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Abstract

Additive manufacturing (AM) is a form gdroduction that directly processes raw materials
into their final form by building the product in a layley-layer fashionNumeroustypes of AM
exist, including selective laser sintering (SLS) of polymeric posyd@t polymerization (VP) of
low viscosity photocurable resins, and material extrusion (Mat&Exjhermoplastic or high
viscosity compositematerials.Because ofits ability to reduce material waste while printing
complex geometries, AM has the potential to revolutionize the manufacturing industry for a

diverse set of materials and products.

MatEx of thermoplastic feedstocks is most commonly performed deseg filament
fabrication (FFF) a form of melt extrusion. A solid filamerg fed directly into a heated nozzle,
where it melts onto a build bed before resolidifying in a matter of seconds. While this is the most
common form of AMgspecially among hobbyisthie material catalog is limited to thermoplastic
polymers, and difficulties arise when fillers are introduced (e.g. reactions at elevated temperatures,
clogging, disruption of polynrechain diffusion, antargeincreases in viscoelastic properti€s).
combat these challenges, direct ink write (DIW) Adtrudes highly viscous composites by
applying pneumatic backpressure to a syringe, such that the material can be exteudleignt
conditions. This method enables processing of unreacted, thermosetting resins which have been
filled with a | arge proportion of solid par
interparticle network formed from partieparticle interations inthe form of weak surface forces
(e.g.Van der Waals forces) provides structural stability of the printed lines, such that they can

sustain the weight of subsequent layers.



In the realm of DIW 3D printingnaterial discovery and processinbere are currently
three major challengesFirst, the high shear region of the nozzleequently disrupts the
interparticlenetwork through a@e-agglomeratiorprocess, such that there is a finite tacaefor
the interparticle network to reestabliséelf. During this timeframe, thdeformation/reformation
process causes printed lines to sag, which negatively impacts both print quality and mechanical
properties.Second, printed parts require a ppeicessing step to develop adequate mechanical
properties suitable for the final product. The kinetics of¢hre process are extremely slaften
taking multiple days or weeks to reach completifimrd, high shear rheological characterization
of highly filled inks ischallengingbecause aothe numerous artifacts of error associated with high
shear testing environments (e.g. sample loss/edge fracture, slip, and large sample size
requirements)A literature review in Chapter Qutlines the most recent advances in highly filled
polyurethane processing for DIW, with a particular focus on how interparticle neteamkaryi

in the form of thixotropyi can be tailored using a variety of reactive inks.

The subsequent chapters of thigsertation address these challenges by systematically
downselecting reactivénks appropriate for highly filled DIW extrusionvhile introducing
numerousprocess relevarheological protocolsAn initial discussiorin Chapter3 covers the
potential drawbacks of thermoplastic polyurethane (TPU) processing as it relates to industrial scale
melt extrusion. Specifically, multiple sideactions and degradation processes are identified for a
variety of TPU manufacturers. Such reactions elicit undesirable-lgaigarticulate buildup
within the extrusion lingand he impact/cause of these reactions are quantified using rheological
criteria These protocols offer evidence that differences in processability can arise not just between

manufacturers, but also between lots of TPU from the same manufacturer.



To addresshese concern&hapte# offers an alternative form of polyurethane processing
in the form ofathermosettingeaction between hydroxyerminated polybutadiene (HTPB) and
isophorone diisocyanate (IPDNVhen uncatalyzed at room temperature, full conversion takes
place over the course of multiple weeks which necessitates an accelerated kinetic analysis. Hence,
a combination of chemorheological and spectroscopic methods are used to rapidlyoprobe
changes in isocyanate reactivity using limisadnple quantitiesvhich substantiatihe advantages

and disadvantages of chemorheology and spectroscdlpg context oturing studies

While this synthetic pathway provides mechanical properties appropriate for the final
printed product, a major concern is retention of green body strength post depbsitiofer to
maintain the shape of printed beadg;aviolet (UV)light can be shineth-situ onto the nozzlef
a DIW printhead, which actively cures theurethane acrylatank through free radical
polymerization. This technique, termed t#gsisted direct ink write (UDIW), assists recovery
of the interparticle network. A novel rheological methmwdposedn Chaptels, t er med t he
assisted three i nt3€T)waahtifies the centributiom pf YV light tewars ( UV
structural stability and printabilityThis is accomplished bgpplying stepwise changes in strain
on a torsionalphotaheometer optionally applying UV light in the third interval, and then
guantfying the contribution of UV light towards processlevant recovery parameters.
Resultingly, the threshold of solid particulate fillers required for UV light to improve print fidelity

is determined

While most discussi@revolve around orsionalrheology this methodhas one major
drawback: it cannot probe the high shear properties of high solids content materials due to sample
loss/edge fracture during steady shear measure@apilary rheometers are able to probe the

viscosity profilesof highly filled materials in high shear environmersf the cost of the device



and the sample requirements are burdensome.
rheomet er 0inClaptat @sing dommoea ldboratory equipment at a fraction of the cost

of a full-scale capillary rheometer, which enables rapid characterization of high solids content
materials at extrusioerelevant conditionsvhile exploiting small sample quantitieShis study
illustrates the accuracy and precision of the microcapillary rheometer when comparing the high
shear properties of several highifleld systems to the fukicale capillary rheometer. Results
highlight that application of the Bagley and Weissenkedpinowitsch corrections is possible

using this novel device, which facilitates calculation of true shear viscosity of high solids content
systems. The limited sample requirement facilitates characterizatiorovel or potentially
hazardous materials in a much safer, efficient manner, which accelerates material discovery while

improving safety standards.
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Subtractivamanufacturing technologigeshich reduceraw materiak downfrom their bulk
state ino a final product, make up a significant portion of the manufacturing sector doday
the convenience and easiematerial processing. Some of the most common forms of subtractive
manufacturing include lathing, milling, cutting, drilling, and grinding; these methods are
applicablefor a diverse set of materials ranging from metals to pladdigshe nature of this
processsubtractive manufacturing yieldsbstantiamaterial wastgwhile limiting thecomplexity
of afinal products design To combat these unintended consequercesyel form of production
termed additive manufaatag (AM) has grown dramatically in the past several decades. AM
directly processes raw materials into their final form which reduces material waste while enabling
compl ex geomet rAlthogghthere arb mumérqigpesof ddeittve nmanufacturing,
the most common forms utilize material extrusion, whereby the raw material is deposited through

a nozzle and stacked in a laymrlayer fashioronto a build begthusconstructinga final product

For materials that melt and flow at elevated temperatures (i.e. thermoplastic materials),
fused filament fabrication (FFF) is ideal since a solid filament can be fed into a heated nozzle,
melted onto a build bed, and then quicklysadidified. However,many polymers do not melt at
elevated e mper at ur es, and instead degr ad@gprint hese |
these materiaJaunreactedhermosetting precursorgihich arefilled with a large proportion of
solid fillers (fihighly filled i n K €ah be extruded by applying pneumatic back pressure to a
syringe at ambient conditiondhe process of extruding these materials koyelayer describes

thedirect ink write DIW) technique.



The solid particulate fillers or m st ruct ur al Anet wor kso due
the surface of the filler These forces providgructuralstability and enable the printed lines to
hold the weight of subsequent lagiddnfortunately, the higipressure region of the nozzle disrupts
this network, causing the printed lines to sag over time. This effect can be reduced by actively
applyingultraviolet (UV) light onto the nozzle during extrusion, which helps to hold the particles
in placeby curing the resin, thus increasing the capacity for a line to sustain the weight of
subsequent layer3his form of material extrusion is termed t#gsisted direct ink write (UV
DIW). Because UV light only partially cures the material during priatseparate slower
thermosetting reaction can occur as the material rests in an oven or in ambient coneliicins
completely cures the printed part and provides sufficient mechanical prop€higesombination
of UV-curable resins, thermosetting resins, and sufficiently large amounts of solid particulate

fillers for material extrusion describes the daate nature of this highly filled UNDIW process.

To understand the curing patterns, flow behaviortaedmount of structural deformation
that occurs within the nozzle, rheology becomes a powelnfadacterization tool. This branch of
physics dea with the deformation and flow of matter ranging from simfilgds to complex
polymer melts As such, it is possible to probe reaction progress (chemorheology), structural

deformation/reformation (thixotropy), and highear regimes representative of the DIW process.

The research contained within this dissertation provides a holistic understanding of the
overlap between rheology and DIW material extrusmndualreactive materialsThis process
begins by evaluating challengeliring melt extrusion ofthermoplastic polyurethanehile
guantifyingthe rate ofdegradation side reactions. An alternative form of polyurethane synthesis
in the form of a thermosetting reaction tleen introduced whereby the reaction progress is

evaluated using both rheological and spectrpisciechniques. Next, a novel rheological protocol



is introduced which can predict the structural deformation/reformation of an ink durifig\Wy

This research concludes by proposing a downscaled version of theheighcapillary rheometer
which requires only several grams of material in contrast tddhens of grams required fiol -
scalecapillary rheometryln essence, the work presented here rapidly evaluates the complex flow
behavior and cure progression of various materials relevant for extrusion processes by utilizing
limited sample quantitieshus preservingaluableresources while improving the economics of

material discovery.
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Introduction




1. Introduction

1.10rigins/Motivation for High Solids Content3D Printing & Rheology

Additive manufacturingAM), colloquially known as 3D printing, has roots dating back to
the late 1800s where it was most famously used for topogfdphit took nearly acentury for
modern day applications of this technology to arise, specifically at the Battelle Memorial Institute
where photopolymerization of 3D objects was conceived in the 260%his event marked a
turning point for additive manufacturing technologies by introducing stereolithography (SLA),
whereby materials are built layby-layer using selective curing of low viscosity, photocurable
resins. Given the fact that fused depositinodeling (also known as fused filament fabrication
FFP is one of the most popular forms of AM at the hobbyist level today, it might come as a
surprise that SLA was the first commercially
1991 that~FF became fully commercializd@]. Furthermore, photocurahleigh viscositypastes

were not even conceived until 20[21.

The strong demand to build complex geometries using a wide range of materials has
prompted numerous aaern dayadaptations of these Ak chniqueg3]. For example, sintering
of polymeric/metallic powders via high energy beams is possible through powder bed fusion, sheet
lamination is enabled with ultrasonic welding, and liquid binding of posedsed polymers has
facilitated binder jetting AM technolags. For highly viscous and/or colloidal systems, however,
direct ink write (DIW) additive manufacturindpminateghe field due to its ability to print inks
with viscosities ranging from-1,000,000 cP§4]. This processing range is permitted because of
the pressure driven design, where (typically) a pneumatic piston displeesesterial at a given

rate, which facilitates 3D printing of a product laysrlayer[5]. Novel approaches to DIW AM



are rapidly evolving, including screlaased designs and mudtxis robotassisted technologi¢s,
7]. As a result of these advancements, DIW has found use in the fields of biology, construction,

ceramics, energetics, and fo&l12].

The potential for scientific advancement in this area is expansive; exploration of novel
materials, testing protocols, and instrumentation is highly sought[&ftéB]. As the need for
material selection growspdo the technologies required for processing. The demand to additively
manufacture unreacted, ntimermoplastic materialstypically in the form of polymer precursors
i has introduced a variety of DIW techniques. For example, thermal crosslinking, W\irdaog),
ambiently reactive, ionizable, hydratable, and raeiie approaches are some of the most notable

pathways for additively manufacturing polymer precur§bs19].

Inclusion of solid fillers at volume percentages approaching the max packing fraction (i.e.
Ahighly filledo systems) is especially import:
for printability [20, 21} In addition, the endise product may require large loading levels of solid
filler for applicatiorbased needs, thus driving a need for AM of highly filled f2&. At these
loading levels, several rheological phenomena occur such as yield stress formation, shear thinning,
and thixotropy[23]. These behaviors appear due to interparticle network formation/deformation
as a result of weak surface forces (e.g. Van der Waals farpaéiostatic forces, and interparticle
friction) [23]. The agglomeration/dagglomeration process during highear regimes (i.e. in the
nozzle of the printer) contributes significantly to interparticle network disrug26h Thus,
rheology as a todbor establishing material dowselection printability, and novel cure patterns

has become an active field of research for polymer scientists and enf@ie&4]

1.2Research Objectives



The researchuestions and hypothega®sented here aim to characterize a variety of filled
and unfilled polyuretharsen terms of applicability fomaterialextrusionadditive manufacturing.
The core focus is understanding 1) thetential challengeswhen processingthermoplastic
polyurethanefor AM/extrusion 2) the use of rheology for tracking cure progieghermosetting
polyurethane matrix material8) printability criteria of reactive, highly filled polyurethane
precursorsand4) novel toos for testing highshear processes in reduced quantifié®se goals

are summarized by the following reseaquiestionthypotheses

1) Rapid chemorheological screening protocols can be established such that undesirable
extrusion induced morphological changes of PTh&3ed TPUs can be predicted over a
short timeframe.

2) Chemorheology measurements can enable an accelerated kinetic analysis-adynulti
crosslinking reactions via rheokinetic modeling, which facilitates prediction of
processability timeframes for slesgacting polyurethanes.

3) Rheological methods to predict printability and accelerate material discovery for
ultravioletassisted material extrusion inks, using stepwise changes in strain during
photorheology experimentsan quantify the contributions of 1) filler concentration and
2) in-situ UV light towards print height/quality improvements.

4) A low-cost version of the capillary rheometamnbe developed to enable rapid, high
shear characterization of high solids content inks, while exploiting small material

guantities
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2. Literature Review

2.1 Motivation for Direct Ink Write Additive Manufacturing

Using the concepts of thermoplasticity, fused filament fabrication (FFF) has become the
most popular method for rapidly prototyping potential engineering designs. Given the
affordability, weightefficiency, and availability of FFF printers, this technigquakes up nearly
70% of the additive manufacturing (AM) marké{. While the nozzldased design allows for
accurate staistop deposition, a consistent drawback of this fabrication method is the difficulty in
optimizing interlayer adhesion and porosity during thealification procesg2]. As such,
mechanical properties of parts printed via FFF are often limited by sufficient diffusion of polymer
chains between successive lay8is Materials for FFF must also be thermoplastic, which restricts
material selection heavily while imposing limitations on the temperatseerange of the final

product.

An alternative to this printing method is stereolithography (SLA). As one of the oldest
forms of additive manufacturing, SLA uses exothermic reactions initiated by ultraviolet (UV) light
to selectively cure a photoresjd]. The UV light cleaves photoinitiators, thus forming free
radicals, which polymerize low moleculaeightmonomers causing solidificatigh]. One form
of SLAT projection SLAT requires a vat of lowiscosity photoresin, whereby thin layers are
cured by projectingatwd i mensi onal Amasko of the desired i
lowering the platform to introduce the next layer of ohesin[5]. Conversely, laser scanning
SLA utilizes a single laser to selectively cure a-t#dctive material using galvanometric mirrors
[4]. While these materials can be high strength and resolute at the microranescale,
overcuring is a prevalent issue that results in warping and inaccurate part dimensions without

proper exposure studi¢s].



In an effort to combine the nozzbased design of FFF with the reactive nature of SLA,
direct ink write (DIW) AM has emerged as a popular 3D printing technique for reactive, highly
viscous and/ or coll oidal syst ewrvenddsigns,sveichiii nk s
enables dispensing of high viscosity photoresins, thermosetting materials, and confppsites
DIW inks are extruded laydyy-layer similar to FFF, and as long as they possess sufficiently high
dynamic stresses (resulting from strong interparticle networks), the internal structure of the
extrudate will maintain the shape of the printed bead gesbsition[7]. As stated, the resin itself
can also be reactive, which enablessitu and/or posturing mechanisms to take place (e.g.
thermal crosslinking or photopolymerizatidB]. This form of additive manufacturing facilitates
vast material selection including fiber reinforced composjfds foodstuffs[10], energetic
materials[11], clays/ceramic$12], cellulose[13], and concretg¢l4]. To this extent, materials
whose rheological, mechanical, and printing properties are governed by the aforementioned

interparticle network are termed [WBhighly fil/l

The purpose of this review is to outline the fundamentals andaftétte-art advancements
in high solids content rheology. The major focus of this research is interparticle network disruption
during direct ink write additive manufacturing, and methodsnitigate this phenomenon using
reactive systemd-our distinct sections are included to develop a holistic view of highly filled
systems for DIW. Section 2.2 covdtmdamentals of polyurethane synthesis/processing, as well
as the differentiation betweemnosslinked and thermoplastic polyurethariection 2.3 discusses
the definition, basic rheology, and tirdependent structural recovery (thixotropyhighly filled
composites The challenges of rheological testing and printing highly filled mateaia@slso
considered here. SectiondZcontains the specific rheological protocols available for probing

structural recovery of high solids content inks after experiencing periods of high stress or strain.



An introduction to methods for improving recoverability via chemical reactions is also covered,
with a distinct focus on the rheology of these proceéiskes o wn as fichemor heol ogy
of rheology as a tool for predicting/assessing printability élue conclude this section. Finally,

section 5 provides an extensive account of the most recent advances in preventing structural
breakdown during DIW 3D printing of reactive systems. The scope of publishings detailed in this
section encompasses reaetinighly filled polymers for DIW AM which experience thixotropy.

Using rheological/viscoelastic arguments, this section identifies the five most common methods

to improve recoveryia resin reactivity. Approaches such as these enable significant reductions in

cost and experimentation times since rheological tests often only require a gram of material or less.
Hence, this review signifies the importance of rheology for highly filiedctive systems in the

emerging field of direct ink write additive manafaring.

2.2Polyurethanes

The versatility of polyurethanes has enabled them to be processed into a variety of products
including coatings, adhesives, insulators, and fibers for flexible textie$8]. The reason for
this vast set of applications is the multitude of synthetic pathways available for polymerization.
Most often, polymerization involves the combination of a polyol and a diisocyanate, although it is
also possible to form polyurethanes thgburee radical polymerization of URurable urethane

diacrylateqg19, 20] In fact, some studies have eliminated the need for isocyanates altogether by

=14
(@]

incorporating thiols int[pl].the binder (i .e.

