical crosslinks,
macromolecular entanglements, shear thinning, electrorheol@gy conductivity Figure3.37 (A-D)
shows a melt electnaritten 3D scaffold constructedfrom 1a with 100 layers in totaht the cross
sectionsand 50 in x and 50 in ydirection. The printing parameters were set &0°C, 20 bar, and
10kV. Theentire scaffold (17.8017.5mm?) with square boxes of 1.0L.0mm? and a total height of
about 360um showsan excellenfiber stacking accuracys well as extremely homogenous fibefbis
high accuracy was observed for the first time by MEW fabricated scaffolds. The benchmark system,
PCL, was also reported to have highly accurate stacked fibers, although periodic,defempelled
fibers, were obtained owed to charge accumulations on or lwe fibers as the number dayers
increasd!*! Other MEW printed pgimers exhibit less accurate fiber stacking and homogeneity of
fiber diameter!?6129 Another outstanding feature of MEWrocessedla is a lack of fiber sagging
allowing a snilar stackingheight throughout the whole construcOwed to the perfectly contradble
MEW processvith poly(ureasiloxane)laand therapid solidification upon cooling highly resolved

3D scaffold with a constant mesizewas fabricatedFrom an adiive manufacturing perspective,a
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isvery wellsuited forMEWandin some instanceis superioto PCLwhich isthe current benchmark
for this proces$®
SEM investigations of the MEW printed scaffold also show homogenous and smooth fiber surfaces as

presented inFigure3.37 (EF) This is owed to the material properties but also to the controlled melt

process since it was shown in literature that solution electrospun fibers show cracks and defects on

the fiber suface due to solvent evaporation.

Figure3.37: (A) Opticalmicroscope image of MEW printed scafftddsed on poly(ureailoxane)la (B-D) SEMimages of

MEW printed scaffold and its magnificatipnesentinghighly precise fiber stacking on top of each othetted processing
conditions90 °C, 2.Mar, 10kV, 11.8kVcm?. Constant fiber diametes, mesh widthand smooth fiber surfacareobsenable
(EF)depicts thesmooth printed fiber surface. [Adapteahd printed with permission from®, e Hnamy 2 L[ 9, mx/ |

In conclusionit was shown thatAB) segmentedooly(ureasiloxane)lais in some instances superior

to the printing properties of the current benchmark material, PCL. No fiber sagging between the
crossover points was observed which results in sirsiiackingheight throughout the whole priting
process. Additionally, extremely uniform fiber diameters and a lilgéar placement andstacking
accuracywithout any fiber repellingvas demonstratedrinally,a defectfree and highly resolved 3D

scaffold on the low micrometer scale was MEW printed.
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3.3.4. Fused deposition modeling

Fused deposition modeling setup

FDM is another additive manufacturingethod solely based on extrusion of the polymer meftere
no additional thinning of the fiberowed to anapplied electrical field is present Hence,larger
macroscopic 3D objects with fiber diameters above fi0can easily be fabricate@chematically a
fused deposition modelingFDM) setup as shown in Figure3.38 contains five major elements. A
feeding system, a filament supply tube, a liquefier, a ngzzid a collectorplate. Commercial FDM
setups use filamemngpoolson alarger scale(>0.5kg). Fa testing new classs of material concerning
their suitability for FDMa setup was usedevelopedat the Chair of Macromolecular Chemistry |,
University of Bayreutlby Jinet al.?% allowing processingn a small scaleequiring only8 - 20g of
material andsingle filament rods. These filament rodere fabricated by injection molding and are
described in more detail in théollowing The vertically alignedilament rod is transported to the
liquefier by the feeding system assisted by a filament supply tlpeto today, the3D printing of
elastic andextremely soft materialsis challengingdue to difficultieswith feeding The constant
transportation by gear wheels of sadhd flexiblematerials is restrictedlue to bending and yielding
Here the approach of Jietal?® was followed andthe filament supply tubewas modified by
shortening the length to about &mto allow the transportation o$ofter filaments.Within theliquefier
the filament melts ands extrudedthrough the nozzle onto the dektor plate. To obtain 3D constructs
the collector plate can be moved inydirection but also in-zlirection. The printing parameters are
controlled by a externalsoftware.It is known, gsing FDM the minimal fiber diameter is predominantly
determinedby the nozzle diameter.

Filament rod
A 3.0mm

Feeding system

OO -0 Gearwheels
NSy 74\ W

«— Filament supply

Liquefier tube

Nozzle

Collector plate
< X-, y-motion

Figure3.38: Schematic setup of the FDhit. A filament rod is transported via f@eeding system and a filament supply tube
to a heaed liquefier. The material melt extruded through a nozzle ontnin %, y- ,and zaxis moveable collector plate.

z-motion
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Material selection

A major challenge of FDM is the constant transportation of treamfiint rod tavardsthe liquefier.
Using a stiffnaterialsuch asemicrystalline or amorphous polymevgth highTyQ, &he filament rods
can easily be transported to the liquefier Ipyecisegripping of thegear wheels. If the material
becomes more sofand elastic thisstep becomes more difficuldue to bendingand yielding To
overcomethis problem, the distance between feeding system and liquefignich issupportedby the
filament supply tubeis reducedto minimize the flexibilitybendingand yieldng of the filament rod.
Nevertheless, the material needs a certain stiffness at room temperé&bui@constant transportation
Next to the setup restrictions a homogenous and low viscous polymer melt is needed for a constant
and homogenousrinting pro@sses.Moreover, fast solidification isof advantage toachievean
accurate printing qualitypy the formation of uniform extrudatesnd accurate lagr-by-layer fiber

deposition According to these requirements poly(ursitoxane)lla-(1.7)was chosen.