2.2.1 Crosslinked Polyurethanes

The functionality of the polyol specifically contributes to crosslinking during step growth
polymerization, the result of which is a thermosetting polyuretf2#jeThis is in part because of

vinyl groups which form no#inear urethane linkagg22]. Kinetically, however, the reactivity



and cure progress of polyurethane formation is almost exclusively drivahebghoice of

diisocyanate due to the relatively high molecular weight of the p{3dl

In regard to diisocyanate reactivity, the two factors most influentiaiards cure
progression are the electron withdrawing capabilities of the diisocyanate, asyhtheetry of
isocyanate groups. For example, toluene diisocyanate (TDI) contains aromatic rings which lower
the energetic barrier for reactions during the transition state, and also caggmmetric
isocyanate groups which cause a distinct-stage buildup of molecular weight growi®]. By
contrast, hexamethylene diisocyanate (HMDI) contains cyclohexane rings which slow the cure
progression, and the isocyanate groupsaai®/mmetri¢ causing singlestage molecular weight
growth [19]. By the same tokenit is also possible to have fast, singtage reactions (e.g.
methylene diphenyl diisocyanate, MDI) or slow, tatage reactions (isophorone diisocyanate,

IPDI) [19].

Based on the choice of diisocyanatelthe ratio of hydroxyl (OH) tasocyanate (NCO)
groups, final products will elicit a range of mechanical properties due to variations in the number
of hard and soft segmenig4]. The hard segmen{shortchain diols and chain extenders) are
responsible for overall strength and development of mechanical properties, whereas soft segments
(typically polyethers and polyesters) provide flexibility and chain mobility; resultingly,
polyurethanes are clafied as randomly coupled multiblock copolymej24-26]. Since
moderately elevated temperature&(@ °Q arefrequentlyused for these reactions, the timescale
for full conversion can span multiple days; therefaatalysts or functionalized polybutadiene

are often necessary for nesothermal kinetic studig®7-33].

2.2.2 Thermoplastic Polyurethanes
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For linear polyurethanes (i.e. a functionality of 2), attaining a critical temperature threshold
permits melt flow depositiof26]. From a molecular standpoint, this phenomeiiotermed
At her mopl ia erabled ibecaguse of the thermally labile, weak intermolecular forces
between polymer chains which are disrupted at elevated temper@ddijesrhermoplastic
behavior can be exploited for a variety of processing techniques including fused filament
fabrication, selective laser sintering, injection molding, and singlefaiew extrusiof35-37].
Although thermoplastic polyurethane (TPU) has the advantage of utilizing these manufacturing
methods, a persistent issue is mechanical failure due to microphase separation between the
thermodynamically incompatible hard and soft segmg®&% This problemhas prompted an

entire field of research dedicated improving mechanical properties via TPU [B8hds

While chain incompatibility presents one side of processing concerns for TPU, another
pervasive challenge is side reactio@svalently crosslinked polyurethanes in sectio&Rare
typically synthesized and processed at temperature less thatCl@®@wever,thermoplastic
polyurethanes areonsistentlyprocessed at temperaturesmging from 1920 °C [39]. This is
particularly problematic since degradation of the urethane linkage occurs at temperatures as low
as 200C [40]. Resultingly, undesirable side reactions are prominent at elevated temperatures in

the presence of air and moist(4€].

A common example of these side reactions is formation of an allophanate branch at
temperatures in excess of 18D, Especially with excess diisocyanates, the nucleophilic nitrogen
in the polyurethane backbone is able to further react with an isocyanate group, thus forming a
branch[41]. Similarly, without proper expulsion of air @water using a vacuum ovemoisture
can form amine groups via isocyanate decarboxylation, wireitesa urea when exposed to

carbon dioxide; further reaction with an isocyanate will cause biuret brand#ng3] In other
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cases, the environment itself is not responsible for side reactions, buthatheactionsaturally

occur without proper control via catalysis. A frequent example of this uncontrolled reactivity is
dimerization and trimerization of the diisocyanate, which subsequently forms either a uretdione or
isocyanurate, respectivel4]. Thus, control of operating conditions during melt flow deposition

of TPU has become one of the major challenges faced by polymer scientists and engineers at all

stages of production, including synthesis, processing, andsnd
2.3Highly Filled Systems
2.3.1 Basics of Rheology

Rheology is a branch of physics covering the deformation and flow of néerThe
materials range from simple Newtonian fluids and stiff solids to complex polymers which exhibit
both elastic and viscous behavior er med fAvi scoel astico materials
using devices such as viscometers, the ratio of the stieas to the shear rate defines the viscosity

shown in Equation2 1).

- 2.1)

Whered is the shear viscosity, is the shear rate in'sandd i s t he i mposed s
[46]. For solidlike materials, the rigidity modulus (during shear deformation) or elastic modulus
E (during tensile deformation) are defi2ned by

[46].

o © r— (2.2)

In a laboratory setting, devices such as viscometers can reveal the viscous properties of

fluidic substances, while tensile testing desican unveil the solidike behavior of elastic
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materials. However, when a materi@.g. polyurethanekxhibits both viscous and elastic
properties, rheometers are necessary to probe these viscoelastic effects. The mosidesicon

T atorsional rheometérhasatop and bottom geometrgne of which freely rotatesn a spindle

using a nearly frictionless bearing. This spindle is attached to a motor (and often a force transducer)
which allows for precise movements of the geometry. A raw force is placed on the spindle,
allowing it to oscillate, whichs translated into a geometgpendentorque. This torque elicits

strain on the sample, whichtreinsformed int@ storage and loss modulus illustrated in Equations

(2.3) and 2.4) [47].

T

Qe r—AI’lO (2.3)

. T o

@ r—o Bl (24)
Here,G Gs the storage modulu§oi s t he | oosas @areithaidppliesd streds

and strain, andi is the phase angle. When the stress is directly proportional to striagirQ°,

suggesting the material has an entirely elastic response tq &rgasrely viscous materials, the

phase angle is completely out of phase af9®f. Any angle inbetween implies that the material

is Acompl ex0o and exper i enc essillatng ssnateral irstsad ofc i t y .
steadily shearing it is that modulus data can be used to define the relative solidity/fluidity of
sample. Representative viscoelastic properties gained from oscillation experiments are illustrated

in Equations2.5)-(2.8) [47].

N

O

@
25

o (25)

@

26
: (26)
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< — (2.7)

s's - — (2.8)
Wheret an(U0) i s ,trhe sl dd=frapummcyidrddd d & thendynamic

viscosity,d as the outof-phase component of complex viscosity, gntls the complex viscosity

in Pas. In this respect, materials which are fluidic experience loss tangents > 1, adkeolid

materials possess loss tangents less than unity.
2.3.2 Definition of Highly Filled

The degree to which polymers can be strained before experiencing potentially irreversible
deformation is limited by the linear viscoelastic region (LVR) of the material. For unfilled
polymers, this limit is defined by entanglement of polymer chains; ascular weight increases,
polymer chains become longer, creating more intermolecular interactions, thus permanently
deforming the system and exiting the region of linearity when excessive strains are intfd@uced
48]. Elevated shear rates can also cause chain alignment, effectively decreasing the viscosity of

the polymer while shortening the length of the L}48].

Similar to entanglement of polymer chains, another way to produce an internal structure is
by introducing solid fillers to a polymer resin. In this respect, fillers create interparticle interactions
via Van der Waals forces which form interparticle netwotkus limiting the range of motion a
sample can experience before exiting the region of lineptttyy Though the definition varies
widely, a system is considered Ahighly fill ed:«¢
properties of a system, such that they outweigh the viscoelastic behavior of the resin in which they

are loaded [15, 4951]. Further, interparticle networks/interactions should drive- de
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agglomeration/recovery processes such that-tependent recovery is driven by network re

agglomeration as opposed to chakentanglemeni52].

These systems are unique in that they do not follow linear concentveattosity
relationships, such as 2% wheed ietherdasve @sgasity,tandon i n

0 is the volume fraction of solid45].

- p <& (29

Increasing the concentration of solid fillers will indeed decrease the length of the linear
viscoelastic region and increase the viscosity of the system, although this often ocdunsarbn
[15, 53] Decreasing the size of the particles at a given concentration will also shorten the LVR
and increase the viscosity dramatically due to an increased presence of electrostatitSprces
The degree of shear thinning (i.e. the slope of viscosity as a function of shear rate) also increases
with concentration, although the effect of particle size on shear thinning is often ambiguous. Some
fillers display sizedependent effects on the degrmefeshear thinning, although this appears
materialdependent, and shear thinning capabilities may not always be affected by particle

diametel[54-56].

Due to the electrostatic forces of interparticle networks, flocculation and/or aggregation
can also resulf49]. While often used interchangeably, these terms are complete opposites;
flocculates (also called agglomerates) are clusters of particles which can be destroyed and
reformed after periods of stress, whereas aggregates are clusters of particlesawhatibe
destroyed during rheological testifiy]. Agglomeratesand aggregates alikeapthe surrounding
resin between clusters of solid fillers, effectively increasing the viscosity beyond what would be

predicted using models for dilute suspensi@®. The presence of these clusters, and the shear
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induced drops in viscosity associated with them, provides an opportunity to discuss thikatropy

key feature of highly filled systems.
2.3.3 Thixotropy

The I nternational Uni on of Pure and Appli
continuous decrease of viscosity with time when flow is applied to a sample that has been
previously at rest, and the subsequent recovery of viscosity when flow is discahfs@]eStress
relaxation of thixotropic materials is instantaneous; this is in contrast to viscoelastic aging, which
involves elastic, tim@&ependent stress relaxation after cessation of 8} Especially after
flowing through the high shear region of a nozzle during DIW, highly filled composites are some

of the most prominent materials to experience a thixotropic response td Edjess

Both colloidal and nottolloidal systems can experience thixotr@pd]. Unfilled systems,
multi-component polymeric liquids, solutions, and blends may exhibit thixotropic effects through
chain disentanglementhentanglemenit9]. Conversely, wen a dispersed phase (solid fillers) is
present within a continuous phase (the polymeric medium), interparticle interactions form
microstructures in the form of an interparticle netwf@®]. Oncecomposites are sheared, they
transition from one microstructure to another as a result of structural breakdown, structural
buildup, Brownian motion, or particle collisi¢@l]. In the case of highly filled composites, shear
thinning and breakdown of flocs play a large role in microstructural rearrangement. So long as the
time scale available for structural recovery exceeds the timescale for data collection, structural

breakdowrand subsequent recovery (i.e. thixotropy) can be ana[gigd

To avoid confusi on, t he ter ms ishea+ t hin

thi xotropyo are defined explicitly here. Wh e n
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increased shear rates, strains, or stresses,
viscosity instead reaches a higher equilibriurl
terms refer to nevequilibrium pointsat a given rate. However, as the material is being sheared,

the viscosity mightasymptoticallylower to a new equilibrium point. Whether this equilibrium is

lower or higher than the baseline does not matter; if the path to get there lowers the viscosity over
time once bkear rates/frequencies are increased, the material is thixotropic. Similarly, if the path

to reach a new equilibrium results in the viscosity increasing over time (even if the new equilibrium

is lower than the baseline), the material is-#miotropic. Thus, these terms refer to tthgnamics

as a material approaches a new equilibrium, as illustrated in RAdu&2].

Thixotropy/Shear-thinning Anti-thixotropy/Sheag-thinning

& Transitory apparent viscosity 42‘ a \— 4?
5] (7] D — [72]
E \ N 3 K 3
% 5 @ 3
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= = = =
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; 5 /— 5
o o
Steady apparent viscosity < <
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Figure 2.1: Differences between shethinning/thickening and thixotropy/arthixotropy during

stepwise increases in shear stragprinted with permissiofrom Rubio-Hernandez et aj62].

Empirical equations make up a large portion of literature regarding thixotropic modeling.

De Souza Mendes et al. (2012) calculated the change in microstructural organization of a material
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awith respect to shear rateby modeling it as a function of the rate of structural equilibrim

shearing propertied, and shear rateshown in Equation2(10)[63].

Q_ o

9 Y | L (2.10
A more generic model of microstructural breakdown/buildup was proposkhlijoyndar

et al. (2002). Following a kinetidsased approach of microstructural deformation/reformation, the

Arat e ckoamdkiaanndt siior e a c & andbnllustrated & Equation2(11), were used

to balance the effects of sheaduced deagglomeration against tirdependent viscosity buildup

[64].

— Q1 VI ¢PHp
As is popular foreaction modeling, second order structural recovery models have also
been utilized by Toker et. Al (2015) to elucidate time/rate dependent recovery of emulsions,
presented in Equatio2.02) [65]. Here,Ge is the equilibrium storage modulus at long tint@sis
the initial storage modulug,is the recovery constant of a samplis time, andh is a structural
kinetic parameter assumed to be 2.

‘0 O
0 O

¢ pQop (212

The individual thixotropic and phase volume contribuBotowards viscositywere
extensively studied and modeled by Cipriani et al. (2¢g@8). Expectedly, the magnitude of
viscosity increase correlated highly with the loading level of filler, which was caused by flocculate
formation. Using a variation of the three interval thixotropy (to be discussed in sedt@ this
research utilized stepwise changes in shear rate to elucidate the parameters illustrated in equations
(2.13)%(2.15).
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- oh QO "Q (2.13

— - (2.14)

Qo

Q p | (2.19)

f(t) describes the timdependent thixotropic contribution to viscosity, vweh ( O )
represents the contribution of solid filled.is thezeraoshearviscosity,d is the infinite shear
viscosity,ds is the total viscosityt is time,d is the volume fraction of solid§lis a constant, and

ads the structural buildup time determined bywaufitting.

For filled, reactive resins, the effects of structuchlange during thixotropic processes
becomes more complicated since physical aging must be balanced againdependent
chemical reactivity. An example of this is illustrated in Equat@mg) i where the first half of
the equation represents physical aging, and the second half contains chemical aging during

precipitation of hydrateg67].

-0 - p Q p TE (2.16)

Equation 2.16) utilizes the Levenbesiylarquardt adjustment algorithm to model viscosity
as an exponential physical aging process and a linear chemical aging process. This process takes
part in three stages: the first is governed by physical aging, the second acttheesmediate
transition region, and the third is driven by chemical aging. Hefa$ theviscosity as a function
of time, dp is plateaued viscosity during an intermediate regldis,an exponential time constant,
bis a constant related to the hdmess of, 3 is a time constant representing the beginning of the

third stage, andlis a power law exponent relating time and visco&&j.
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Thixotropic modeling has been extensively researched for a vast array of materials, and
countlesempirical equations likely exist in literatUrkb, 58, 59, 61, 68]The equations discussed
in this review simply represent a set of generalizable equations that can be altered depending on
the application of concern and the type of experiment perforitieally, microstructural changes
of highly filled systems would be visualized using a combination of spectroscopic and light
scattering techniques before, during, and after periods of high shear. Unfortunately, as elucidated
by Wyss et al ., At he r ef r bdandithe Bquid phatesis usthall f f er e
too high to enable measurement of their micro:
[54]. Hence, flow field measurements (rheology) and advanced simulation are essential when
capturing the microstructural rearrangement of highly filled composites during macroscale

deformation processes (e.g. 3D printifgg].

2.3.4 Current Rheological Challenges in Direct Ink Write Additive Manufacturing

The rheology of highly filled systemsaballengingrom a repeatability standpoint, and is
prone to several artifacts of experimental ef6®&]. For moderately concentrated suspensions in
low viscosity matrices, wall slip is among the most common artifacts of [@0rHigh shear
regions of the wall during capillary flow (e.g. capillary rheology or direct ink write extrusion)
cause migration of solid fill er-siscdsityresifhecbeént e
regionnearthewalb6]. Thi s #fAslip velocityo thdiillenseanstes wi t
get as close to the wall, resulting in larger slip lay&8$ These effects also occur in parallel plate

rheology, illustrated in Figurg2.2.
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Figure 2.2: (Left) Development of a proper flow field arfdight) evidence of wall slip during

steady shear rheology using parallel plategrinted with permissiofftom Kalyon et al[71].

The slip velocity during parallel plate shear flow can be calculated by adding a slip velocity

term to the Weissenbeigabinowitsch correction, shown in Equati@il{) [71].

(2.17)

Where is the apparent shear rate at the edge of the plaig the true shear rat#, is
the true shear stredss is the slip velocity, andH is the gap height. Similar works have been
published which effectively create a WeissenbdrRgbinowitsch correction for oscillatory
experiments using frequency sweeps at various gap hé¢ifijisThus, although an undesirable
property during rheological testing, it is possible to understand the contribution of slip towards

flow velocity, especially in the DIW setting.

As a highly filled composite continues to flow (i.e. at the high shear regions at the edge
during parallel plate rheology or at the wall during capillary flow), an uneven pressure distribution
causes regions of solitke buildup to occuf72]. Thiseffecid enot ed as Al i qui d

T is illustrated in Figure.3.
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Figure 2.3: Finite element simulation of liquid phase migration during eatnusion reprinted

am = 1 Vi = 10 Viam = 100

with permissiorfrom Patel and Wilsofi72, 73]

Liquid phase migration is an especially undesirable trait during extrusion since it results in
an inhomogeneous extruddi®]. As the solid filler collects in static regions of the die landing,
liquid resin seeps out through the nozzle, although this effect can be mitigated with larger extrusion
speeds, steeper die landings, and nozzles with less fricespecially if conicaéntries are used

[72, 74, 75]

In contrast to the occurrence of liquid phase migration during DIW, materials may lack any
extrusion capabilities whatsoever duetmpletenozzle clogging. As discussed in sectiod 2,
an increase in solids loading reduces the average interparticle distance, effectively increasing the
number of closest neighboring particles, thus driving increases in elaglig]jtyAs a result,
extrusion capabilities diminish without sufficiently large backpressures. Particles have the ability
to form bridges across the nozzl e \7/6aundear c hi n
the assumption of HagedPoiseuille flow, particles in the center have increased drag forces
compared to those at the wall; this uneven distribution of forces causes agglomeration due to
particleparticle interactions. These frictional effects le@deither intermittent or complete

cessation of flow during deposition, illustrated in FigRre[76].
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Figure 2.4: lllustration of interparticle interactions causing partial reduction (a) and complete

cessation (b) of floweprinted with permissioftom Beran et al[76].

This finding is troublesome, since most inks require a large resting LVR modulus at or
above 210 kPai which can result in clogging due to jamming and excessive extrusion pressure
requirementg77-79]. Gunduz et al. (2018) revealed a solution to this problem by using an
ultrasonic actuator attached to the nozzle of a DIW printf&@{d This method, shown in Figure
2.5, successfully deposited 62 vol% polymer clay, natural elagaluminumpolymer composites
as well as fondant. Since a mechanical force breaks apart the jammed material, it eliminates the
potential accumulation of backpressures which often ineffectively break apart jammed material

within the nozzlg76].
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Figure 2.5: Schematic of anltrasonic actuateassisted DIW setypeprinted with permission

from Gunduz et al80].

To this end, a detail ed descriiapdhowitrelatess a hi
to macroscopic concepts of thixotrogy is heavily desired for DIW extrusion. While
crystallographic, neutron scattering, andray scattering techniqgues mayapture the
microstructural properties of particuldiled systems, the link between these findings and their
macroscopic counterparts (e.g. rheology and printability) is el{&M\eAs a result, most tests for
printability stil!l Ar el y [81h Thisistomicaning provisiggsanc t i o n
opportunity to utilize rheology as a method to predict printability and assess the overall thixotropy
of a system. Further, rheology can be used as a tool for tracking the cure progress of chemical

reactions in filled and uiifed systems, as outlined in sectiod.3[29, 30, 82]
2.4 Quantifying Thixotropy and Reaction Progress
2.4.1 Hysteresis Loop

The Ahysteresis | oopd or Athixotropic | oop

raises the shear rate of a rheometer or viscometamamgingfashion, measuring the shear stress
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at each rat83]. The shear rate reaches a maximum, and then decreases to the original low rate.
The idea of this test is that a material will experience structural deformation at high rates, which
takes time to recover, and be reflected as a decrease in viscoelasgctigsoduring the

descending rate regime. An example of this method is illustrated in Ridure

-
------
-
-
-
-
-
-

Y

Figure 2.6: Example of a hysteresis loop for (1) structural breakdown and (2) structural huildup

reprinted with permissioftom Anton Paaf83].

The area between the Aupd and Adownod curyv
thixotropy, denoted as the Athi xotmawr@asat i nde:
different testing condition84]. The <cr os s hat c h e 2.6 displaysachafadtaristic n F i
thixotropic behavior, whereas the romr o s s hat ched ar ea -thix@ropicr epr e ¢
material which experiences sheéaduced structural buildugftentimes, the thixotropic loop is
used to induce dispersive mixing which breaks up agglomerates in thixotropic, yield stress fluids

[85].

While hysteresis loops are easy to perform and analyze, the methodology is considered

outdated and nerepresentative for most applications. The progressive ramping of shear rate
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means that theqprbcbsebsum,so Ainnwigesting that
minimum and maximum shear imposg84]. The shear history of the sample during
preparation/loading, in addition to the sampling time, can also influence r¢88]tsThe
equipment itself is also subject to rotor inertia, causing noise during stress r¢@djnigsregard

to DIW, the slowramping nature of a hysteresis loop is not representative of thestsjart
deposition process. Instead, equilibribased stepwise increases in shear stress/étkaiown as

three interval thixotropy testing (3ITT) have become a rheolicgl standard for determining the

structural breakdown/recovery process of thixotropic matdbals

2.4.2 Three Interval Thixotropy Testing

Three interval thixotropy tests have quickly become the standard for determining structural
breakdown/recovery of highly filled materials, particularly because they are more representative
of the application at han@3]. The test is performed in three successive steps. First, low, strain
small amplitude oscillatory shear (SAC#ta within the LVR is gathered for a given time, which
represents the material as it rests (e.g. paint sitting on a paint brush or ink sitting in the barrel of a
3D printer). Next, large amplitude oscillatory shear (LAOS) measurements outside of tleed VR
used to represent the large stresses experienced during application. This ceptddentative of
paint being spread on a wall, or inksrieextruded through a small nozzle. During this regime,
structural breakdown of the interparticle network occurs, which leads to a rapid decrease in
viscoelastic properties. Finally, SAOS data is collected again, and viscoelastic parameters recover
(sometmes incompletely) to their original valuesepresentative of the material as it restspost

stres486, 87]

There are numerous ways to perform these experiments, and they are not limited to low

high-low steps in strain. For example, it is possible to increase both the shearasttdire
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frequency to represent the high stresses and shear rates experienced during &judibe
second step may also be performed under steady shear rotation to allow for more significant
net wor k destr uct-romtionowsica | d rat f[@h dis hpdrtlaortbliogetieat
3ITT can be performed entirely using steady shear rotation by performing step changes in
rotational velocity, although this method does not provide modulus data and will suffer from edge

fracture even at small shear rat@g]. An example of 3ITT is illustrated in Figuger.

G’ (Pa)

T2
T Mz
QIO
O
o

< >4 &
1st interval ' 2nd interval 3rd interval
(120 s) (120 8) (200 s)
Time (s)

Figure 2.7: Example of three interval thixotropy testingprinted withpermissiorfrom Eom et

al.[90].

Here, O is the modulus at the end of the first interv@l,is the modulus at the beginning
of the third interval (immediately after network destruction due to LAOS occursjCargdthe
modulus at the end of the third interval (once the recovery period évidsj, and’Y are the loss

tangents at each of these respective time p[0is
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While section 2.4 will outline the specific use of rheology as a tool for
assessing/predicting printability, it is worth noting here several parameters that the three interval
thixotropy test provides in regard to DIW. The most common parameters gathered from 3ITT are

illustrated in Equation®(18)-(2.21) [90].

0Q o ©° (2.18)
!‘O .
'Y'Q &)ﬂo (2.19)
o .
Yi v_Y 2.20
l y (2.20)
] v I r"Y

Here,Deis the degree of structural deformatiétecis the degree of structural recovery,
Rsis the relative solidity, andRecsis the degree of recovery for structural solidity. These
parameters act as normalizers for determining how much a viscoelastic property changes after
subjection to large amounts of stress or strain. Similarly, the mutation number in EqR280n (
can be used to quantify the contribution of recovered modulus or modulus recovery rate towards

overall recovery capabilitigg9].

(2.22)

In Equation 2.22), 'O is the storage modulus at the end of the third interval, and
—_— is the rate of modulus recovery during a fsprecific timeframe in the third interval

i though it is often within first several seconds of recovery. Parameters such as the mutation

number aid discussions of whether the final modulus or modulus recotegordaribute more to
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printability in the DIW setting. Oftentimes, these viscoelastic properties can be improved through
reactivity of the resin material, which improves printabili®i] This discussion provides an
opportunity to differentiate the structural effects of thixotropy from chemicaljuced

reformation, and introduce the concept of chemorheology.
2.4.3 Chemorheology

Because printed materials can sag excessivelydapsisition, a method to track shand
long-term cure progress of filled and unfilled systems under a variety of curing conditions is
essential when screening for potential DIW if&8, 92] In contrast to 3ITT which acts as a
rheological method to model interparticle network recoveriygemorheology uses the capabilities
of a torsional rheometer to track the cure progress of a reactive resin via increases in viscoelastic

properties overine [93].

For thermally curing systems, increases in viscosity can be modeled using an Afrhenius
style equation which accounts for the tieenperature dependence of thermosetting materials, as

illustrated in Equationg2(23)-(2.25) [93].

1o 1T+ ™o (2.23)
_ g (2.24)
Q Qo (2.25)

Here,dr andk are temperaturdependent viscosity and rate constadésandkes are the
infinite temper at ur e EdainskEcaopshe dcyvatianregergiessasseciated n s t &
with the viscosity and reaction ratd} is the universal gas constant, ands the absolute
temperature. For materials which experience molecular weight growth in multiple stages (e.g.
diisocyanates with asymmetrically reactive functional groups), this type of equation can be used
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to describe each step independefly, 33, 94] The rate of conversion can also described using

autocatalytic models such e KamalSourourequation shown in Equation2(26) [29, 30]

Q| -
= 0 226
a5 Q Q p | (2.26)

The KamalSourour model usds andk: as reaction rate constants, in additiom endb
as reaction order constants. Conversion is denotedvetsich can be difficult to measure without
methods such das-situ curing during Fourier transform infrared spectrosc@pyIR); however,
previous authors have estimated conversion using storage modulus duringdayulti

chemorheological experiments, as illustrated in Equa8@&7)[95].

00 "Qet
O Qe

(2.27)

Equation 2.27) estimates conversion by comparing the storage at any giveiGtit¢o
the final storage modulus ¢ ) and normalizing it by the initial storage modul@s0). This
method enablegurely rheological methods to track cure progress while relaxing assumptions of
linearity (i.e. Arrheniusstyle equations) in favor of power law relationships (i.e. the Kamal

Sourour model)29, 30]

For more complexautocatalytic reactions, the Pretwmpkins equation described in
Equation 2.28) combines the Arrheniustyle temperature dependence of curing reactions with
powerlaw approaches present within the KasBalurour mode]96].

Q] -
— 00 [ 2.28
00 0 P o (2.28)

The activation energia can be obtained using an Arrhenius analysis at several different
temperatures, and there are also three reaction argarandp. By neglecting the loterm on a

sy sdeepne nd e nt b aaniplens équatiom ean Bersimplified to the Se®akggren
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model in Equation4.29). This form is commonly used for crosslinking reactions, and simplifies
interpretation of parameters when performing-finear curve fitting96].

Q|
Qo

0Q | p | (2.29)

In addition to the common thermosetting reactions during Digjtu and exsitu UV
light can be used to solidify inks on the build H8d]. The cure depth of these materials is
impacted by several factors. For example, different photopolymers/photoinitiators will activate at
different wavelength$ although this does not always affect cure depth meanindfiidly High
amounts of opaque filler will also block or absorb UV light, causing a reduction in cure depth;
reductions in cure depth due to fillers can often be combatted by increasing the intensity of UV
light[97,98] Jacobds wor ki m80), s useful for,equatimg the gureade@hno n  (

to the sensitivity parameté&y, the energy dosg, and the formulatiolependent critical energy

doseE. [99].
6 Ol T,E (2.30)
@]

Measurements of cigdepth can be performed with increasing accuracy using calipers,
stylus profilometry, or confocal laser scanning microsdopithough the increased accuracy also
results in increased cogt0]. A simple way to perform cure depth measurements while building
a Jacobbés working cur v eia phatarhegmetric pnetaoel@]. Byy Rau
performing SAOS measurements on a photorheomiatsitu UV light via the UV accessory is
introduced which partially solidifies the photocurable resin from the bottom up. Excess material
is wiped from the rheometer plate posire, at which point the top geometry can be lowered until

a designated axial force isached. This axial force is indicative of the cure depth, and has been

shown to work for filled and unfilled materials in addition to soft and stiff ref®8a.
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Chemorheological adaptations likeeseare useful for translating photorheometry results into
printability findings, particularly ifn-situUV light is used to partially cure a material during DIW.

The relationship between rheology and printability is hence discussed.

2.4.4 Rheology as Tool for Printability

Because rheology experiments require approximately a gram of material (compared to the
dozens of grams required for printing studies), rheological methods to predict printability are
highly desiredi although understudie@@1]. This section outlines common approaches to
producing printability maps using rheological arguments. While many of the systems discussed
here are highly filled composites, they are frequently jrartthe reaction kinetics were not
discussedh detail However, the methodsitlinedhere set up discussions irb 2or highly filled,

reactive systems which experience thixotropy.

Oftentimes, rheological arguments towards printability rely on the presence of a yield
stress, which prevents flow through the nozzle without sufficient backpressures. Unfortunately, as
illustrated in Figur®.8 and explained by Hmeidat et al., even materials which exhibit a yield stress
may fail to be printablg¢101]. For example, for the epoxy resin filled with various levels of
nanoclay in Figur@.8, the 0, 2.5, and 5 wt% samples were too fluidic to print. While expected for
the 0 wt% sample (no presence of a yield stress), the 2.5 and 5 wt% samples clearly elicited yield

stress behavidr to the point that the 5 wt% sample possessed a loss tdaggtiian unity.
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Figure 2.8: lllustration of yield stress materials which are not always printable (e.g. 0, 2.5, and 5

wt% nanoclay in Epon 826 epoxy resirgprinted with permissiofrom Hmeidat et al[101].

The reason for this behavior is multifaceted, and likely requires arguments of the resting
moduluslyield stress in addition to patear properties. This necessitates discussions of
recoverability in addition to simple sheffow/oscillation studies. To begin, using the structural
deformation parameters from three interval thixotropy testing outlined in Equa2ia8s(@.21),
it is possible to form printability maps which relate the relative solidity and degree of structural

deformation. An example of this printability map is illustrated in Fig@490].
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Figure 2.9: Printability maps (highlighted region) of various inks extruded at different pressures.
BST125, ChaM25, and ChaM37.5 (materials containing varying amounts of glycerol,
chalcogenidometallate, and solid BiSbTe filler) were the only printable mateejatsited with

permissiorfrom Eom et al[90].

Studies like these indicate that printable materials re@yixe0% to ensure that materials
become fluidic during extrusion, arigk > 0% to prevent network formation within the nozzle
during depositior[90]. In other casesprintability mapsmay simply account for yield stress
requirements. For example, Corker et al. stated that so long as the stress required for flow to occur
Ur > 500 Pa, the resting LVR storage modultifs: > 10,000 Pa, and the flow transition index
FTI = Ge/lyieis & 20, concentrated suspension of graphene oxide will be printable (see Eig)re

[79].
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Figure 2.10: Printability map of concentrated graphene oxide suspensions using rheological

arguments of yield stress and flow stresprinted with permissiofrom Corker et al[79].

While direct relationships between yield stress/recoverability requirements and printability
might be expected, this is naltvays the case. For examplpogy resins filled with either 10 wt%
nanoclay (platelets) or 10 wt% fumed silica (spheres) were shown by Romber@2éPa).to
experience notinear relationships between peak stress tioldsand recoverability during 3ITT,

as elucidated in Figur211[102].
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Figure 2.11: Three interval thixotropy tests for (&)) 10 wt% nanoclagnd (c}(d) fumed silica
dispersed in Epon 826 epoxy resin. Recoverability wadinear with the imposed stress and

peakhold time reprinted with permissiofftom Romberg et a[102].

These experiments indicate that filler materials with aspect rétidsinduce time
dependent recovery, whidh known tocause bulging/sag during prinBecause recoverability
was nonlinear with both peak hold timehe use of 3ITTin this casédighlightsthe importance of
matching shear stressésnes during rheological experiments to the shear stresses/times
experienced during DIWIn some cases, this information can be used to bmlairical equations

for predicing buckling height (see Equatio.81)) [102].

P’ (2.31)
5

Q 00
XEHJ 0- X \Ep” “Q
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In Equation 2.31), hy is the buckling heighty is the line widthy is the densityg is the
gravitation constant, arglis the Poisson ratio. While empirical equations such this are useful for
specific materials and printing setups, they often lack the generalizability that printability maps
provide. This finding is critical since a diverse set of curing mechanisms to prevent thixotropy
exist; generalizable rheological models are necessary to capture the large array curing mechanisms

available for reactive DIW.

2.5 Approaches for Improving Recoverability During DIW

Sections 2.22 4 have set up the motivation, fundamentals, and protocols for using rheology
as a tool to predict printability in reactive, filled systems which experienced@pendent
recovery posextrusion.These discussiorenablea review of the stateof-the-art advancements
in DIW, with a specific focus otthe relationship between rheology and printability for various

curing mechanisms

2.5.1 UV-Assisted Direct Ink Write

UV-assisted direct ink write (UNDIW) is a wellestablished method for 3D printing filled
and unfilled photocurable inKZ7]. For unfilled photopolymers, UV light causes quick gelation
during extrusion, which solidifies the ink and prevents sag on the builffBpd he presence of
fillers, as previously mentioned, may block or absorb UV light resulting in a partiddjré his
partial cure provides green body during printing processes, which enables highly filled inks to be

printable prior to posprocessing techniques such as thermal cures

Jiang et al. (2022) used a polyurethane acrylate (PUA) filled with fumed silica (FS) at 1,
3, 5, and 7 wt% to understand how percolating networks can form depending on the hydrophobicity

of the systenj103]. Because fumed silica is a nanopatrticle, the amount of filler needed to attain
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while hydrophilic FS in nowpolar resins formed percolating networks (indicative of a highly filled
system), hydrophobic FS in polar resins simply formed thin layers of film at the bottom of the
resin. Using 3ITT, Figur@.12 confirmed these findings, by suggesting that neat resins had similar
viscoelastic properties to that of a 5 wt% hydrophobic FS; in contrast, hydrophilic FS experienced

drastic growth in viscosity, and recovery could be tracked via steady shear 3ITT.
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Figure 2.12: 3ITT of (a) hydrophobic and hydrophilic fumed silica composites and (b)
hydrophilic composites at various concentratjeaprinted with permissiofrom Jiang et al.

[103].

UV-DIW printing studies showed good agreement with rheological experiments,
specifically when correlating recoverability during 3ITT to print quality. Interestingly, silica

content in excess of 3 wt% increased the presence of voids and the desirecckradsthdue to

swelling effects, illustrated in Figu&13.
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Figure 2.13: Highly filled FS composites at various concentrations with and witimesitu UV

light, reprinted with permissiofrom Jiang et al[103].