(e} o]
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Q/N NWNJ\N SIS ~""N NWNYN
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n

| 1|B H 0

1a(1.7)

2 AGK |, 2 dzy 3 Q& 1.MVIPRatAoamtemPeFature it i expected to be stiff enough for
the feeding step. Furtherthe lower melt viscosity of 70 | &atdl20°C of the molecular weight
regulated poly(uressiloxane)compared to the stoichiometric poly(uresiloxane)la (hmet, 120:c=
350t |)iis @xpectedo allow amorehomogenous and constant printing proceBsly(ureasiloxane)s
2aand3ag A 0 K | 2 dzy 3 Q dto SWP&adeftob soft Al ¥astie to be transged with this
specificfeeding system. The other poly(ursdoxane)dased onisophorondliisocyanatglPD), n 2-n Q
methylenebis(cyclohexyisocyanat¢ (mbCHDI), andbluene2,4-diisocyanate(2,4-TDI) respectively,
were excludediue to their high viscsities at elevated temperature and because of the lackapfd

solidification upon cooling.

Fabrication of filament rods

The filament rods gboly(ureasiloxane)la-(1.7)were fabricated via injection moldin@nlyabout 8g

of the copolymeris neeckd for the preparation ofsix filament rodsof a length of 146nm and a
diameter of 3mm. R f £ 2 6 A y 3 R §ir§ dhe cgpblynfer2viRg cut into small pieces and
compounded for Bnin under nitrogen atmosphere in a -cotating twin-screw micrecompounder.
The screw speed was set to 40m at a temperature of 120C. The obtained homogenous polymer
melt was discharged and directly transferred into the barred afiniatureinjection molding machine.
It was injected into a metal mold containing a Tefldénbe with a total length ofL40mm and aninner

diameterof 3.0mm. Theinjection moldingemperature wasat 120°Candthe mold temperature was
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set to D °C to achieve fast solidification of the polymer meithin the Teflort tube. The injection
pressure waset to 2.5 barwith a dwell time of5 sec.After removing the Teflghtube the filament
rod was demoldedby cutting the outer Tefloh tube (Figure3.39). Using this injection molding
technique welldefined and reproducibldransparent filament rods with a smooth surface were

obtained

Figure3.39: (A) Injection molded ifament rods of the (AB) segmented copolymeda-(1.7) within Teflon® tubes(B)
Transparentifament rods afteremoving the Teflof tubes. The cut rods hadtatal length of 140mm and adiameter of
3mm.

Results and discussion

For FDM a desktop twinozzleFFR3D printer(3NTR, Italyvith a nozzle diameter of 450m was used.
The extrusion temperature was set to 125to guaranteea homogenous, low viscous mathile the
collector temperature was kept at 3@ allowing a fassolidification of the printed fiberA printing
speed of mm sec! was appliedA single line stacked square tubith a 1cm L cm crosssection,a
layer height of 20Qum, and an overall height of &mwas printed The (AB)segmented copolymeta-
(1.7) with a melt viscosity Ofmert 120.c=70t I €o&ld be continuously extruded and depositdte
deposited line width is 65Qm and hicker than the nozzle diameter (4%0n). This owed to extrudate
compressionThe printedtiransparent3D construcis shownin Figure3.40. As seen irFigure 3.40 (A)
a defectis obtained at half heightlue to feeding ofsingle filamentrods. Thiscould be avoided by
fusion of the single filament rods to one long filamahelevated temperaturesnFigure 3.40 (B) the
accurate and homogenous printing quality can be seemlargermagnification.Interestinglyalmost
no warping is observed which is a common problem in F@\semicrystalline polymes owed to
shrinkage induced by residual inner str€48 With increasing crystallinity, isiknown that warp
deformation increases and negatively influences the printing quality of a con&ffudast
solidification of thecopolymer and its elastic properties is responsible for rendering a high q@ality

printed poly(ureasiloxane) construct
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(AB) segmentedpoly(ureasiloxane)opolymersare a promising material for 3jrinting with several
positive characteristicdt was shown that a highly resolvé@nsparent3D structure on a centimeter
scale based on a poly(urasloxane)copolymerwas fabricated by FDM, hereas with MEW such
structures can be fabricated on the um scale. The fiber diameters by FDNuf§5fre over ten times
larger than for MEW (1fm) however on both length scales an outstanding printing quality was

achieved

Figure 3.40: (A) Photograph ofthe (AB) segmented copolymefa(1.7) 3D printed square tubgwith a cross section of
1cmdlcmand a total height of &m. (B) Shows anore detailed viewof the square tubedemonstratingthe accurate and
homogenous line stackingithout warpingor shrinkage

Mechanical characterization

The 3D printedingle line stacked square tub&scharacterized concernirits mechanical properties

via tensile tests. Theref@3D prirted square tule with a cross section of&ni 5 cmwas cut into four
single side wall pieces with a gdé@ser cutter andlogbone specimens were punched out as 0° and 90°
specimen depending on the orientation of the specimelativeto the stacked layer-igure3.41). In
literature it is shown that the mechanical properties of the resulting 3D objects tend to be anisotropic
since the fibers are straiimduced oriented by dragging and depositingeach layefThemolecular
orientation within the fiber can be induced lilye FDMlayer-by-layer process. Insufficient fusion of

the single fiber strands between the layers results in vesakterlayer bondingwhich limits the
mechanical properties. For FDM it was found that the anisotropy and the mechanical properties

stronglydepend on material and process paraters!t’:14%145]