The ratio of filler sizes can also influence overall printability and rheological properties. Ju

et al . (2020) il lustrated thi

S

ofparticldsi im b6 by

Hexanediol diacrylate (HDDA) at various bimodal distributigh®4]. These materials were

subjected to 3ITT and the structural recovery paramé&erfks andRecs(outlined in section

24.2) were used to create printability maps in Fig@ré4 (where N indicates the relative

proportion of nanoparticles compared to microparticles). These findings suggest that printable inks

generally have low levels of structural deformation, relative solidity levels between-0088d,

as well as structurakcovery for the degree of solidity around 106%0%.
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Figure 2.14: Printability maps created using structural recovery parameters from three interval

thixotropy testingreprinted with permissiofrom Ju et al[104].
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From Figure2.14, it is apparent that the 50:50 and 30:70 distributions generally outperform
all other inks. Interestingly, when UV rheometry was used (60 seconds off, 10 seconds on, 60
seconds off in SAOS), materials with relatively higher amounts of nanoparticlegirsgs in
tan(d) dur i nginsitn@V lighd The authorattrébutea this finding to UV light
being trapped between high density clusters of nanoparticles in bimodal settings, which increased
the release of heat, thus causing the materialppear temporarily fluidic. This finding is

illustrated in Figure.15[104].
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Figure 2.15. Temporary increases in fluidity during exposuretolU¥ ght caused by 0

of heated between clusters of nanopartjaiesrinted with permissiofrom Ju et al[104].

Ji et al. (2021) altered this approach by utilizing a photorheometer to introduce UV light
during the second interval (higdtrain period]105]. Structural deformation parameters were used
to create printability maps f@&Y-ZrO2 ceramic nanocomposite resiwith HDDA monomers for
UV-crosslinking capabilities. BotlirRs and Recswere plotted as a function dde, although
successful printability was attributed to the structural deformation parabetso long aPe <

~60%, printability was c¢ o nBSCdtedres photéttpaogyjand T h e
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these printability maps are shown in Figres, where WB represents the vol% of butoxyethanol

diluent in the ink.
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Figure 2.16: (a) PhoteDSC studies illustrating that higher concentrations of diluent increase

exothermic peaks, (b) photorheology suggesting that excessive diluent causes fluidity after

periods of high strain, and (c) printability maps udtggs a function oDe, as well as (dRecs

as a function obDe, reprinted with permissiofrom Ji et al[105].

Campbell and Marnot (2021) used both a polyvinylpyrrolidone (P&$thand ebisphenol

A-glycidyl methacrylatet triethylene glycol dimethacrylateesin tostudy bothhigh molecular

weight solvent evaporation and low molecular weight-tiWable systems respectively[92].

These resins were filled with a bimodal distribution <if 3

em &nMd 206 gl ass

loading levels > 50 vol%. During direct ink write extrusion, only one distributiondeasned

printable, and the line widths of all Usurable systems were larger than the solvent evaporation

i nks.
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which was caused by an insufficiently fast cure jtegiositon. Because the solvent evaporation
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inks effectively start fAcuringo as soon as
retention. However, because some systems contain sahoembpatible materials, these UV

reactive inks still show utility.

Similarly, bimodal distributions of narscale silica (12 nm) and styrene butadiene rubber
(SBR, 122 nm) in dvinyl-2-pyrollidinone (NVP) + poly(ethylene glycol) diacrylate (PEGDA)
were studied by Scott et al. (2020) forgtu UV-DIW [106]. By using processelevant shear
rates during rheological studjet was found that at least a 30:70 ratio of silica:SBR was required
for printability based on the presence of yield stresses. This precluded the useisthmsity inks
for DIW, and enable@ rapiddown selection of inkfor printing studies and 3ITT recovery studies.
Photorheology revealed that sufficient cure times and cure depths were possibisiforEaxV

applications.

A study from Brooks et al. (2021) further explored comparisons of photocurable resins by
analyzing differences betweegolycarbonatepoly(norbornene trimethyl carbongi)lyNTC)
andpoly(trimethylol propane allyl carbonatéolyTMPAC)[107]. They emphasized the use of
lower viscosity resins, such as PolyTMPAC, for SLA applications, while reserving the high

viscosity PolyNTC resin for DIW extrusion. This study also emphasized how increasing the

t

h €

loading levels of solids causes a transitiorfih ui di ty from A1 i gedbdaovhea

adding graphite nanoparticles. While this transition is useful for direct ink write, photorheology
revealed that for gaps greater than 1 mm, incomplete cures occur, makiDgVW¥lifficult for
these opaqueystems.The presence of opaque fillers known toreducecure depth,but
photorheology studies of hybridized DIW/VP from Rau et al. (2021) indicated that the addition of

alumina can sometimes decrease the cure time-af@thatic polyimide$108].

2.5.2 Thermosetting Reactions
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Similar to UV-DIW, thermallyinitiated crosslinking processes can assist in mitigating
thixotropic effects by introducing chemical crosslinks to negate thedependent effects of
interparticle recovery. The challenge here is calibrating and providing constanaktesrergy
during printing, similar to UVDIW. Based on thishallengethe body of research focusingion

situ or ex-situthermal curing of highly filled systems is scarce.

Sarmah et al. (2022) addressed this issue by curing erk#u via coplanar radio
frequency (RF) ranging from-100 MHz [109]. 3ITT studies suggested that when filling a
thermosetting epoxide with-BO wt% carbon nanotubes, a minimum loading level of 4 wt% filler
was necessary to prevent fluidity pasiear. The presence @f-situ RF increased the quality of

DIW printed parts, as well as the number of layers before collapse.

Manning et al. (2019) explored the addition of 20 wt% nanoclay to Epon828 (a diglycidyl
ether of bisphenol A), Jeffamine D230 (a polyether diamine), andre-oreidopyrimidinone
functionalized Jeffamine D23A210]. Chemorheological analysis revealed that after 11 heturs
room temperaturehe G 6G ocrossover was nearly reached, but the force transducer overloaded;
this time period was considered the printability window based on these findings. Based on this
long timeframe, a pogirocessing cure was chosen instead of an active curing protocchdedre
amounts of functionalized Jeffamine increased the yield stress and thixotropy as illustrated in
Figure2.17. This finding was attributed to the exposur&adidopyimidinonegroups to the outer
edges of the printed beads during periods of high shespecially through the nozzle after
extrusion. This process formed hydrogen bonding between layers similar teamdlbop

adhesives, which contributed to isotropic behaviomdutensile testing.
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Figure 2.17: Decreases in recoverability attributed to migration of Ureidopyrimidinone groups

during periods of high sheaeprinted with permissiofrom Manning et al[110].

The presence of fillers is known to slow down cure progress due to inhibition of free radical
movement[111]. Interestingly, although smaller particles lead to more thixotropy, the size of
particles has little effect on curing kinetjds2]. To avoid the potential interaction between cure
kinetics and filler concentratiofcKenzie et al. (2020)ncluded low molecular weight gelators
to promote yields stress behavior of inkisus promoting shape retention pestrusion[48].

While increasing the concentration of gelator increased the viscosity of the inksstegpart
deposition was difficult, leading to excessive flow out of the nozzle once the backpressure was

halted. This can potentially be attributed to the lack of imtttigle network recovery.

Thermal initiation of reactive fillers has also been studied to produce mechanically stable,
thermally and electrically conductive structufg$3]. By depositing Al/Zr/C nanocomposite inks
onto a heated build bed, a complete conversion to Al and ZrC was obtained, producing multiphase
microstructure. Further, the exothermic reaction of Zr and Al facilitated melting of AL, which
contributed to quickereactions of Zr and C. This concept of reactive extrusion is further explored

in section 5.3.
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2.5.3 Reactive Extrusion

Reactive ambient extrusion (RAM) poses a solution to many of the fallpeeseant within
thermallyreactive inksi specifically by producing printed parts in the absence of elevated
temperatures. The goal of RAM is to mix two liggpbdase reactasin-situ within the nozzle of
an extruder using a static mixer to enable curing on the build bed. This form of DIW permits
material extrusion rates 350 times faster than standard FFF methods, while producing an isotropic
printed parf114]. Rios et al. (2018) performed an analysis to predict printability of RAM inks
based on chemorheol ogi cal studies, whG@&h <conc
2000 PaG & 1 MPa after six minutes, aflo> 0.6 after six minutes facilitated successful prints,

as shown in Figurg.18[115].
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Figure 2.18 Chemorheology experiments indicating successful (formulation D) and

unsuccessful (formulation A) inks for RAMeprinted withpermissiorfrom Rios et al[115]

For reactions which take longer to fully cure, it becomes necessary to add fillers such that

the interparticle network can impart a yield stress and thixotropy. This finding was explored by
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Chen et al. (2020) by mixing a BR#ased epoxy resin with either a cyelliphatic crosslinker or

an aromatic crosslinker in addition to silica nanopartifld$]. The amine groups in the cyelo
aliphatic crosslinker were shown to form hydrogen bonds with hydroxyl groups on the silica
particles, which reduced the amount of solids loading required to form a yield stress compared to
the aromatic crosslinker formulatioThis finding emphasized the importance of surface chemistry
when determining the amount of filler required to alter viscoelastic properties. As a more recent
form of DIW additive manufacturing, the potential for scientificspecifically rheologicall

advancement in this area is significant.

2.5.4 lonization

While much less studied than other variations of DIW, ionization can be utilized to induce
viscoelastic properties necessary for extrusion. This concept was studied by Ju et al. (2021) who
examined highly filled poly viny alcohol (PVA) hydrogels createshgisellulose nanofibrils and
metal cations[13]. The resulting hydrogels displayed deformation/reformation capabilities
through a combination of metaarboxylate coordination bonds, as welbasate ion complexes
reacting with hydroxyl groups in the PVA. Printability maps using structural recovery parameters
from 3ITT experiments established criteria for printable gels, where certain metal cations

promoted faster receoaleiflBlgd n the form of fAself

In contrast to interpenetrating polymer networks created during gel formation, Nan et al.
(2020) successfully 3D printed vertical pillars of hydroxypropyl methylcellulose (HPMC),
polyethyleneimine (PEI), and titanium dioxide (B)@87]. The cationic polymer PEI can react
with the outer surface of HPMC and added fillers to create an internal structure, whose recovery
is concentratiordependent. Recovery of these inks during 3ITT was strongly dependent on PEI

concentration. While inks vhbut PEI recovered almost immediately, they lacked any structure
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sufficient for 3D printing. Increasing the PEI concentration to 0.032 wt% resulted in 100%
recovery within 330 seconds, but 0.068 wt% PEI only reacted 61% recovery within this timeframe
this finding reiterates the discussion of Horearity at the end of section424. This decrease in
recovery was attributed to catioacni oni ¢ i nteractions being il
mul tibody effects, o0 which also increased the

Printing results and relevant diegical tests are illustrated in Figuzel9.
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Figure 2.19: (Top Left) Changes in strain during 3ITT, (Bottom Left) 3ITT experiments for a
range of PEI concentrations, (Top Right) SEM of 0.032 wt% PEI printgBoitbm Right)

SEM of a poor quality print without any PEéprinted with permissiofrom Nan et al[87].

Silicon-carbide (63 vol%) filled polyelectrolyte complexes (PEG&re also shown to
induce changes in recovery depending on the ratio of cationic to anionic ftadpRelatively
higher concentrations of anionic compounds resulted in a higher modulus. In basic pH
environments, this finding was accentuated due to larger zeta potentials (indicative of more

colloidal stability). During alternating thixotropy tests (a fah8ITT with added intervals), more
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cationic systems recovered immediately. In contrast, more anionic inks failed to reackrssady
recovery until the second higdhear regime, suggesting that tivegrenot as suitable for DIW

studies.

2.5.5 Hydration

AM technologies using hydration as a form of recovery is largely dominated by industrial
scale concrete printing, which by itself is an entire field of res¢ai@]j. This method of freeform
construction is in high demand due to the construction industry contributing towards nearly 80%
of all waste in the world; automation of these technologies also aims to reduce hazards in the
construction environmet 18]. Especially considering the massive quantity of material required
for these construction projects, rheology is a vital tool for downselecting potential cementitious

pastes.

Cement, which is typically comprised of silicon and calcium oxides, is subject to
interparticle network disruption due to particleatgglomeration similar to DIW inK419]. When
forming concrete, noreversible hydrate bridges form as a result of hydrate bonds between
percolated cement particlfk20]. The combined effects of thixotropy and chemical rigidification
T resulting from cement hydratiGncomplicates rheological studies of recovery, and necessitates
novel approaches that hysteresis loops cannot caitl®¢ For example, Figurg.20 compares
the recovery of calcium carbonate (CafGuspensions to cement pastes using SAOS

measurements after a period of-ghearing.
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Figure 2.20: (Left) Solidification of CaC@suspensions in water for volume fractions ranging
from 4348 vol%, (Right) CaC@suspensions compared to general use cement (which
experiences hydration reactions), at 48 vol% solids, for a variety of rest times prior to pre

shearingreprinted with permissiofrom Mostafa et al[119].

This type of analysis aids tléscussion of whether the physical rearrangement of particles
or the chemical reaction is contributing more towards recovery. Since both systems exhibit
thixotropy in the form of interparticle network recovery, but cements have an additional hydration
readion, the contribution of hydration towards solidification can be quantifigae use of

representative, surrogate fillers is therefore a challenging yet imperative aspect of rheologically

testing the printability of reactive inks.

To accelerate thaforementionedhydration reactiongtherstudies used a combination of
fly ash, micro silica fume, and ground granulated bilastace slag (GGBS) to form a geopolymer
[121]. While the combination of fly ash with GGBS prodddke geopolymer, recovery of this
system was still challenging, but was improved with a small proportion (<10 vol%) of silica fume.
This research produced materials with denser microstructures compared to traditional cements,

while unveiling the importancef studying physical/chemical reformation.
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As stated, thixotropic effects of cemdydsed materials is an entire research area itself, and
review articles are currently published which outline stditthe-art advancements within this
field [122]. This is extended to the field of ceramics, which, similar to cementitious pastes, contains

its own breadth of research and journal oufgts, 12, 123]
2.5.6 Dual-Cure Mechanisms

The combination of curing mechanisms for advanced manufacturing is a growing field of
interest for researchers who wish to balance green body strength during prints against desirable
mechanical propertiesbtained duringpostprocessing[124]. The advantage of this method,
compared to a singleure approach, is tha-situ UV cures can be used to partially cure the
material during deposition, whereby a final thermal treatment can bond the layers together as a
resulting from interpenetration of polymer chaj@s De Marzi et al. (2022) presented evidence
that this posprocessing step can also alter optical properties of the printed part, transforming it

from an opaque solid into a transparent solid, as shown in Rdlire

Figure 2.21: UV-DIW of a duatcure material filled with 21 vol% fumed silica before (left) and

after (right) posfrocessing pyrolysjseprinted with permissioftom De Marzi et al[125].

While this study emphasized the distinction between green body strength and final print
properties, the relationship between rheology of the uncured ink, photorheometry, printability, and

final print properties was not establishétbwever, his studyfacilitates a discussion of which
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componeni from a rheological perspectives most important towards building sufficient green

body and final mechanical strength: the \dirable resin or thermaHgrosslinking resin?

This duatcure approach to 3D printing epoxy/acrylate inks was explored by Kopatz et al.
(2021) who studied the competing effects of UV/thermally curing systems usidgl\Wivith a
post thermal cur¢l24]. While relatively higher concentrations of thermally curing monomer
dilute the acrylate, lowering the conversion and radical efficiency, the plasticizing effect can delay
vitrification, thus increasing conversion. Additionally, at low loadings of epoxgratihe
plasticizing effect was minimahigher UV intensities prevented vitrification through thermal
effects of the UV lamp. In this regard, so long as no clogging occurred, hiyhetensities had
generally more favorable outcomes. Many ndimearities were present within formulatien
dependent gel times, cure times, and green body strengths, but the major finding was that
mechanical properties petstermal cure were insensitive to chemical formulation. This finding
enabled formulation of epoxy/acrylatgstems to be tailored purely on a basis of building green
body strength for a specific application, while disregarding the effects formulation might play into
final print properties. The insensitivity of acrylate composition towards final mechanicalpesp
has been repeated for many different materials during -awal DIW, including

diacrylate/diglycidyl either resin9].

To combat the issue of nozzle clogging due to UV light, Tu et al. (2021) printed fumed
silicafilled vinyl esters with bothdiphenyl(2,4,6trimethylbenzoyl)phosphine oxid€TPO,
photoinitiator) and d@rtButyl peroxybenzoatéd TBPB, thermal initiator) using a Ushielded
nozzle, illustrated in Figur2.22[91]. The combination of UNDIW and a posthermal cure once
again enabled sufficient green body strength during prints and subsequent desirable mechanical

properties due to thermal crosslinking.
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e e
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Figure 2.22: Prevention of clogging during UYDIW using ashielded nozzlegreprinted with

permissiorfrom Tu et al[91].

Parts produced using this method possessed sufficiently high storage moduli on the order
of 2-4 GPa, which were strong enough to be used as wrenches. Interestingly, this study asserted
that the rheological requirements for inks to be printable in thipsetwe r € not thiest r i ct
additional U\ttriggered radical curing reaction outside the dark zone for solidificatias'

sufficient[91].

In an effort to produce more isotropic parts, Chen et al. (2018) used-awleapproach
to form IPNs via commercially available diacrylate/diglycidyl ether regif$ Because fumed
silica is known to be UV transparent, its use for-DWV imparts desirable rheological properties
while not influencing cure patterns. As a result, raster angle had no influence on tensile properties,
and the presence of an IPN enabled slrapmory properties when brought above and below the

glass transition temperature.
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3.1Abstract

Thermoplastic polyurethanes (TPUs) are a class of urethane elastomers which flow at
elevated temperatures, enabling a diverse set of processing techniques including ksdakdrial
extrusion and injection molding. Due to variations in the relative coatdwrd and soft segments
within the polymer chains, as well as block lengths and chemistries, this material exhibits a wide
range of viscoelastic properties depending on the synthetic process and thermal history. Numerous
manufacturers produce their owroprietary brands of TPU, thus creating a diverse market for a
product whose processability varies depending on the supplier. Lot dependent undesirable
characteristics may be observed during melt extrusion, including degradation at-peteess
tempeatures, increases in viscosity over time, and buildup of -kédparticulates during
extrusion. This manuscript implements a combination of chemorheological, spectroscopic,
solubility, light scattering, and calorimetric techniques to understand thetiorof this solid
particulate phase during extrusion. The presence of endothermic transitions, large degrees of
branching, rapidly changing viscoelastic properties, and poor dissolution capabilities were
correlated with the worst performing lots of TRUterms of extrudability. These findings suggest
that solidification is caused by physical crosslinking through hard phase aggregation, which is
attributed to differences in polymer branching architecture, high chain mobility, and strain under
extrusion caditions. The strong association between polymer branching and solidification during
extrusion highlights the ability for these characterization techniques to rapidly screen for

extrusionrelated performance of TPUs prior to processing.

3.2Introduction

Thermoplastic polyurethanes (TPU) aelass of randomly coupled, lineanultiblock
copolymerswith alternating hard and soft segmefit$. The synthetic pathways available to
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produce TPUs are vast, but typicadlypolyol and a diisocyanate arembined which causesep
growth polymerizationdepending on the functionality of the poly@k. the relative amount of
chemically reactive sitesyrosslinkscan form resultingin the formation of a thermosetting

polymer[2].

The reactivity and cunegrofile of polyurethanes idominatedy the choice of diisocyanate
largely because the molecular weight of the respective polyol is significantly higher than the
diisocyanatd3]. Thus, the chemical structure of the diisocyanate drives reactivity in two major
ways First, electron withdrawing effectdue to aromaticity which stabilizes thetransitionstate
T cause much more rapid molecular weight growth compared to aliphatic diisocyptjates
Secondthe symmetry of the isocyanate (NCO) functional groups on each molecule can cause
differences in cure progression. Symmeti€CO groupsinduce singlestagemolecular weight
growth, whereas asymmetric NCO grougsult ina distinct twestagemolecular weighbuildup
[5]. Precursors includintpluene diisocyanate (aromatic and asymmetric) therefore react relatively
faster andn two stages, whereas hexamethylene diisocyanate (aliphatic and symmetrge) react
slower and in one stad8]. Thus, the choice ofhemical precursoras well the ratimf NCO
groupsrelative to hydroxyl (OH) groupsvill have profound effects dherelative amount ofiard

and soft segments present wittte fully synthesized TP(§].

Thesehard segmentsvhich provide strength and overall structural/mechanical properties,
are primarily comprised ofchain extenders (in the form of shattain diols) and reacted
diisocyanatesin contrast, theoft segmentstypically flexible polyesters angolyestery enable
chain mobilitywhich increases the elasticity of the samdle7]. The linear nature of TPU, in

contrast to the crosslinked thermosetting variitgilitatesthermoplasticity[8].
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Thermoplasticity specifically facilitatemelt-flow material extrusionof TPU using a
variety of techniques, including but not limitedselective laser sinterirgdditive manufacturing
(AM), fused filament fabrication AM, larggcaleinjection molding, and twiscrew extrusion
processg [9-12]. However processing TP@Et the temperatures necessary for ffielv (often >
200 °C) is challenginggiven the similarities between itekermal degradatioremperature and

processing temperatuf&3].

The similarity betweerthe degradatioand processingemperaturesf TPU complicates
the material extrusion process. Oftentimes, their proximity leads tonwanted buildup cn
unknown,solid, white particulatesubstanceas shown by the candle filters used during extrusion
in Figure 3.1This buildup is timedependentsuch that extrusion operatesrmally for some finite
amount of timebut eventuallyparticulatebuildup initiateswhich causes thextrudateto solidify.

For many batches of TPU, thisoblemworsens to the point that@mpleteblockage occurs

within the extruder.

This stiffening behavior is hypothesized to occur via a combination of side reactions and
hard segment agglomeration. As sutls possible to utilize&hemorheology wherechanges in
viscoelastidy aremonitored at proces®levant timescales using@ torsional rheometéto probe
for changes in physidahemical crosslinkingl4]. This methodologyhasbeen widely accepted
whentracking chemicaleactionkinetics and physical crosslinking processés time periods

ranging fromseverahours tomultiple days[5, 15, 16]
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Figure 3.1: (Left) Solid white material building up on candle filters during extrusion and (Right)

a candle filter without any particulate buildupdicative of proper performance

While dchemorheological resultelucidate the evolution of mechanical/viscoelastic
propertiesover time,changes iimorphology and chemicastructurearenot necessarily captured
using this method. As suatpmplimentarychemical analyses are necesdargietermine whether
chemical (i.ecovalenj or physicali.e. hard/soft segment agglomeration)sslinking ighe cause
of solidification In this work, a series of Shore 55Wly(tetramethylene oxiddjutane diol
methylene diphenyldiisocyanate (PTMO-BDO-MDI) TPU samples fromthree separate
manufacturers are investigatemlich that theiviscoelastic characteristiege correlated against
their extrusion performanc@lthough the intended product in the reaction between MDI and the
respective polyol is a linear polyurethane with only urethane linkages throughout the polymer
backbone, it is well documented that side reacti@msaccur both in dry and humid conditions
[17-19]. Scheme 3.1 highlights thmost prominent side products, and their respective reaction

pathwaysthat form under these conditiodaring (PTMOBDO-MDI) polyurethane synthesis.
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Scheme 3.1Chemical structureand reaction mechanisro§commonside productsiuring

production ofMDI-based polyurethase

Allophanate branching occurshen themost nucleophilic nitrogen in the polyurethane
precursormreacts witha freeisocyanate Approximately10% of thesenitrogens react to forma
branching pointswhich heavily depends on reaction conditid@®]. In humid conditions
moisture can also cause tlescyanatdo decarboxylatewhichforms an amineas well agarbon
dioxide via a carbamic acid intermediaf@1]. This amine can further react wiikocyanates
resulting ina urea bonghighermoistureconditions increasthe frequency of urea bond formation
[22]. Furthermorenucleophilic nitrogens in thurea bond fornbiuret branclesalong the polymer
chainwhen reacting with free isocyanate gro{#%]. Isocyanatemay alsaeact with one another
through dimerization and trimerizatioto form either uretdione or isocyanurate groups,

respectively. This process is fiass prevalenthan allophanate and biuret formati@specially
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since theirformation is catalystlependenf24]. Evidently, small changes in reaction conditions
including temperaturemoisture contentatalysis and reaction tinfeame have profoundeffects

on thefinal architectureof the polymer, especially due tbe presenceof branchpoints and
potentialcovalent crosslinkBy studying these phenomena in the conteXafe scaleextrusion
processing, there @otential to greatly modify the processability of TPUs based on the formation

of theseunintended side products [18,20,23].

Thisresearch studies the undesired buildup of solid particulate matter durireximssdion
of TPU, which is potentially attributed to a combination of side reactionshmarghological
rearrangement ohard and soft segmentiuring high temperature processinglere rapid
rheologicalprotocols are introduced which can quickly predict the performance of TPU batches
off-line, such that a total shutdown of the extrusion line is avoidatalgredictablesing limited
sample quantities. Supportingolgbility, spectroscopic, light scattering, and calorimetric
techniquesre discussed in brevity to provide evidence that hard segmgeregations a driving
factor for extrusion performance. Thiscussiomprovides evidence thhaulk physical (as opposed
to covalenj rearrangement of hard and soft segmkamtgely drives the buildup of solid particulate
matter.Multiple lots of TPU from three differemhanufacturergA, B, and C) are analyzedhe
performance of these TPU batches covers a range of outcomes,garyf r om A No0o 1| SSuUEeS:
a Acomplete shutdoowm dfhet mat dotrsws hlaeenendede de e ,
the aforementioneccharacterizatiortechniqueswith a fundamental understanding tfermal
stability and molecular architectuosing bulk material measurements of manufactuaed lot
dependent TPUdn this study,a unique rheologicgbrotocolis developed which identifies the

mostly likely cause o&n unwanted accumulation of solid matter during melt extrusion of TPU

68



Theserapid screening protoce®tan be employed bgny researcher or engineterquickly predict

extrusion successef TPU lotsin an oftline manner

3.3Materials and Methods
Multiple lots of Shore 55D (PTM@DO-MDI) TPU from three separate manufacturers

were studiedThethermal stability, spectroscopgicopertiessolubility, and rheological properties
of these materials ideallgmain consistenhen comparing differeriatchesof TPU; however,
there areclear differences in these properties-lbgtlot, which provide evidenceof varying
extrusion succes€hanges imolecular structureluring processinghe presence diranching

anddifferences iroverall polymerarchitectireareprimarily hypothesized to impact extrusion

Because the TPU samples vary in extrusion capabildigydot, each sample is designated
here by its respective manufacturer name first, and then the lot number. For example, sample B2
refers to manufacturer B, lot 2. Manufacturer A provided three Ibtsaierial. Sample Al
performed well during extrusion witho signs ofsolid particulatebuildup, although A2 had
slightly inferior extrusion performance with some particulates observed during extrusion over long
runs A3 performed the worst with signifiadly higher particulate content collected at the filter.
Overall however, TPU from manufacturer A extruc
experience any significant signs of solidification (e.g. sufficient to shut down the extrusion line)
or differences between lots. The right side of Figdiflevisualizes these findings, such that no
particulate buildup is observed. ManufacturerpBducedtwo lots of TPU. The extrusion
performance of TPU from manufacturer nl was ¢
experienced solid particulate formation during extrusion that impacted the extrusion line. B1
performed the best, and B2 performed worse, with both exhibiting significant accumulation of

solid particulate at the filter at a higher rate than the matwifer A sampledut not sufficient to
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shut down the extrusion lin@herefore, this manufacturer extrusion performance was designated
as i mpvaemufactuder © also provided three lots of samples, and these all portrayed
significantly impacted extrusion capabilities with significant stiké buildup, stopping the
extrusion line. Of these, C1 had the best extrusion performance, C2 was wors8, feadivery
poor extrusion outcomeAs a whole, however, TPU from manufacturer C consistently caused the

extrusion line to completely stop.summary of these materials is provided in Table 3.1.

Table 3.1: TPU batchextrusion performance f@ givenmanufacturer antespectivdot

number.
Manufacturer Relative Lot Extrusion Performance Manufacturer Extrusion
1 2 3 Performance
A Best Intermediate  Worst Acceptable
B Best Worst - Impacted
C Best Intermediate  Worst Line Stopped

All solventsfor chemical/spectroscopic analysgsre purchased from Fisher Scientific
and used aceived. Lithium bromide (LiBr) was purchased from Sigma Aldrich and dried at 120

°C prior to use.

TPU pelletswere dried in a vacuum oven at 80 for three daygrior to characterization,
which ensured moisture was remove&d-IR data was collected on a Nicolet iIS10 spectrometer
equipped with an ATR stage, and the data was averaged over 64 scans. Differential scanning
calorimetry (DSC)vas used to investigate athermal transitions presewithin the polyurethane
lots. Approximately7 mg of each TPU sample as receifiesl pelletsfrom the manufacturer was
placed in an aluminum-Zero panusinga hemetically sealed lidA TA Instruments DSC 2500
running under a constant nitrogen flow (50 ml Miwas used for these experimers empty

T-Zero pan with a hermetically sealed inhs used for referencdll DSC experiments were
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conducted at a heating/cooling rate of 10 °C “miEndotherms are indicated the positive
direction.Because the urethane bond becomes unstable at temperatures ex@2@égecond
heatexperiments were stoppedthis temperatureWhile modulated DSC (MDSC) experiments
would have yielded marginally better insight into the kinetics of structural change during the
degradation process, the goal was to develop a simple and effective screening method to predict
processability. Therefordo increase accessibility for future researchers, lineasisuthermal

DSC temperatureampswere utilized.

Pellets weredissolvedn DMSO forH NMR tests!H NMR spectra were recorded using
a Bruker Avance NEO 500 MHz NMR equipped with a 5mm iPrBlagawas averaged from 256
scans with a 5 s relaxation tinferior to dynamic light scattering (DL®&Xperimentsa solubility
study probed thsetrongintermolecular forcebolding theTPU samples togetheFhe TPU pellets
were testedbothas received from the manufacturergpellet formand after melt pressing at20
°C for 5 min at 5000 PSI. Approximately 15 mg BPU was submerged in 3 mL of either
tetrahydrofuran (THF), dimethyl formamide (DMF), or a 0.86 LiBr solution in DMF
(DMF+LiBr). After being submersed overnight in solvewisual inspection and DL®&ere used

to identify solubility success

For rheology tests, the samples were initially pressed into 1 mm thick, 25 mm diameter
discs at 220C and 5000 PSI for five minutes. The pressure was released to eliminate any air
bubbles, and five more minutes of compression was performed. However, when the disc was
placed into the rheometer at 190, the material degraded after five minutes. To ensure that this
was not an artifact of the rheometer causing degradation, thgorastted samples were placed
into an oven at 19€C for 30 minutes; once agaiall samples degraded. An example of this for

TPU from manufacturer B is presented in Figure 3.2.
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Figure 3.2 (Left) Pellets vdf TPU from manufacturer@essed at 22TC for 5 minutes,
(Middle) melt pressed sample after being leflirheometer at 190C for 5 minutes, (Right)

meltpressed sample after being lefamovenat 190°C for 30 minutes.

Thus, pellets of TPU had to be loaded directly into the rheometer, allowed to transition
into their flow state, and then brought to the appropriate gap height. All rheological tests were
performed using 25 mm stainless steel parallel plates with a 1 prorga Discovery HR0
rheometer (TA Instruments, Newcastle, DE, USA). Temperature ramps were performed from 190
230°C at 1°C/min. Time sweeps were conducted for 20 minutes at’@0@\Il measurements
were taken in oscillatory mode at a frequency of laHd a strain of 0.5% which was within the

linear viscoelastic region.

3.4Results and Discussion

An initial discussion in this section provides evidence that physical crosslinking likely
dominates the formation of solid particulate buildupo&hdetails are discussed in brieforder
to limit overlap with the dissertation of James Brown. For further information, please consult his
di ssertat i on -Peocassingtomedy Ral&ionshipsin Molreailar Assembly Across
Length Scales: From Semicrystalline Polymers to $malMo | ec ul e THeuwesuftsarct ant s

section 3.4.Are my unique contridions.

3.4.1 Evidence of Physical Crosslinking
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Four lots of TPU (A1, B1, B2, C3) were subjected to a series of chemical characterization
methods. These lots were chosen because they capture a wide range of extrusion performances
(Afhacceptabl e, 06 Ai mp aSpeceodcopic teahniguesiwere initally sigedtp p e d 0
probe for differences in chemical structure with the goal to correlate findings with potential
differences irextrusionprocessing*H NMR confirmedthatthe structur@f everyTPU batch took
the form of PTMO-BDO-MDI polyurethanewhich wasconsistent with literatur25]. FTIR and
'H NMR specta areprovided in Figure $.1.1 of the supportingformation andsuggest that 1)
no quantifiable differences chemical structurean be established based off spectroscopy alone
and 2) he ratio of the chemical shift peaks at 1.70 and 1.47 ppm indi6#téhnard segmestand
40% soft segmest respectively.

DSCanalysisprovided in Figure S9.1.iHlustrates keatisothermcoolheat experiments of
TPU pelletsas received from the manufacturAfthough los A1 and B1 display no early onset
isotherm, bts B2 and C3 display endothermic peaks at approximatehR8F0C 1 attributed to
MDI-BDO-MDI sequence agglomerati¢®6]. Larger endotherms suggest a greater presence of
these agglomerates/stable phagaging the second heat, two peak® presentThe first peak
betweenl70 °C and 207 °Cfailed to correlate with processabilitput the second endothermic
event beginning at 208 °C correldtdirectly with poor processability, suggesting that larger
endotherms contribute towards thermal transitions which negatively impact extrusion

performance[26].

Solubility studies were also performed to probe for the presence of physical (as opposed to
covalent)crosslinking Three solvents of increasing strength (THF, DMF, and DMF+LIiBr) were
used to identify the degree to which solubility was possible. When dissolvEdFror DMF,

solubility was not possible for any of the as received pelisiever, pon melt pressingvery
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TPU was dissolvable in both of these solvents except C3. This finding suggesithérathemical
or physical crosslinking prevented dissolutior to heat treatmetior the worst performing lot
of TPU. The addition of LiBr to the DMF facilitated dissolution of all Iét$oth as receivedn
pellet formand after melt pressingdhis strongly polar solvergolution effectively screenedor
the presence ostrong intermolecular interactions within the polyurethawbich enabled
dissolutionand validated the prominence of physi@d opposed to covalerosslinking in the
form of had segmenaggregatiorafter heat treatmefi27]. This finding also confirmed that the
as received pellets were not covalently crosslinked to any meaningful &ttemtability of melt
pressedsamples from theC3 lot to dissolve in just DMF suggests thathese stable

intermolecularly concentratgzhasesvereincreasinglypresent inC3 postmelt pressing

Subsequent DLS experiments (see Figure S9.1.3) established the presence of similarly
sized TPU chains postelt pressing, but worse performing lots contained TPU clathsmaller
hydrodynamic radiprior to heat treatmenit is well documented that these smaller hydrodynamic
radii can be attributed to branched architectees. biuret and allophanate branchiray)d that
worse performing lots possess these branthesgreater exterttue to side reactiorduring the
upstream supplier synthetic prosgthus predisposing them to poor processalaifityaggregation
[22, 28] During thissegmentrearrangement, lots B2 and C3 established stable intermolecular
interactions in the polyurethaménich negatively impaed extrusiorperformanceThe impact of
these microstructural rearrangements on prewdssant viscoelastic properties is subsequently
discussed, although the exact mechanism of this phenomenon is unclear and serves as a potential

research topic in future work.