The stressstrain diagrams of the 0°, 90° specim@nd the neat poly(ureailoxane) 1a-(1.7) bulk
materialare shownin Figure3.41. Clearly it can be seen that tlepecimenorientation relative to the
printing direction has distincteffect on the ultimate elongation of the material. The specimen parallel
to the printing orientation (0$pecimen) shows an elongatiop to 450% which iabout 130% higher
than for the neat bulk materialThis implies that multiple stacked fibeirmprove the elongation if
stretched intolongitudinaldirection In literature it is stated that the highest mechanical properties

are observedor 3D printed samples parallel to the printing directiéfi! However, theelongation of
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the specimen perpendicular to the printing orientation (¥fecimen) isix timesshorter than the

bulk materialrevealinga wealer bonding between the single stacked layers.

[ Printingdirection >

20 bulk material
—— 0° specimen ‘:/E@
——90° specimen " .
0° specimen
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Figure3.41: Stressstrain diagram of poly(ureailoxane)la-(1.7) (bulk material)in comparison to the 3Printed material
testedas a 0° and 90° specimen to the printing directiobetailed experimental datareincluded in chapteb.2

These esults show also thahe singlefibers arewell fused since the material can be elongatadoth
directionsand does not immediatg rapture. Comparingp amorphous polymetghe fiberfusion and
interlayer bondingis improved owed to thehydrogen bondedurea hard segmentsTheseact in
addition to entanglementsas crosslinkingpoints which enhance the interlayer bondingvhile
amorphous polymers solely contain chain entangleméfits

This behaviors shown schematically igure3.42. The urea units can rearrange at the interface to
form new hard segment domainspon fiber placementowed to selfhealing characteristic?®!
External stimulsuch agsemperature improves this seliealing procesand interlayer bondingt the
interface Snce the nozzle transfers a certain amount of heat to the fused filibrsthe hydrogen

bonds can reaggregate at the interface and reinforce the lajsrlayer bonding*®!

Amorphous polymer (AB) segmented copolyme

.

F 4

/\9-/\9— Polymer chain/ Soft segment = = Hard segment

Figure3.42: Comparing interlayer bonding of FDM printed single line fiber stacks of amorphous (left) anddé®ered
copolymers (right). Interlayer bonding of amorphous polymers is solely based on chain entanglements wislegiABjted
copolymers additionally contain hard segments improving the bonding strength and fusion between the single layers.
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The mechanical properties asummarizedin Table3.13. TK S 2dzy3Qa Y2 RdzZ dza

influenced by 3D printing or effected by the specimen orientatiire stess at breakariesmarginal,

though it ishighestfor the 90° specimen which proves the fusion of the single fiddasvever, the
strain at break is much lower.

Table3.13: Tensile properties of poly(uresioxane)la(1.7)as bulk material and after 3printing. The results of the 3D

printed structures are given as @fd 90°specimensdemonstrating the influence of the printing direction on the testing
orientation. An average of fivepecimenss givenDetailed experimental data can be found in chapfe?.

Bulk material 0° specimen 90° specimen
L 2dzy3vwa az2R 35714 29.2+0.74 348x+1.0
Strain atbreak (%) 321+ 16 453 + 47 38+3.2
Stress at break (MPa) 118+ 0.4 1.25+0.06 146 £0.12
Toughness (J0) 415+ 28 558 + 53 57+7

Concluding, itvas shown that 3D structures with an accurate lalggdayer stacking behavior can be
fabricated by FDM usinghe (AB) segmented poly(ureasiloxane) copolymer 1a(1.7). Neither
drawbackssuch asshrinkageor warping were observed using this class of materials. Mechanical
characterization of the 3D printed object revealed significantly improved strain pregestong the

printing direction.
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3.3.5. Conclusiorof chapter 3.3.

In thischapter melt processingf (AB) segmented poly(ureailoxane)copolymersinto single fibers

and 3D constructs is presentedCopolymerswith hard segments based ofh,6-hexamethylene
diisocyanate(HMD) were chosen owed to their material properties including low adjustable melt
viscosity fast solidification upon cooling and mechanical properties ranging from soft to st#ffdzy" 3 Q a
modulus: IMPa¢ 37 MPa).

Melt electrospinningvasperformedand thefiber formation, geometryand uniformity as well as fiber
fusionwas investigted. It wasfound that the fiber diameter of poly(uresiloxane)s processed fibers
range from 574um to 180um depending on the utilized copolymer and processing parameters. Using
(AB) segmented copolymeta with the shortest PDMS chain lenghl, =1513gmol?, x=18) and

the highest hard segment content, randomly stacked objects were obtained while processing
copolymer2abased on PDMS soft segment with a molecular weight of 28#al (x=36) resulted

in more randomly distributed objects with less stackargl piling in height due to a higher degree of
GKALILMAY ISP ¢KAA A& SELX I Ay SR2agEnodilésSs MRE Coipared A y 3
to la(Emodulus=37 MPa)as well aghe increasing elasticity (strain at break: 177884321%). Yet,

due to the high viscosity of the copolymegsectrospinningresembles more an extrusion based
process However, it was shown that perfectly round, symmetrical and uniform fibers were generated

without any defects or bead formatioffrigure3.43 (A)).