3.4.2 Rheological Analysis
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The viscoelastic properties most relevant to degradation processes are outlined in
Equations (8.11)(S9.16) in the supplementary information. To probe for changes in
viscoelasticity over a range of temperatures, temperature ramps were conducted &30 190
at a rate of PC min. Because this range covered typical TPU processing temperatures, it was
hypothesized that this test would reveal a region where solidification began. Thermal degradation
of the urethane bond in TPU has been confirmed toroeithin this temperature range, which
directly impacts rheological properties in the melt flow sf28¢. The results of these temperature
ramps are illustrated in Figu83 for manufacturer A, which indicates that the complex viscosity
decreases, and the loss tangent rises with temperature. This is expected since thermoplastic
materials become more fluidic with elevated temperatures. However, there is no evidence of

solidification between the processing temperature (-2283C) and thedegradation temperature

(>220°C).
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Figure 3.3: (Left) Temperature dependence of complex viscosity and (Right) loss tangent during
temperature ramps of TPU from manufacturer A.

Thus, there are likely timdependent factors which are not sufficiently captured within the
timescale of this temperature ramp. It is also plausible that larger pressures associated with melt
extrusion processing accelerate the solidification procesghwdmplains why melt pressed

samples degrade so rapidly compared to pellets that are directly loaded onto the rheometer plate.
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To account for this behavior, time sweeps at 2DQvere performed for 20 minutes as illustrated

in Figure3.4.
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Figure 3.4: Isothermal time sweeps 200 °C tracking the complex viscositgr each lot of TPU

from (Top Left) manufacturer A, (Top Right) manufacturer B, and (Bottom) manufacturer C.

Figure34hi ghl i ght s

t hat

TPU

from manufacturer

does not exhibit timelependent changes in complex viscosity. In contrast, TPU from

manufacturer B exhibits timdependent increases complex viscosity readings; TPU B2

specificaly becomes more viscous over time. This finding aligns with Taldlewhich suggests

that B2 has poorer extrusion capabilities than B1l. Finally, the complex viscosity plot for

manufacturer C indicates that all lots of TPU (C1, C2, and C3) become marasvisith time.

Once again, these viscosity profiles corroborate with Taldlewhich suggests that TPU from

manufacturer Gtopped the extrusion linwith a large potential for soliike formation. For every
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given manufacturer, the worst performing TPU lot possesses the lowest videmsiigus studies

have suggested that for polymers of equal molecular weight, branched polymers exhibit lower
viscosities compared to linear polymers; it is hypothesized here that the lowest viscosity TPUs
from each manufacturer are more branched, whickriboites towards solidificatiof29-31]. To

further evaluate the solidification process of these TPUs, the loss tangent was analyzed across this

20-minute timeframe. The results of this analysis are presented in Bi§ure
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Figure 3.5: Isothermal time sweeps 200 °C tracking thedss tangent for each lot of
TPU from (Top Left) manufacturer A, (Top Right) manufacturer B, and (Bottom) manufacturer

C.

While the loss tangent varies widebetween companies and lots, all samples show
relatively fluidic behavior (tari) > 1) which suggests that extrusion should be feasible. However,

some samples approach a loss tangent of 1 more rapidly than others, where a loss tangent below 1
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suggests solitike behavior. To quantify this finding, the rate of change for the loss tangent

was calculated using the last 10 minutes of data (when viscoelastic properties changed linearly
with time, and temperature fluctuations became negligible). These findings are presented in Table

3.2.

Table 3.2: The rate of change of the loss tangent for each lot of TPU.

Manufacturer of each ot [s7]
1 2 3
A -3.7x10°  -8.6x10°  -6.1x10°
B -2.5x10% 0o % 0 S ——
C -4.2x10% -4.9x10% -6.4x10"%

When making comparisons across companies, TPU from manufacturer A appears to be the

most stable material for extrusion. It experiences relatively low rates of changelpf tan(the

order of 1 s!. By contrast; for manufacturer B increases by an order of magnitude

compared to manufacturer A. This increased rate reflects the worsening extrusion capabilities of

manufacturer B6s TPU, as wel | as the solidif]i

Similarly, for TPU from manufacturer C is on the same order of magnitude as TPU from

manufacturer B, which reflects both of their poor extrusion capabil@@sias the most rapid rate

of solidification, aligning with extrusion performance findings.

When making intrdot comparisons, Tabl&.2 suggests that the rate of solidification does
not change meaningfully between lots for manufacturer A. This comparison aligns with findings
from Table3.1 which highlights that TPU A extrudes acceptably overall, with no noticeable
differences in extrusion performance. For manufacturer B, the rate of solidification increases from
B1 to B2, which aligns with the complex viscosity profiles in Figdileand the relative extrusion

capabilities listedinTabl81(BL i s fAbesto while B2 is fAwor st o)
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the TPU with the Abest o extr B.%)exbibitsthedqwesbratd i t i e

of solidification, while the worst extruding material from manufacturer C (C3, according to Table
3.1) experiences the highest rate of solidification. Thus, these rheological findings accurately
reflect extrusion performance when comparing individual lots of TPU from a given manufacturer
(e.g., C1 performs better than C3), and also when comparing TR@dretcompanies (e.g.,
manufacturer A performs betteratin manufacturer C). The preceding discussions on solubility,
calorimetry, and spectroscopy further substantiate these findings and suggest that this approach

adequately probes into the mechanistic details causing variations in extrusion success.

3.5Conclusion

The relative proximity of the processing and degradation temperatures of TPU complicates
melt extrusion due to the presence of undesirable side reactions and morphological
rearrangements, which collectively produce solid particulate buildup in the ertlingioThrough
this research, we have shown that the degree to which this aggregation occursdsenckent;
in fact, the presence of these hard segraggtegatess not only manufacturetependent, but
also lotdependent. While spectroscopic techg could not establish quantifiable differences
between samples in terms of chemical composition, calorimetric methods identified endothermic
transitions consistent with the presence of stable phases which negatively impact extrusion
performance. Thesedh temperature endotherms correlated directly with poor processability (i.e.
manufacturer A possessed smaller endotherms than manufacturer C). Babkedsability
studies, these stable phases resulted from hard segggeagation due to biuret andlaphanate
branch formation during the synthetic procesghich could be effectively broken through strong
polar solvents, thus validating the presence of physical crosslinking as opposed to covalent

crosslinking. The worst performing lot of TPU required the strongest and most polar solvent to
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dissolve suggesting that a larger presence of these stable phases contributes towards extrusion line
shutdown. DLS confirmed that smaller hydrodynamic raahich directly correlatewith worse
performing lotspredisposed the TPU to more branched architectures during synthesis, specifically

attributed tahe aforementionediuret and allophanate side reactions.

A simple rheological screérg method to predict the extrusion performance of TPU off
line was also introduced, which rapidly screened for solidification while using minimal sample
guantities. This process involved2@ minute time sweep (representative of a typical extruder
residence time) at processevant temperatures using small amplitude oscillatory shfear.
gualitative view of complex viscosity profile
provided thebestevidence ofolidification The viscoelastic properties nfanufacturer A were
essentially timendependent at processlevant temperatures, which aligned with its acceptable
extrusion performance. However, manufacturers B and @kBamgesn viscoelasticity over time
( e. g.dedreasin in d inaeasing which providedconfirmationof solid-like buildup. The
timescales associated with the solidification proagese more rapid for manufacturer C than
manufacturer B, which agréevith manufacturer extrusion performance, as well as calorimetric
and solubiliy studies.The fact that the lowest viscosity materials possessed the worst extrusion
performance confirmedhe presence obranched architectures prior to processimgich
predisposed these materials to further aggregation. Thus, by performing a simple oscillatory
experiment in a torsional rheometer, it is possible to predict whether extrusion line shutdown will
occur, and this technique is able to distinguish between Tios different manufacturers, as
well as different lots of TPU from the same mawtdeer. We have therefore demonstrated that

this hard segmeitggregatiorcan be probed using a variety of characterization methods, and from
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an economic perspective, the novel rheological analysis presented here can save significant

amounts of resources while limiting process downtime.
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4.1Abstract

Catalysts are often employed to enable -ismthermal reaction kinetic studieshen
tracking cure progression of polyurethane reactibltsvever, when quickly reacting, catalyzed
materials are prepared through mixietjowed by the addition of fillers or additives, subsequent
processing of the partially reacted material becomes difficult. Here, chemorheology is used to track
changes in viscoelastic properties of uncatalyzed polybutadisoeyanate reactions for
multiple days, whichguantifiesthe degree of cure during polymerization. Viscosity profiles are
accurately captured by éhtwostage Arrhenius model %¢0.95), and conversion progress is
adequately represented by the KasBalrour model &0.76). Transition state analysis via
WynneJonesEyring-Evans theory reveals the presence of an associative mechanism according to
entropic and ent haS=96.6JKian HA\-BE6.4kd espectively. These s @
rheokinetic modeling results align with Fourier transform infrared spectroscopy findings. To our
knowledge, no rheokinetic studies have tracked cure progrebks afncatalyzed system for the
extendedtimeframe presented here. The cure profile also presents unique viscosity growth,
representative of molecular weight buildup, compared to catalyzed systems. This finding
emphasizes the novelty of applying previously developed chemorheological modelsitdayul
thermosetting reactions within a flow field imn@annerthat isgeneralizable to many lorigrm

curing systems.

4.2Introduction
Polyurethanes are a diverse class of materials that can be processed into fibers and foams
which find use as heat and sound insulators, flame retardants, and crash protection[tevices
They also serve as coatings, adhesives, and binder materials, with the ability to sustain large

loading levels of solid42, 3]. A variety of synthsis pathways are available to produce
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polyurethanes, most often involving a polyol, such as hydttemyhinated polybutadiene (HTPB),

and a diisocyanate. The selection of diisocyanate can have a significant influence on the
mechanical properties, glass transition temperature, and pot Ie oés$ulting polyuretharid].

Toluene diisocyanate (TDI), methylene diphenyl diisocyanate (MDI), hexamethylene diisocyanate
(HMDI), and isophorone diisocyanate (IPDI) are some of the most frequently encountered
reactants. Aromatic diisocyanates, which possess superior electron wittgdcapabilities over

their aliphatic counterparts, have been studied more extensively due to the faster reaction time; as

such, polyurethanes involving TDI and MDI have been studied to a much further extent than IPDI

[4].

With so many avenues to produce polyurethanes, it is imperative that an uncatalyzed,
baseline formulation is available with which kinetic data can be compared to quantify the impact
of precursor choice and catalysis. By establishing these baseline kimatideling of cure
behavior can be performed, which is critical to understanding the time scale available for
processing. Mahanta and Pathak provide an overview of the three most common approaches to
kinetic parameter determination using fisathermal diferential scanning calorimetry (DSC)
methods: the Kissinger method, the Fiywall-Ozawa (FWO) method, and the Kissinger
AkahiraSunose (KAS) methofb]. The Kissinger method provides the most simplistic approach
to determining kinetic parameters by requiring the evaluation of heating rate as a function of peak
temperature, though it assumes the reaction is first order leading to a lack of rol6$tridss
FWO method assumes that the temperature integral used in most kinetic models takes an
exponenti al form (Doyl edbs approxi mati on), al |
function of conversioii7]. Similarly, the CoatdRedfern approximation can be used to solve for

the temperature integral in the KAS model, which also allows for kinetic parameter determination

87



at a variety of conversiong]. In some cases, the KAS modgives better isoconversional

estimates of activation energy than the FWO meifipd

While nonisothermal DSC tests can be a powerful tool for determining activation energy,
the analysis cannot be conducted within a flow fi€lterefore, resultsiight not be representative
of manufacturingrelevant processs (e.g.reactive extrusion). Noeisothermal DSC is also
constrained based on the thermal ramp rate and upper temperatufiéliugia majority ofstudies
to date involve a catalysd accelerate theelatively sluggishkinetics of (particularly aliphatic)
isocyanats, which ensures complete reaction progress. Several catalysts including triphenyl
bismuth (TPB), ferric acetyl acid (FeAA) dibutyltin dilaurate (DBTDL) and tin(ll) 2-
ethylhexanoate (TECHjre commonly employed during nsothermal DSC experimenii8-12].
Importantly, previous studies have shown that uncatalyzed reactions during thésetinemal
DSC experiments were unable to approach completion within the required timeframe rendering

methods such as the FWO analysis inapplicili§

Thus, ©iemorheology becomes an essential tool for tracking viscoelastic parameters and
fitting cure profiles to previously developed models for reactions with cure times longer than a
few hours (i.e. well beyond the limits of negothermal studies). An Arrhenidmased approach to
chemorheological modeling can predict the viscosity growth over the course of several hours as a
function of temperaturdependent rate and viscosity constgh8. Lucio and de la Fuente have
extended this concept to a tstage reaction, expressed as two separate Arrhenius eqiadipns
Although their work is frequently concerned w{ferrocenylbutyl)dimethylsilangrafted HTPB,
it has provided the groundwork for utilization of the tatage Arrhenius model as well as the

KamalSourour kinetic model. The Kam8burour model analyzes the conversion rate as a
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function of conversion, which provides insight on the contribution of the autocatalytic effect
towards overall reaction rafg5]. In addition, the SestaRerggren equation can describe complex

kinetic behavior by relating reaction rate constants to a proposed mecliidjism

To our knowledge, chemorheological experiments have not been conducted for
uncatalyzed HTPB+IPDI at sufficient times scales to capture the changing reaction kinetics over
long times (e.g. 90+ hours). Several groups have tracked viscosity profiles fer sihoetperiods
(10 hours or less), but without any insight into viscoelastic propeatidstheir relationship to
reaction mechanisnjd, 11, 17, 18]In fact, some groups have suggested that HTPB+IPDI systems
show twastage viscosity buildupnly in the presence of a catalyj4©]. Thus, there is a clear
opportunity to understand isothermal curing kinetics of a-skaeting uncatalyzed polyurethane
in the presence of a flow field. In this study, we apply a variety of kinetidrandition state
models, including the twetage Arrhenius, Kam&ourour, and WynnrdonesEyring-Evans
(WJEE) models, to chemorheology measurements measured over long time p&odusufs).

These findings are compared to temperatanetrolled Fourier transform infrared spectroscopy
(FTIR) measurementat comparable curing timeframeSupplemental information is provided
regarding the use of the Sest&rggrenmodel The supporting information also contains
pertinent findings comparing tirgeependent chemorheological and spectroscopic cure profiles.
We show that these approaches successfully capture kinetic parameters of a slow reacting
diisocyanate and polyol, where the reaction kinetics and long reaction profiles are not well
described by current methods and models. Since these reactions are tooamducted at room
temperature over the coursevxéeks omonths, there is clear value in accelerating the prediction

of cure profiles for these materials. Here, we enable the prediction of extended cure profiles in
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slow reacting systems, where the kinetics change in a discontinuous manner over the course of

many hours or days.

4.3Materials and Methods
HTPB was obtained from RCS Rocket Motor Components with a number average
molecular weight oM, = 2700 g mof and functionality of2.16. Functionalityf was determined
using Equation (4.1).

b 00

p TLTET (4.1)

The hydroxyl numbe©OH is 44.88, and the molecular weight of potassium hydroxide
0 is 56.1 g mol. Since hydroxyl number must be expressed in units of milliweight per
weight, a factor of 1000 is included. The hydroxyl number was calculated using Equation (4.2),
where OHeq is the hydroxyl equivalent weight, which is equal to 1250 according to the

manufacturer.

pTITET

00 ) (4.2

IPDI was supplied by Oakwood Chemical. The stoichiometric raticgpresenting the
ratio of the hydroxyl groupselative to isocyanate groups was set to 1 for our reactions, shown in

Equation 4.3):

P 4.3

A stoichiometric ratio of 1 was chosen to limit the amount of unreacted material at the end

of the cureand avoid side reactionSamples were mechanically mixed via high shear with a
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mixing paddle blade for one minute. After mixing, samples were promptly loaded onto the

rheometer plater KBr windowfor characterization.

4.3.1 Chemorheology

A Discovery HR 30 Rheometer (TA Instruments, Newcastle, DE, USA) with stainless steel
25 mm parallel plagkewas used for all rheological tests. Time sweeps were conducted for up to
four days, or until the reaction appeared to reach completion, in oscillatory mode at 0.1% strain
with an initial gap of 1 mm. The reaction was deemed complete once the viscosiy pro
plateaued. A constant normal force of 0.0 + 0.1 N was applied to ensure no material was spilled
out of the sides of the plates during early stagf the reaction. This level of normal force control
also prevented negative normal forces from occurring during the cure process when shrinkage was
apparent. Controlled strain using riberative sampling was applied to set a minimum torque of 5
€ Nm, which increased the resolution of the data during early periods of the reaction (i.e. when
viscosity was very low). The auto strain adjustment feature was also employed to remain within
the linear viscoelastic region for the duration of the cure. Storagilo® G §, loss modulus
(G 9, and complex viscosityd() were obtained at 60, 70, and 80°C. The temperature was
maintained using the environmental test chamber attachment. Thdl&waxrule has been
validated by previous studies for similar materials, suggesting that oscillatory measurements of

complex viscogy are equivalent to measurements of shear viscosity in continuouR2gw

4.3.2 Fourier Transform Infrared Spectroscopy
FTIR curing studies were performed in transmittance mode using a tempeaitinaled
demountable cell (PIKE Technologies, Fitchburg, WI, USA) in a NicolebOSFTIR

Spectrometer. Samples were prepared using the same procedure as chemorheologyhstudies.
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heated cell was allowed to reach the desired temperature and equilibrate for 15 minutes before
each experiment. The HTPB+IPDI resin was then deposited between two KBr windows using a

50 em pathlength Teflon spacer . Jtforethesanmpl!| es
timeframes as their respective chemorheology experiments. Spectroscopy data was gathered at 30

minute intervals by averaging 32 scans with a resolution of2 cm

4.4Results and Discussion

There are several major goals for this studising chemorheology, we aim to analyze the
cure kinetics of an uncatalyzed mwdiy reaction that wasreviously studied foonly up to 10
hours.Utilizing a variety of fitting techniques, we match our data to previously developed models
for the purpose of predicting muliay cure reactiondlemperature controlled FTIR is used to
validate the presence of a mistage reaction, and rheokinetic modeling parameters are
subsequently compared to FTIR spectroscopy results. This process facilitates a discussion
regarding the advantages and shortemwiof each method, along with appropriate-hioear
curve fiting techniques. Transition state theory for mdHy reactions is then explored to
understand the associative mechanism during polyurethane synthesis,helpishtexplain the
sluggish nature of the reaction, while providing support for autocatalytic process. This information
is vital to understanding the underlying reaction mechanism while providing quantitative kinetic

data for prediction of longerm curingbehavior.

4.4.1 Cure Profile

Because the isocyanate groups on IPDI are asymmetrically reactive, Lee et al. suggested
that reactivity of the secondary isocyanate group is more favorable than the primary2djoup

Guo et al. had similar findings, and cited a study by Rochery, which concluded that due to the
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substitution effect, after one isocyanate group reacts, the second is slower to react. Out of the eight
possible isomers of IPDI, the one with functional groups in the equatorial position is most

prominent, with the primary isocyanate group reacting sld@2r 23] An illustration of this

reaction ispresentedn Figure4.1.

OCN 06 0.2 0.2
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Figure 4.1 Two-step process of linear polyurethane formation involving a fast step (secondary
isocyanate reactioripllowed by a slow, delayed step (primary isocyanate reaction), assuming

that the most prominent isomer drives reactivity.

Each stage of the reaction can be observed using viscosity profiles from torsional rheology.
Typically, one would expect an initial increase in viscosity due to monourethane formation,
followed by a delayed increase associated with diurethane developRrentous authors
successfully verified this twetage viscosity buildup using uncatalyzed HTPB+TDI, but
sufficiently long timescales were not achieved during their tests to observe thatatyedoehavior
for uncatalyzed HTPB+IPO#] To fill this gap in knowledgeand generalize this approach for
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other, slow reacting diisocyanates multiday cure of uncatalyzed HTPB+IPDI is illustrated in

Figure4.2.
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Figure 4.2: Viscosity buildup of HTPB+IPDI during polymerization over the course of multiple

days.

Without a catalyst present, the curing behavior appears to depict a unicliaeaon
viscosity buildup. First, as the secondary group on the IPDI molecule reacts, there is rapid growth
of viscosity. Then, a plateau of the viscosity appears, after which viscosity once again increases
due to the primary group of the diisocyanate riegctFinally, there is a second plateau once the
reaction finishes. The length of the first plateau is dependent on the reaction temperature,
shortening with increasing temperaturée fact that the first plateau has the same viscosity range
for the thredifferent cure temperaturesiggests that upon monourethane formation, the reaction
becomes limited by the diffusion of the monourethane throughout the system. Because this novel
behavior has not been previously reported in literature, it is essential ticantrexsion progress

is directlyverified throughFourier transform infrared spectroscopyeseresults enabl&inetic
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modelingusing a variety of experimental setups, which provigesul information regarding the

prediction of cure profiles for lontgrm polymerizations.

4.4.2 Fourier-Transform Infrared Spectr oscopy

Temperature controlled FTIR studies were conducted at the same temperatures and
timeframes as the rheological studie®rder to directly quantify the degree of cufais way, it
is possible to confirm the presence of a-stage reaction, such that subsequent modeling can be
performed to predict reaction progre€onversionduring FTIRIis calculated using Equations

(4.4) and ¢.5) [22].

o o (4.4)
0 (6]
0
0
0 ¢ I1g (4.5

In Equations4.4) and @.5), Ais the absorbance of a peak at a given wavenurolessjs
the conversion of the isocyanate bond time, andT is the transmittance of a given peak. The
peak at 2260 crhis representative of the NCO peak which increases in transmittance over time as
it converts to urethane linkages. The selected reference band at 16#representative of the
C=C reference band and does not change meaningfully during the rg@&joifhe rate of

isocyanate conversion as a function conversion progress is illustrated in&gure
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Figure 4.3: Reaction rate as a functionisbcyanateonversiorduring FTIR analysis. A seri

log plot is used to emphasize the presence of two distinct reaction rate peaks.

Figure 4.3 illustrates two peak reaction rates during polymerization. There is an initial,
large peak between-80% conversion, and then a second smaller peak betwed0050
conversion. These peaks are representative of the maximum reaction rates during saocdndary
primary isocyanate conversion, respectively. This finding provides evidence that the two stages of
viscosity growth present in Figude2 occur due to reaction of these functional groups, such that
reaction of the secondary group drives an initialease in viscosity, followed by a slower delayed
growth in viscosity due to reactivity of the primary isocyanate. As such, we have verified the
presence of a twetage reaction process, and can apply a series of modeling/curve fitting

techniques to validatiae unique diffusion controlled regime found in Figdr2.

4.4.3 Chemorheological Modeling

The Arrhenius equation empirically relates the rate of a chemical reaction to a change in

temperature as showm Equation 4.6).
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'?‘Q 6 rQ _ (4. 6)

In this casek is a reaction rate constarti, is the activation energyf is the absolute
temperature, and is the preexponential factor. The exponential form in Equatii®)(is often
linearized using logarithmic transformations, whiehablesthe activation energy and pre
exponential factor to be quantified across a short range of temperatures. For rheological
experiments, this form of the equation presents an issue since rate constants are not known.
Fortunately, alternative approaches foplgmg an Arrhenius relationship to viscoelastic diaa
crosslinking polymershave been discussed in previous stydasd are hypothesized to be
appropriate for oligomeric precursors such as HTPB. The steps to construct such a plot are

outlined in Equations4(7), (4.8), and 4.9).

iFoe 1k Qo 4.7)
_ 4.8

e (49
0 00— (4.9

d is the complex viscosityg; andk are the temperature dependent viscosity and rate
constantsgp andkpar e t he i nfinite temper &jaunrdecagethesc osi t
temperaturéndependent activation energies associated with viscosity and reaction rate,
respectivelyR is the universal gas constant, ahd temperature in Kelvifil3]. The Arrhenius
approach presented here analyzes a distinct linear section of -fogephit of viscosity as a
function of time, with the intent to fit the complex viscosity using both temperature dependent
viscosity and rate constants. gsnfirmed through FTIRthese types of polyurethane formations
possess two stages of polymerization (and consequently, two stages of viscosity buildup). Hence,

it is possible to identify two linear sections of the séwgi viscosity plot, whereby the viscosity
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increases rapidly at first, th@hateaus before increasing again as a restitisgprimary functional
group readhg. Application of the twestage Arrhenius model at three different temperatures is

illustratedin Figure4.4.
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Figure 4.4 Two-stage Arrhenius model depicting the time and temperdependence of
viscosity buildup during curing. Solid lined () indicate empirically measured viscosity, while

dashed lines-(-) represent the Arrhenius model.

To accurately capture thignique curing behaviprthe second stage of the Arrhenius
approach uses all data points from the beginning of the first plateau to the beginning of the second
plateau.This region was chosen for the second stage analysis to enable continuous prediction
across the entire reaction timeframd.kinetic parameters of the twstage Arrhenius model are

presentedn Table4.1.

Table 4.1: Kinetic parameters from the twsiage Arrhenius model.

o« oEq ke do
[kJ mol] [kJ mol] [sY [Pas]
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Stagel 39.2 53.4 190 4.64 x 1€
Stage 2 49.1 16.4 1260 1.39

Correlationcoefficients for each stage of the Arrhenius model were above 0.95 at each
temperature. Because the Arrhenius model will inevitably deviate from the data in the second stage
due to completion of the curing process, correlation coefficients were only cappliantil the
model began to deviate from the second plateaued region. This finding supports the conclusion
that HTPB+IPDI systems indeed show tatage viscosity buildup, and prediction of these profiles

is relatively straightforward from a computatioséndpoint.

While the Arrhenius model expectedly illustrates i increases from stage 1 to stage
2,k is also higher for stage 2. This stands in contrast to FTIR results in Figure 4.3, which suggest
that the secondary group (stage 1) reacts faster than the primary group (stage 2). These findings
highlight the subjectivity involved when choosing a region of lineariivhich can influence
results Thus, while this approach offers a quantitative method for analyzing activation energy and
rate constants, it requires several assumptions of linear reaction pregregsesumes a direct
relationship between \ssity growth and isocyanate conversidio address this challenge,
degree of conversion profiles can be used which enable a more rapid and accurate representation
of reaction progress compared to viscosity patterns alone, which is especially pertinent when
comparing dissimilar systems. Approashsuch as the Kam&ourour model relaxhese
assumption®y applyingpower law relationships conversion profiles, whicbaptures complex

kinetic behavioras shown in Equation 4.10

Q. . (4.10
0o Q Q p |

99



Here,Uis the conversiork: andk. are reaction rate constanésandb are reaction order
constants, antlis time. It has been suggested that waenl, the autocatalytic effect has a higher
contribution to the overall reaction rafd@5]. To determine conversion from rheological
experiments, the storage modulus can be used as a proxy measurement to quantify the degree of
cure. Thisis accomplished by relating the storage modulus at a given timepointitotigleand
final cured modulu§24]. Themodel has been used widely to study cure behavior and is listed in

Equation 4.11) [15, 20]

0 0 (4.11)

In this way, O is the storage modulus at a given ting@,is the initial storage modulus,
and"O is the storage modulus at the end of the reacRoevious studieprovided a theoretical
basis for estimatind, as well as theelationships among reaction order parameters, with the
intention of creating clear bounds during curve fittj@§]. Assumingki L ko, the derivative of
Equation 4.10 with respect to conversion is null at the peak reaction rate. This Yilgs
al(a+b), wherelheakis the conversion at peak reaction rate. At low conversiondJ@e. @i )can
beapproximateds the conversion rate. There is a small, plateaued section at the beginning of the
reaction where this can be approximated as observed in Fdi(lg Nonlinear curve fitting is
used to solve for the remaining variabl es;
parameter so. -Aledr Bttingg @an bewuseld to,solva fmthparameters, without
accurately estimating parameters initialljnelisocyanate conversion progress as a function of
time can be found in Figure 4.5(a), and i@malSourour modelvith and without estimation of

parameterss represented in Figure5(b)
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Figure 4.5: (a) Conversion as a function of time using storage modulus as a proxy for
conversion. (b) Reaction rate as a function of conversion during chemorheology. Solid ljnes (
represent raw conversion using storage modulus, dashed-liyesq fitted using th Kamai
Sourour model by estimation of parameters, and dotted lines (---) do not use the estimation of

parameters method.

Since data was collected at approximately 6 second intervals, local fluctuations in the
viscoelasticity were apparent. To smooth the data and reduce noise, S@otakysmoothing
(2" order, 800 points of window) was used. This type of noise reduction applies a local polynomial
regression to the nearest 800 datapoints, which introduces a smoothed value of the conversion rate

at each level of conversion.

In both fitting methods, the model adequately represents the reaction rate, butzieeonon
reaction rate at the end of the experiment, as well as the assumpti@@@b@tonversion was
reached, limited the prediction capability of the model. Comparable reaction rates can be found in
|l iterature when wusing the MfAesti madt2i[ls,n20]o f par

Specifically,ki andk: here arecomparable to ButacesieDI and ButacenéiMDI systems, which
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is encouraging given the similarity between the chemical structures. Additionally, the reaction
order constand is similar across both bodies of literature, although for this HTPB+IPDI system,
b appears to be quite large. This is likely a result of the reaction rate beirgrrwat the end of

the experiment which results in the overestimatioh. @n the other hand, when the parameters
are fitted without first accurately estimating their initial values (Ta#l®&), ki becomes
unreasonably low (note vads listed are multiplied by #0in Table4.3), which makes its physical
significance less meaningful. For this reason, even though both methods provide adequate fits to
the data, the estimation of parameters technique appears to provide more context for the reaction
processkurthermore, although the conversion profiles in Figure 4.5(a) did not completely plateau,
sufficient reaction progress was obtained to adequately capture the most important kinetic
processes during this timescale. This finding is wuttgted by FTIR results in Figude3, which
highlights that there was approximately 90% conversion of isocyanates at these timescales and

temperatures.

Table 4.2: Kinetic parameters of the Kam&burour model using estimation of parameters, with

comparison to one body of literature. Literature data is denoted with the sulits{tiit

Temperature ki x 10 kex10® a b 1?2 kuix 10 ke x 10  ait biit
[°C] [s™] [s™] [s7] [s7]
60 0.0662 124 0.83 3.94 0.85 0.0100 2.28 0.44 1.61
70 0.0774 541 056 3.04 0.82 0.0278 3.55 0.36 1.47
80 0.113 3.26 0.32 3.42 0.76 0.0293 8.25 0.37 1.38

Table 4.3: Kinetic parameters of the Kam8burour model with only nelinear fitting.

Temperature ki x 107 kox 1 a b r?
[°C] [s™] [s™]

102



60 7.04 0.102 0.43 6.38 0.86
70 431 0043 0.30 4.15 0.84
80 4.03 0031 0.31 2.93 0.79

Correlation coefficients,r?, quantitatively suggest that the KarSdurour model
adequately fits the data. Additionally, whiars much less thaky, there is an implied autocatalytic
affect taking place, where a product of the reaction contributesrdsthe overall reaction rate
[20]. This finding is confirmed here, with an apparent decrease in the contribution of the
autocatalytic effect towards overall reaction rate with increasing temperature (i.e. the difference
betweenk: andk> decreases with temperature). To further substantiate this claim, curve fitting
using the SestaBerggren equation was performed; similar findings were obtained regarding the
degree of the autocatalytic effect towards overall reaction progress, whicte daoni in the

supportingnformation.

Figure4.5(b) suggests that there is only one reaction peak present during chemorheological
analysis. This single peak contrasts the two peaks identified during FTIR analysis indkdgére
potential reason for this is that viscoelastic properties such as storage modulus increase nonlinearly
with conversion, which results in a discrepancy between the two methods. Specifically, conversion
using viscoelastic properties likely underestirsataction progress early in the reaction, such that
the KamalSourou analysis in Figured.5(b) only captures the second stage of the reaction
(primary isocyanate conversion). To confirm this hypothesis, a k&woalour analysis was
performed on the FTIR data from 50% conversion onwards (i.e. secondary isocyanate conversion
finished, and only pmary isocyanate conversion was modeled using the second, smaller peak in

Figure4.3). The results are presented in Figli&and quantified in Tablé4.
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Figure 4.6: KamalSourour analysis of truncated FTIR results, which models primary isocyanate
conversion. Square dotg)(illustrate the raw conversion data using absorbance values, and solid

lines @ ) represent the results of curve fitting to the Ka@alrour model.

Table 4.4: KamalSourour kinetic parameters from FTIR analysis.

Temperature ki x 1 k2x 16 a b 2
[°C] [s7] [s7]
60 0.42 1.09 033 290 094
70 0.58 1.98 041 435 0.99
80 0.68 3.10 065 210 0.96

The rheokinetic parameters from chemorheology experiments in Z2lgenerally align
with the kinetic parameters from the truncated FTIR results in TableThis finding suggests
that the KamaBourour model during chemorheological testing predominately models primary
isocyanate reactivity in stage 2 of the reaction, which results from nonlinear relationships between
increases in viscoelastic propertiesidgpolymerization and conversion progress. One exception
to this parameter agreemenkiswvhich is approximately an order of magnitude higher for FTIR

compared to chemorheology. This once again likely results from the nonlinear relationships
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between reaction kinetics and viscoelasticity, which predisposes rheological analyses to

underestimate reaction progress early during polymerization.

As a result, several arguments supporting the presence of an autocatalytic reaction during
FTIR experiments can be madeble 6 indicates th&t << ko, and difference betweda andk.
decreases with increasing temperature. Furthermore, the reaction rate order aosstgstthan
1 ateach reaction temperature. These findigse present during both the chemorheological and

spectroscopic analyses; thus, there is further verificafi@am autocatalytic reactida5].

As emphasized previoushhe corroboration of kinetic parametersing chemorheology
(Table4.2) andtruncated FTIR data (TabK4) suggests that the rheokinetic model in Figure
45(b)is primarily identifying large molecular weight growth during diurethane formation. Thus,
rheokinetic modeling of mukstage reactions is marginally less effective than FTIR at screening
for early onset reactions which exhibit minimal molecular weigbiwjn. The inability of the
KamalSourour model to detect eadyage eactivity during chemorheological testing is believed
to occur because conversion data using rheology is based on increases in viscoelastic properties.
For the first stage of conversion, molecular weight growth is insignificant given the chain length
of the oligomeri which is essentially a series of end capped prepolymers. However, the stage 2
mechanism results in significant molecular weight growth which is readily captured using the
rheokinetic model in Figuret5(b). By contrast, FTIR effectively scregnfor earlyonset
conversion in stage 1 because it directly measures changes in absorption peaks of the NCO
functional groups. These findings collectively suggest that FTIR may more effectively detect slow,
low molecular weight growth reactions, but chehemlogy and FTIR have similar outcomes once

changes in viscoelastic properties (indicative of molecular weight growth) become a driving factor
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for conversion. This finding is further confirmed in Figur®.22, which illustrates how
chemorheology tends to underestimate reaction progress for low molecular weight products
compared to FTIR. However, it is important to note that thediage Arrhenius analysis using
chemorheology is still effective at trackipgedicting reaction progress since the complex
viscosity profiles are on a log scale; the eathge reaction progress can be observed more clearly
in this scenario compared to the linear plequired for the Kame@ourour analysjsalthough the

kinetic parameters between stages are not necessarily comparable

Importantly, these methods of chemorheologiaid spectroscopiccharacterization
substantiate the conclusion that uncatalyzed HTPB+IPDI systems possess a unique cure profile
that has been previously unstudied. In addition, similar systems possess comparable kinetic
parameters, which suggests that the novel profitesdoced here are not artifacts of experimental

setup, but rather unique characteristics of a slow reacting, uncatalyzed polyurethane.