Additive manufacturingechniquesare of importancein biofabrication Two materiakextrusionbased
AM techniques namelynelt electrowriting (MEWandfused deposition modeling (M) were utilized
to fabricate 3D constructs on different length scales. The instrument parameters and material

properties were taken into account on the fiber formation and printing accuracy.

Melt electrowriting of poly(ureasiloxane)la based onthe shortest PDMS chain lengdnd 1,6-
hexamethylene diisocyanatesulted in extremely homogenous and uniform fibers with an average
fiber diameter of 10; 20um depending on feeding pressure, applied voltage, and temperature
utilizing a cannula inner a@ineter of 0.3mm. The ideal processing parameters were determined to be
90°C, 2.(ar, and 1KV (11.&Vcm?). The fiber surface was found to fery uniform MEW printing
a scaffold with a cross section of 17Bn J17.5mm and a total thickness of 3¢0n showeda good
layerby-layer stacking without defects and no fiber sagging between the crossing points which was
shown for the first time in this high qualitfhe fibers already solidify upon their way towards the
collector.It isremarkable that 50dyers in xand 50 layers in-girection resulting in 100 layers at the
crossing points were printed without any charged induced defects such as repelling which is a widely
known problem in literature and that each single round fiber was perfectly fusatletmext layer
(Figure3.43(B)). Poly(ureasiloxane)la was shown to be an ideal candidate for MEW processes
77
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comparable to the bench mark material PCL including tla¢ufes stacking height, fiber placement
accuracy, fiber smoothnesand control over fiber diameter by voltage. In soinstances, such as

optical propertiesit even surpasses PCL.

Fused deposition modelingas used to fabricate a 3&nstructon the cmscale. First the FDM setup
was optimized in regard to process a soft material with a low modulus. Therefor the filament supply
tube located between feeding system and liquefier was shorten to allow a filament transportation with
reduced bending and yieldinas well as continuous feeding. Filament rodsmafiecular weight
regulatedpoly(ureasiloxane)la-(1.7)were fabricated by injection molding. This copolymer was used
for FDM due to its lower melt viscositfnfeir120cc=70P&3) compared tola. A low viscosity is
advantageous to reduce the fiber diameter since the fiber diameter strongly depends on the nozzle
diameter and extrudatecompression A transparent, single line stacked square tube with a cross
section of Icm L cm, a layer height 0200um, a line width of 65@im, and a total height of Bm was
printed. The fiber diameter was found to be thicker than the nozzle diameter |{#§0owed to
extrudatecompressionAlso at a largecentimeter length scale, it was possible to print an aateir
defined and defectree 3Dconstruct(Figure3.43(C). Usingla-(1.7) no warping during or after the
printing process which is a common issue usiagicrystalline polymers, was observed. Mechanical
characterization revealed an excellent elongation behavior along the printing orientation (0°) and a
slightly reduced elongation perpendicular to the line stacking (90°) compared to the bulk mategial. Th
2dzy3Qa Y2RdzZ dza 6l a y20 AyFtdzSYyOSR o0& (GKS LINRARY (A

5

Melt electropsinning Melt electrowriting Fused deposition modeling

{

Figure3.43: Melt processed constructs on the micrometer and centimeter scale with accurateligstayer fiber deposition
using meltelectrospinning, melt electrowritingand fused deposition modeling.

As a final remark, it was shown for the first time that (Ad&gmented poly(ureailoxane)opolymers
can be used for a wide range of thermal processing techniques in specific $irglerfimation. Highly
resolved and accurate layény-layer constructs could be printed on the micrometer and centimeter

scale(Figure3.43).
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3.4. Melt processed gradient materials with continuously changing mechanical

properties

3.4.1. Gradient materials

Polymer gradient materials aréefined asmaterialswhich change their compositiooontinuously
alongone axis and hence beintharacterizedy at least ore changing propertguch as mechanical,
optical, morphologica) or topological#”14¥ |t has tobe distinguished between gradient copolymer
chaing“® and bulk polymer gradient materialgVhile the formeris defined by a compositional
gradient along a single polymer chaivithout macroscopic gradient properties, the latter are
macroscopic gradient nt@rialswith a continuously changing composition along the entire sarapte

are in the focus of this thesiBulk polymer gradient materials inspired by nateentain a gradient
structure found in natural materials such as musseyssusor tendons which are based on a
mechanicaproperty gradient mediating between soft tissue and stiff rocks and bones, respeditidely.
The requirements of such materials are challenging since they mediate between an enormous
mismatch of a very soft tissuend a very hard and stiff material. These gradients are hpilby a
continuously varying compositiomith different stiffness In the human body these complex
multiphase systems are formed by dynamic interactions between cells, extracellular,raatfitissue
architecturel’® In geneal, gradient materials can be classified intoaterials with different
mechanical, surface or surface topologigeadients This concept can be transferred to bulk polymer
gradient materials which give rise to a broad research field in regard of regameraedicine. Bulk
polymer gradient materials are in addition to that of great interest in the engineering field not least
due to their outstanding properties in reducing stress concentrations at the interface and failure of the
material*521%81 To geta more detailed understanding dfiese prgerties, itmust be distinguished
between graded and gradient materials which are depicte#igure3.44. Graded materialgA) are
characterized by a stepwise chanderay one axigoining discretesectorstogether, whilein gradient

materials(B)a continuously changing composition along the whole specim@nesent!®3154

Figure3.44: It can be distinguished betweg@\) graded materials with a stepwise changing composition @dyradient
materiak with a continuously changing composition. Owed to the lack of interfagesdient material exhibit unique
mechanical propertiesuch ageduced stress concentration and high resistarjédaptedand printedwith permissiorfrom
11471 © 2012 WileyVCH

A drawback of the stepwise changing propertiegraded materialéays in thegenerated interfaces

and layersBringing two materials into contact, éhmismatch in their respective stiffness determines
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the failure of the materialt®/ 2 y AA RSNAyYy 3 (62 22Ay0G YIFGSNRFE& ' |
loaded tension an additional stress, the radial stress occurs at the interfaceRjgure3.45 (A)). This

interfacial stress increases with increasing degrethefmodulusmismatchbetweenboth layers as

shown inFigure3.45 (B) and weakens the overall performance of the material, leading to deformation,
crackingandultimate¥ I A f dzZNB&® Ly (GKS O2yGNINBXZ I 3INFY¥RASY(H Yl
modulus along the axis shows unique mechdnpraperties such as reduced stress concentration,

high resistance to contact deformation and damage and increased fracture toughness due to the lack

of interfaces avoiding a focus of stress at any pa“"%A02 y 1A ydz2 dzaf & @I NBAyY 3

is expected to hinder crack propagatid?f! Besidesngineering partssuch materials are of interest

as substrates for cell growth studies since cell migrasind proliferation is guided by the rigidity and

stiffness of a materidt® Controlling the stiffness of a material by generating a gradiest defined

L 2dzy3Qa Y 2dddetedain leNgthys@tgell interactions can be studiadhich isof interest

for tendon recoverybiofabricaton, and regenerative medicin@ generaft47148.156]

(A) Gradedmaterial ®) s =1 (C) Gradient material
Force,F 0.6
stiffer 051 - >
material A
__________ S, 0.4+
T S, »
/-\T:,\ 0.3
N—
Less stiff__ 0.2
material B [ TZ_>
0.1
r Soft -
i 0.0 . . _
0.0 0.5 1.0 No interface
Eo/EL No radial stress,
Figure3.45: (A)shows agraded, di F @ SNJ YF G SNAFf S6AGK | RAFFSNBEGCE). Apglying2 dzy 3Qa

a tension forcedo the material, an additional radial stressoccurs at the interface being responsilide the graded material

to fail underless load than a material witho change in stiffnes¢B) The radial stress increases linearly with an increase in

GKS RAFTFSNBYOS 2F GKS | Fremgral@nt matefidaztA Al K2 ¥ VI Y SIMNIdE2 dzd 1Oy RNB.AGY 3
does not shovan interface and consequently no additional radial stréadaptedand printedwith permissiorfrom 153, ©

2004American Chemical Socidty

Macroscopic, longitudinddulk polymer gradient materials with a mechanical gradient from soft to stiff

were fabricatedor the first timeby Claussemt al. at the Chair of Macromolecular Chemistiytilizing

a high precision syringe pungetup and liquid pre-polymersi**® Two components with different
,2dzy3Qa Y2Rdz A FNB &aAYdzZ FyS2dzate LINRPOSaaSR | yR
entire sample. The prepolymer componentsare low viscous at mm temperature and can be
processed under ambient conditions. However, they naeddditionalcrosslinkingstepto preserve

the gradient structure. This is achieved aythermal or photo-polymerizationusing catalysts or

initiators. This resultsn an irreversible covalently crosslinled network with a gradient crosslink

density Claussertal. investigated a variety of systems ranging from poly(dimethylsiloxane)
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poly(urethang, poly(mercaptopropymethylsiloxane)to poly(ether/esteracrylate) The different
mechanical propertiealong the samplare obtained by different crosslink densities ranging from a
low crosslink densitgorrespondingtd a2 Fd YFGSNAIE G2 | KAIKE& ONRA

modulus.

The poly(dimethylsiloxaneyystemused is based on a thermal platineratalyzed hydrosilylation
crosslinking reaction as illustratedrigure3.46. The viscosity of thieigh crosslink densityomponent
is 10.5P&3 while thelow crosslink density component has a viscosit2.@Pa3. This allows an easy
procesing at room temperature using trsyringe pump setup. Using thesgo materials, a gradient
range of 0.2VIPa to 1.8MPa could bechieved*®®

Hard: x>y
Soft: x >>y —S|—

\_Og/
Figure3.46: Chemical crosslinking of potihethylsiloxanepystemvia Pt-catalyzedhermal polymerization. The mechanical
gradient is generated adjusting different crosslink densifies.

Another elastomeric material Clausseral. investigated isa poly(urethane)system withthermal
crosslinking Kigure3.47). Combininga tri-functional isocyanatavith either an aliphatic linear short
chain polyestepolyol or an aliphatic highly branched short chain polyeptdyol a low and a high

crosslink desity was obtained. This systemsulted in a stiffness gradient froBiMPa to 70QMPal*48l

Py Aliphaticlinear Aliphatic highly branched
short chain polyester polyol short chain polyester polyo
OCN .
« DT __or
OCN g
1{/ .
o}
Lowcrosslinkdensity Highcrosslinkdensity
Softcomponent Hardcomponent
Figure3.47: Polymer gradient material based on poly(urethane) chemistyeringt |, 2 dzy 3Qa Y2 RMRAwWzA NI y 3 S

700MPa. The different stiffnesis adjusted by a low and a high crosslinéndity using either linear dnighly branched
polyeser polyolin combination with a tifunctional isocyanatgReprinted with permission frod8l; © 2014 Elsevier]

Other systems such g®ly(mercaptopropyl methwiloxane)and poly(ether/esteracrylate)are based
2y 1+ ONRaatAylAy3a 4 Al K600\ Pdzsha IR 309NPR, debpectived?*sy 3 A y 3 ¥
Claussert al. also fabricated mechanicptoteinbased gradierg withfibroin and gelatincovering a

modulus range of 16§ 550 MPal*5"]
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Another research field concentrates on surface topography gradient materials. Claatsden
introduced controlled wrinkle surface gradientsy varying the substrates modulii&® Further
topography gradient materials were investigated by Scletdl. for the developmentof tunable
optical gradients?>%161 Yyet al. also demonstrated the formation of controlled suréapatterns
including folding and wrinkling using on elasticity gradient PDMS substateh materialsare
expected to bebeneficialin flexible electronics, optical devices, biological templates, and réecrd

nanofluid channel&62

One drawback of these liquid ppolymer based systems is their low viscosity upon processing which
can undergo diffusion prior chemical crosslinking and influence the gradient structure even if a
sufficient reactivity is gan at room temperaturefurther solution based systems may show shrinkage
and surface defects due to solvent evaporatidfowever, since all these systems are based on
covalent crosslinked materials either by thera@ photo-polymerizationusing catalys or initiators,

none of them show selfiealing properties which is an interesting feature in regard of mimic natural

gradient material@nd improved material strength

Within this thesis the drawbaadf liquid prepolymers and an additional chemical agistep will be

addressed by fabricatingraacroscopistiffnessgradient from the meltvithout initiators or catalysts.

¢CKS 32t Aa G2 3ASYSNIXaGS + AINIYRASYyG 6AGK || O2yiGAy
behavior upon cooling teolidify the gradient structure upon processing. (AB@gmented poly(urea
siloxanexopolymerswith different mechanical properties will be used owed to their thermoreversible

nature and tunable mechanical propertieAn additional benefit of these systems lietselfhealing

behavior due to hydrogen bonded urea units and the elasticity of the PDMS segh&abm
temperature with a T,~-115°C. Such polymer gradient materials processed from the nrelto&

interest as nordegradable supporting structures irolfiabrication and tissue engineeriogved to the

biocompatibility, as well as resistance to microorgangdmoly(ureasiloxane)d*!
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3.4.2. Heated syringe pump setup

For the melt fabrication of a macroscopic poly(wsldxane) longitudinal gradient on a centimeter
a0lLtS GgAGK I O2ylGAydz2dzaf & A yptebsbré syringeHump Setay i &
developedas shown irFigure3.48 which was designednd installedointly with Dr. Reiner Giesawo
components A and B with differentrgoduli are filled in two separate heatestainless steetyringes
beingconnectedto a static mixewia heated metal capillaries. The heated static mixer is chosen to
allow a sufficient and homogeneous mixing of both components during proces$ing was
demonstrated in the scope ofiy master thesis!* The mixed polymer melt is extruded into a Teflon
mold (1431 20.1cn?) by applying a flow profile vianaexternal software. For a uniform filling of the
mold the platform is moved in-direction with a continuous and synchronized to the flow profile

speed. Each part within the setup can be heated individually up t6¢@00

( A) Eleptrica[
heatingcoil

Capillary  Electrical
heatingcoil

¢ Flow1

ComponentA

ComponentB

Heatedsyringe pump

Figure3.48: (A) Schematic heated syringe pump setup. The heated metal syringes, capillaries, the mixing head with the static

mixer are heated by external electrical temperature controllers. The Teflwld is fixed on a linearly mag platform which
is controlled by a software. For the fabrication of a gradient a flow profile is applied regulating the dosingcanjiging
two different components(B) Showsthe photograph of theactualsetup used for the fabrication of the polymgradient!38l
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Melt processed gradient materials with continuously changing mechanical properties

3.4.3. Material selection

Melt fabrication of a polymer gradient with a continuously varying dzy’ 3 Q & inYoReR dafadety

of requirements which need to be fulfilled concerning the selection of matdtiedt these materials

need to be melt processable withcartain solidification behavior upon cooling to maintain the final

gradient structwue and minimize additional diffusion of the components after processing. Further a
sufficient low melt viscosity and thermal stability mustdieenduring the whole fabrication process.

In regard of fabricating a gradient with a continuously changing ¥ddd Y 2 Rdzf dza > (62 Y (
I AA3IYATFAOIY(d RATTSNEyrégiredh @wveditK BesdNdemaddiné BABR Y 2 R dz
segmented poly(ureailoxanecopolymersla-(1.7)witha ¥ dzy 3 Q& Y 2 RurfAGiFa ar@i3e- o p @7
(10)with a, 2 dzy 3 Q &sofB240MBMPa are selected.

H| H 2 Q H H
@VN&N\/\/\/\H)LN/\/\%/OF(\AH}L /\/\/\/NTNMQ
1a-(1.7)(x=18)/ 3a-(10) (x=64)

These are further selected due to thsifficientsolidification upon cooling which is due to the linear,
aliphatic structure of thel,6-hexamethylenaliisocyanatebased hard segment. In additioimese two
copolymersare chosen due to their low and comparable melt viscosities at’C26f 7@ I fordla
(1.7)and 130t | ford3a-(10). Thisis an important feature in order to allow a steady flow rate and
homogenousmixing of both componentsThe (AB) segmentedcopolymersla and 3a without
molecular weight regulation were found to be highly viscous at processing temperatures with melt
viscosities at 120C of 40Q I i & It Yy R atdo /& K Aadooigh Badkire$sbrR in the/capillaries
and no continuous melt flow and homogenous mixing of both components could be ensured.
Increasing the processing temperature to further reduce the melt viscosity waamoptimum due

to the limited thermal stability of thecopolymers as discussed in chap82.3 (AB) segmented
poly(ureasiloxanelopolymerdased orisophoronediisocyanatglPD),n 2-mehylenebis(cyclohexyl
isocyanag) (mbCHDI), antbluene2,4-diisocyanatg2,4-TDIl)hard segments were not selected due to
their very high melt viscosities compared to the HMDI based poly{sitegane)s and theislower

solidification behavior upon coolirgpmpared toHMDIbased copolyrars.
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3.4.4. Melt processing of gradient materials

ComponentA representghe softer component3a-(10)while componenB corresponds to the stiffer
poly(ureasiloxane)la-(1.7). For optical visualizatioand characterizatiowf the gradient structure a
U\tactive dye, LumogénRedF300(Figure3.49(C) is added to the soft componemtrior processing
Both components were filled into the syringes at room temperature aedtéd up to 130C and
120°C, respectivelfor 10min before processingo obtain a homogenous melt and remove air
bubbles ComponeniA was heated 10C higher to additionally decrease the melt viscosihich is
slightly highe(hmeit120°.c=130P&3)thanfor componentB (imert120°.c= 70 P&B). The capillarieand the
syringeswere set to the same temperaturesf 130°C and 120C, respectivelyThetemperature of
the mixing head andhe static mixerwasincreased to 140C toensurea uniform and castant melt
flow. The TefloA mold was preheated at 160C in an oven and placed into the setup before
processing. This ensuresuniform filling of the mold. The used temperatures assigned to each
componentwithin the syringe pump setupre shownin Figure3.49 (A). Moreover, the applied flow
profile is shown inFgure3.49(B). To gnerate a gradient structure a continuously changing flow
profile needs to be applied. In this specific case poly@sikeane)3a-(10) was initially added at a
constant flow of 251Ls? and is continuously decreased tquQs? after 52sec. The stiffecomponent

B, 1a(1.7), was added theopposite way. Simultaneouslythe platform was steadily movedith a
constant velocity of 1.28hm sect. Before fabricatiorand starting the flow profilehe static mixer is
filled completelywith componentA. Thus, aplying the flow profile, a plateau of component A is

expected at the beginningf the gradientdue to thefilled dead volume of the static mixer.
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(A) (B) Sample position (mm)
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Figure 3.49: (A) Applied temperatures of each component during the melt gradigrgparationprocess.(B) Applied flow

profile as a functiorof processing time and sample positifor the fabrication of the polymer gradient from the melt using

1la(1.7) as the hard compon& and 3a-(10) as the soft componentC The dyeLumoge®RedF300with an absorption
maximum at 575 1mis added to the soft component to optically visualize the gradient.

Both poly(ureasiloxane)s wittoptimal molecular weightare easilyprocessed by the heated syringe
pump setup. The reduction of the molecular weight and thus the melt viscosity enabled to overcome
high back pressure and blocked capillaries within thesetllowing a constant melt floviForoptical
visualization of the iadient structurethe dye Lumogen®edF300was addedo the soft component
(Figure3.50). It can be seen that a color gradient frateep redto transparent is obtainedaused by

the continuous addition of the soft component A and the stiff component B. The color gradient

represents the decreasing amount2d-(10)along the longitudinal specimen axis.

Linear region I Gradient region ‘
f
A Soft component 1— Stiff component
3a(10) em 1a(1.7)

Figure3.50: Melt processedolymer gradient from the soft component 8&(10)) to the stiffer component Blg-(1.7)) being
optically visualized.

Several polymer gradiest of this type were fabricated from the melt to demonstrate the

reproducibility of this technique.
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3.4.5. Optical and mechanical characterization

An optical and mechanical analysis of the melt fabricated gradient was conducted to verify the
continuous gradient structure. Therefor the gradient was charactetiged\fVisspectroscopyue to

the absorption maximmm at 575nm of the dye Lumogen®edF300 The absorptiormaximum at
575nm in dependency of the sample positiohthe gradientis shown irFigure3.51. Asit can be see

the absorption shows initially a plateadfter about 60mm the absorption maximum at 54
continuously decrease® almost zero absorptiomwing to the increasing amount of component B
(1a(1.7)) and decreasing amount & (3a-(10)).

B

TK S 2 degull Bléng the gradient specimen were determined via -destructive tersile tests

using a video extemsneter. For the first time this technique waspplied in this thesito determine

iKS |, 2dzy3Q& Y2 Rdz Mithbut d2sfrittion df thegradieit Roifad ohly compiteission

tests were applied on specimen punched out along the gradexis The automatedvideo

extenometer records a video of the sequence being tensile tested (between two distinct positions

being marked by black dots) and éwates the stresst i NJ Ay RSLISYyRSyOe G2 OF f
modulus from the initial slope. The material is only strained within the linear elastic regime up to
0.04%.The results aréncludedin Figure351LINBS &a Sy G Ay 3 GKS | 2dzy3Qa Y2 Rdz o
sample position. Firg plateau at low moduli valugs MPa)is observed while after about 6@m the

L 2dzy3Qa Y2 Rdz dza (QeapdutMoMizaskiadingthe gkadi€hNsBuctdréSidm the soft
poly(ureasiloxane)3a-(10)to the stiffer 1a-(1.7)in agreementwith the U\AVis characterizationThe

aim to fabricate a macroscopic gradient on the-soale from the melt with a continuous increasing

L 2dzy3Qa Asxaéhumfedizdith @ total gradient length of aboutrith and a variation of the
,2dzy3Qa Y2 NeatcdzaMPANR Y p

Linearregion | Gradientregion
%
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Figure3.51: , 2 dzy 3 Q aandvadRgtion of the dye as a function of the sample position. Tedzy 3 Q& Y2 Rdzf dza 2 ¥

polymer gradient shows initially a steady plateghich then increases continuously while the absorpsbows the opposite
behavior Detailed experimental data caye found in chapteb.2.[163]
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Demonstrating the reproducibility of the melt gradient fabrication and investigating the influence of

the melt viscosities of the polymers on the final gradient structure, the fabrication process was applied

in the oppositeway. Aplying the flow profile by changing theequence ofddition of component A

and B results in a slightly steeper gradient structufée flow profile as well as the optical

OKF NI OGSNRTFGAZ2Y YR (GKS | 2dzy3Qa& Y2RdzZ driin Ay RSL
Figure3.52. All aher processing parameters were kept constant. Initially a plateau ovenr@0with

no absorption is observed based on the néat(1.7), followed by a steep but continuous increase of
absorption which is observed due to the continuously added softer compoBefi0). ¢ KS | 2 dzy 3 Q&
modulifurther confirmed the gradient structure by starting with a plateau at aboutMPa, followed

by a deaeasing moduli along the sampdis A total gradient length of 66hm is obtained which is

10 mm shorter than the first fabricated gradiernthisis due to a slightly higher melt viscosity of the

soft component 3a(10) (Nmeit120.c=130P&3) compared © the hard componentla(1.7)

(Nmeit120°.c= 70 PaB) which results in a small difference in the melt flow rate.

(A) o 2 S%npleegosné%n (Tég) 120 140 ®) Linearregion | Gradientregion
1a-(1.7
o5 (1.7) , w0l - 4405 =
an «— = . A <
[7p] — A ~
20+ < 104
- L] A e
= S 301 . M, £
% 15 - 9 . 10315
pad =] i A o
2 220
3 101 3 . 102 §
L EI A g
L 2
54 104
3a-(10) + 0.01wt.% A ,” 0 4 "= Joa §
Lumogen Red F300 L/ R <
o -- _._ — _._ - T T T (RO VVSUVSVVVVVY YV : : 0.0
0 20 40 60 80 100 0 20 40 60 80 100 120 140

Time (s) Sample position (mm)

Figure3.52: (A) Applied inverse flow profile in dependency of processing time and sample position for the fabrication of a
poly(ureasiloxane) gradient from the melt. Usintg-(1.7) as the hard and3a-(10) as the soft componentThe dye
Lumoge®RedF300 is added to theoft component to optically visualize the gradief®), 2 dzy 3Qa&a Y2 Rdz A | yR |
the dye as a function of the sample position. The polymer gradient shows initially a plaffau i K S | 2 dayicHfhen Y 2 R dzt
decreasegontinuously while the absorpin simultaneously ioreases.

a
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3.4.6. Conclusiorof chapter 3.4.

It was shown thatmacroscopic gradient materialwere melt fabricated from (AB) segmented
poly(ureasiloxane)s based ah6-hexamethyleneliisocyanateutilizing a heated syringe pump setup.
Adjusted melt viscosities were necessary for a constant melt processing. Molecular weight regulated
copolymersla(1.7) (Nmeit120.c= 70 Pa8) and 3a-(10) (Nmeit 120°.c= 130 Pa8) based on theshortestand
longestPDMS chain lengttvere employed due to their similar meitiscosities and their different
mechanical properties. The gradient structure was optically and mechanically characterized/fyy UV
spectroscopy and noedestructive tensile testing proving the dimuously variation of composition

and properties along the longitudinal axis. An overall gradient regime &f YO ¢ A 4 K | . 2dzy .
modulus ranging from BPa to 40MPa was obtained. This corresponds to an increasing weight
fraction of the urea hard segmendédong the gradient axis whigkcorrelated to the physical crosslink

density(Figure3.53).

Figure3.53: Melt processed poly(ureailoxane) gradient with a continuously increasjn@ dzy” ddulas.Svarting from the

soft network based ommolecular weight regulated poly(uresloxane)3a-(10) it continuously change over to the stiffer
network based oia(1.7.¢ KS @ NBAyYy3 |, 2dzy3Qa Y2RdA A I NB 206iFAYySR RdzS G2 |
shorter PDMS chain length upon continuously increasing the hard component and simultaneously decreasing the soft
component.

In addition, it was shown that theradient can be reproducibly fabricated from the melt and by
applying a reverse flow profile an even steeper gradient regime ofi®0can be generated due to a
small deviation of the melt viscosities of the two components. Owed tatificient fastsolidfication

of the poly(ureasiloxane)s based of,6-hexamethylenaliisocyanate(HMD) hard segments the

gradient structure is fixeduringprocessingliminatingadditional diffusion oboth components.
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