4.4.4 Transition State Theory Analysis

Transition state theorguantifes theentropic and enthalpiactivation energies of a
reaction which can be used to determine the overall reaction energy barrier of a.dyistieamta
& Pathak provide a detailed approach to calculativegeparametergor curing systems using
WynneJoneskEyring-Evans(WJEE)theory, for the purpose of unveiling the reaction mechanism
of an HTPB+TDI systenb]. The generalized equation used in transition state theory is shown in

Equation 4.12).

. QyYy_" M (4.12
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ke is the temperature dependent rate constant equivalkfotmd in Equation4.7), ks is

the Boltzmann constanhi s Pl ank o0 §i son diteanatc,t i p atHiinthe entr o

q
activation enthalpy. The slope of kyT) as a function of I/ gives — , and the intercept

q
representst €— —. Using this informationthe Gibbs energy of activation can bptionally

solved usingd® 3" “Y&F. Table4.5 providesthese transition stajgarameterslerived
using the chemorheological data described previoaking withacomparison t@hemorheology
literature for an uncatalyzed HTPB+TDI systfsh The plots used to calculate the experimental

values in Table 4.5 can be found in Figure S9.2.3 of the supporting information.

Table 4.5: Activation energy parameters derived using transition state theory using various

methods.

g5’ qH”

[DKY [kJ]

Chemorheology (Literaturg®] -180 33.1
Chemorheology (Experimenta -96.9 36.4
FTIR (Literature)[25] -198 41.1
FTIR (Experimental) -243  33.7

As it relates to kinetics, the data presented here do not provide direct evidence of a slow
reaction, but rather they specify the kinetic barrier of the saddle point during the transition state,
which is useful for understanding the reaction mechanismeXample, large negative values of
entropic activation energgpproachinghundreds of J K, tend to promote associative, ordered
mechanisms, leading to an overall reinforcement of the autocatalytic effect discussed previously
[26]. Additionally, some works have suggested that negative entropic activation energies provide
sufficient evidence for an apparent secander rate law of HTPB+IPDI in the bulk state during
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FTIR analysig25]. Evidence of this associative mechanism is not readily apparent through the
previous rheokinetic analysis, which exemplifies the need for this additional transition state

analysis.

To further support tbse findingsWJEE analysis was performedingthe FTIR results.
The mainchallenge when utilizing FTIR data instead of chemorheological d#tatike cannot
be gathered from the Arrhenius approach outlineEqguations 4.7)-(4.9). To address this
concern a secondrder reaction is assumed which enables calculation of the rate constant using

Equation 4.13 [5, 22].

| 06 (4.13

The first 10 hours of conversion data were found to accurately capture the first stage of
molecular weight growth, which facilitated calculationkoin Equation (4.13). Subsequently,
WJEE revealed the entropic activation enegdy/ = -243 J K! and enthalpic activation energy
agH* = 33.7 kJ, which are included in Table 4.3h& researchers found similar entropitd
enthalpicactivationenergyvalues for uncatalyzed HTPB+IPBuring FTIR, suchh h &St=-1§8
JKla n cH* =pt1.1 kJ[25]. These findings align with the other values discussed in Table 4.5,
which supports the use of both chemorheology and FTIR for elucidating transition state kinetic

parameters of mulilay curing reactions.

4.5Conclusion
Multi-day chemorheological studies on uncatalyzed HTPB+IPDI systems, and
polyurethane reactions in general, have been largely neglected due to their time requirements and

the complexity of interpreting results. Although polyurethane synthesis is oftdyzedtéor the
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sake of timeliness, we have shown through the-stage Arrhenius analysis that unique cure
profiles form under uncatalyzed conditsowhich causes discontinuous molecular weight growth.
Understanding this nelinear cure progression is critical when building proessscture

property relationships for manufacturing methods such as reactive extrusion

Other autocatalytic models, such as the Ka8wirour model, proved useful in
tracking/predicting the rate of conversion based on several different kinetic parameters. The use
of these models has validated the unique cure profile of uncatalyzed HTPB-d&ions.
Further validation of the autocatalytic effect was provided through transition state theory using
WJEE analysis, which unveiled the associative, ordered mechanism of uncatalyzed polyurethane

formation.

A comparison to FTIR spectroscopy was also performed) teerify the rheokinetic
findings of this multiday cureand 2) validate the presence of a istage reactionFTIR
effectively screened for earlynset conversion during monourethane formation (stage 1) because
it directly measured changes in absorption peaks of the NCO functional groups. This early rate of
reaction appeared faster by an order of magnitude TR Eompared to chemorheologyhich
resulted from nonlinear relationships between incre@seiscoelasticity and reaction progress
As a result, the Kamebourour modefailed to detect any meaningful reaction progress during
stage 1 of polymerization (i.e. reaction of the secondary isocyanate guhumg
chemorheological testingdowever, upon reaction of the primary isocyanate group during stage 2
of polymerization, the molecular weight increased rapidly, which caused large increases in
viscoelastic properties, and hence conversion rate. Truncation of the FTIR data justtagé?e s

resuted in excellent agreement between kinetic parameters determined by chemorheology and
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FTIR, suggesting that FTIR may more effectively deteittal, low molecular weight growth

reactions compared to chemorheology alone. However, given the relatively large cost of running
FTIR experiments for thermosetting reactions, there is clear value in utilizing chemorheology
studies; KBr windows for FTIR experimiscurrently cost hundreds of dollars per experiment and
cannot be reused, whereas rheometer plates can be cleaned easily, or cheap disposable plates can

be utilized.

A multitude of future endeavors still exist, including studying the effect of fillers on cure
behavior and exploration of unique empiricadels that may more accurately grasp the complex
curing behavior of uncatalyzed polyurethane reacti@is 28] Furthermore, methods which
relate gel point conversion to viscosity buildup present a unique method of chemorheological
characterization using muitiequency time sweep29, 30] For these reasonthe intersection of
spectroscopy andhemorheologyor multi-day cumg studies shoulthe more widely employed
to facilitate the accelerated kinetic analyses presented émgecially given the limitations and

constraints of noimsothermal DSC measurements in this context.
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5.1Abstract

A major challenge faced during material extrusion of highly loaded viscous ink
suspensions is disruption of the interparticle network, which causes the extrudate to temporarily
remain fluidic on the build bed. As a result, print quality and height retediiminish due to
spreading/sagging of the extruded bead. One way to mitigate this thixotropic behavior is via in situ
exposure to ultraviolet light, which partially solidifies the material as it is deposited. The
rheological approach proposed hietbe W-assisted three interval thixotropy tésises stepwise
changes in strain to determine the recoverability of a highly filled, photocurable ink. The strain is
altered in a lowhigh-low fashion, such that UV light can be turned on in the third interval to
improve structural recovery. Improvements in structural recovery are realized as increases in the
rate of modulus recovery and the final recovered modulus. These viscoelastic properties are used
to quantify structural deformation/recovery parameters, dk asethe mutation number. The
parameters are compared to print heights measured during sindleulttlayer printing studies.

From this analysis, we are able to determine the maximum filler loading level where UV light
positively impacts print heighi.€. the percolation threshold); beyond this concentration, only

print resolution improves. It is revealed that highly filled inks below the percolation threshold rely

on improvements in the rate of modulus recovery to become priiitalthough multilayer builds

still suffer structurally. Conversely, when UV light is applied to highly loaded systems beyond the
percolation threshold, improvements in build quality are driven by relatively higher levels of the

final recovered modulus. These findings highliy t hi s r heol ogi cal met ho
printability limits, decrease experimentation time and reduce sample waste dramatically compared

to printing studies alone.

5.2Introduction
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Additive manufacturing (AM) technologies are rapidly expanding as an area of interest for
engineers and investors due to their ability to produce geometrically complex products with
minimal waste at potentially lower costs compared to subtractive mamifigctoethodd1, 2].

These products are built in a layeise fashion such that the dimensional accuracy of each layer

is vital towards the overall mechanical properties and quality of the printed product. Because of
the pressurgriven design, direct ink write (DIW) 3D pting has become a staple for highly

viscous and/or colloidal systerfgy. Her e, we wuse the terms dAhighl
or Ahighly | oadedo to describe a matri x which
vol%) amount of solid fillers such that interparticle interactions (e.g. Van der Waals)foareot

be ignored4, 5]. Typically, DIW works by applying pressure to a plunger which dispenses the
material through a nozzle at a given rate. This method has the advantagestbgtdeposition

similar to fused filament fabrication, but operates at ambient temperaturengllfaviextrusion

of nonthermoplastic materials. Major advancements in this area have allowed for 3D printing of
various highly loaded materials, including large concrete structures, cellulose, glass/carbon fiber

reinforced polymers, clays, a variety o&ctive fillers, and even food produ¢és11].

The rheology of these high solids content inks is a growing field of interest with constant
developments in material formulation and testing protdd@l]. As the filler concentration
increases, yield stresses form such that a stress threshold must be exceeded in order for flow to
occur[13]. When subjected to these large shear stresses or shear rates, highly filled materials
decrease in viscosity and modulus due to the effects of shear thinning and interparticle network
disruption. These viscoelastic parameters take time to recover astdéneaiticle network
reestablishes itself, resulting in a form of hysteresis known as thixdttdpyThis phenomenon

is especially prominent during DIW extrusionvhereby highly thixotropic inks continue to flow
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out of a printing nozzle even after extrusion pressure has been [alte@hixotropic materials
which fail to recover their storage modulus quickly on the biodd will spread excessively pest
extrusion[16]. In fact, the high shear region of the nozzle contributes significantly to interparticle
network disruption, which causes the extrudate to collapse after depfsijonhus, a pervasive
issue in DIW systems is the lack of structural stability for raiter builds. Without sufficient

strength, stacked layers will yield under their own weight, resulting in buckling ¢18ag

In an effort to mitigate this behavior, a growing body of literature has looked atinsing
situ UV light to partially or fully cure the material during printing, thus increasing the recovered
modulus and preventing the effects of sag4eastusion[19]. This process is typically denoted as
UV-assisted direct ink write ((WDIW) and is well established in literature. For example, work
from Tu et al. (2021) explored the use of a duake mechanism for UADIW in vinyl esters; an
in situ UV light partially cured the extrudate to preserve the shape of the printed bead, and a
subsequent thermal cure was used to fully crosslink the printed prf@djicOther works by
Kopatz et al. (2021) focused on a daate approach to printing epoxy/acrylate resins by using
UV-DIW, followed by a posprint UV flood cureandthermal curg21]. Hysteresis can also be
mitigated through duatomponent, reactive, thermosetting mechanisms which quickly build
storage modulus, thus promoting interlayer adhesion and increasing the resolution of vertical

builds[22].

To the authorsdé knowl edge, rheol ogi cal pr o
highly filled UV-DIW processes have not been developed. A variety of rheological techniques
attempt to characterize or predict the printability of high solids comtks, but an overwhelming

majority of this research stil]l relies on AvIi
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quality [17]. In other words, visualization of a material after it has been printed is currently the
most reliable way to determine printability. One of the most common rheological techniques for
measuring thixotropy the thixotropic loop characterizes the degreehysteresis by increasing

the shear rate over time, followed by a decreasing of the shear rate on a torsional rheometer. When
plotting the viscosity as a function shear rate, the area between the two curves is used as a
guantitative measure of hysteredimfortunately, this technique is heavily influenced by rotor
inertia, the maximum shear imposed, and the loading/preparation history of the material before

testing[14, 23] The slow ramping of shear rate is also not representative of the DIW process.

With regards to the DIW process, a more representative way to assess the recovery of a
material after periods of high stress, strain, or shear rate is the three interval thixotropy test (3ITT).
This method works in three steps. First, small amplitudelatmy shear (SAOS) is used to gather
low strain modulus data within the linear viscoelastic region (LVR). The modulus data collected
here represents fdfat resto behavior of the mat
strain is then immediateincreased in the second interval using large amplitude oscillatory shear
(LAOS), which increases the stress on the sample and mimics the large stresses/strains experienced
during extrusion. These large stresses decrease both the viscosity and statalyes wfothe
sample due to interparticle network disruption. In the third interval, there is a return to low strains,
which represents the material after it has been extruded and is sitting on the build bed. During this

period, viscoelastic properties reeo to their original values sometimes incomplete[24].

Numerous variations of this technique have been previously explored in literature, but
without regard to UMWeactive systems. Researchers have previously reported instantaneously

changing the strain between intervals and tracking recovery using modudud%laP4] To
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simulate the large shear stresaad shear rates experienced during DIW, other researchers have
increasedoththe strain and frequency during the second intdB&l Related studies have also
found use for 3ITT in steady shear rotation, where the shear rate is increased frono 200ss

L and then back to 0.1*¢although this method does not allow modulus data to be gathered, which
is vital towards arguments regarding viscoelastididg]. More innovative approaches to 3ITT
explored oscillatiosrotationroscillation protocols, which enable LVR measurements during
baseline and recovery, while allowing for more significant network destruction in the second
interval compared to oscillation ale[27]. Evidently, the 3ITT protocol can be altered in many
ways for a variety of materials to simulate DIW, but4BActive, highly filled polymers have been

largely neglected thus far.

Here, we introduce a novel version of the 3ITT that is specifically designed to be
representative of the UDIW process: the UMassisted three interval thixotropy test (A3VI'T).
This rheological method introduces stepwise jumps in the oscillation stoamléw to high,
followed by a return to low strain, but UV light is optionally turned on during the third interval
using the UV capabilities of a photorheometer. This method allows for comparison of viscoelastic
recovery during the third interval with amdthout UV light intervention. By gathering recovery
data, two separate analyses are made. First, structural deformation parameters are used to assess
changes in recovery that result from high stress environments with and without UR28¢itt].
Next, the mutation numbéra ratio of recovered modulus relative to recovery iraseutilized to
make comparative arguments of whet her a mat e
modulus recovery is driving printability82]. Rheological findings are compared to actual-UV
DIW printing studies of highly filled photopolymers, whose print height and quality are assessed.

Understanding the structural recovery of these colloidal systems using rheological analyses prior
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to additive manufacturing is essential to link theory to practice, reducing experimentation time and
decreasing the amount of material required for printing studies, while accelerating material

discovery for AM processd28].

5.3Materials and Methods
Ebecryl® 230 (E230), a commercially available,d¥rable, aliphatic urethane diacrylate,

was supplied by Allnex and used as the polymer matrix. The matrix was filled at various loading
levels with glass bubbles (iM30k) supplied by 3M. These glass bublles an advertised

di ameter of 18 ¢&m. To confirm this reported p
using scanning electron microscopy (Fig#), and then sized using ImageJ software. This

method confirmed that the average diameter ofptteer t i cl es was 16.3 N 5. |
consisted of either 45, 50, 55, 60, or 62.5 vol% glass filler. To promote polymerization during
exposure to ultraviolet light, 2.5 wt% of Phenylbis(2;¢ithethylbenzoyl)phosphine oxide

(BAPO) was also included ieach formulation as a photoinitiator. Samples were mixed using a

DAC 1200500 VAC FlackTek Speedmixer. Each formulation was made in 20 gram batches and
mixed at 1200 RPM for one minute followed by 2000 RPM for two minutes. The sides of the
mixing cup werethen scraped and mixed by hand to incorporate any filler that was stuck to the

walls of the container. The same mixing procedure was then performed a second time. SEM
imaging in Figure 8.3.1 of the supporting information confirms that the glass spheres were not

broken during the mixing process.
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Figure 5.1 Scanning electron microscopy images of the iM30k glass fillers.

5.3.1 Rheology

Torsional rheology was performed on a Discovery HR30 rheometer (TA Instruments,
Newcastle, DE, USA) using a 20 mm stainless steel parallel upper plate. A transparent 20 mm
glass bottom plate allowed UV light to cure the material during experimentatiorJ\ hight
guide accessory in combination with an Excelitas Omnicure S2000 UV mercury lamp (broadband
with a 320500 nm filter) source provided the UV light. The UV intensity was set at 100 mW cm
2 and calibrated using a Ufall Silverline Radiometer. All xperiments were conducted in
oscillation mode since continuous shear measurements suffered from edge fracture and slip.
Additionally, modulus data is extremely valuable for these experiments, which can only be

gathered in oscillation mode. These tests werelucted at ambient room temperature.

A gap of 0.5 mm was chosen to be represent
Strain sweeps were conducted at 1 Hz from 0.001% to 10% strain in order to verify the limits of

the linear viscoelastic region for each sample. Frequency sweepslsepedormed at 0.02%
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strain from 0.1100 rad 3 to determine the degree of shear thinning for each sample. Cure depth
measurements using the method outlined by Rau et al. (2022) were performed on the lowest and
highest concentration inks to determine the effect of solids loading level on cur¢3Bpiinese

inks were subjected to SAOS (0.02% strain, 1
and then for 180 seconds with UV light enabled. Excess material was then wiped from the
rheometer plate, and the top geometry leagered until an axial force of 5 N was reached. The
corresponding height of the top geometry indicated the cure depth of each sample. This process

was performed three times each for the 45 and 62.5 vol% inks.

Normally, the three interval thixotropy test tracks structural recovery of a material after
large amounts of strain outside the LVR have been applied. The novel test proposethkere
UV-assisted three interval thixotropy téstdentifies improvementsi structural recovery as a
result of UV light intervention after periods of high strain. The test consisted of three successive
steps. First, one minute of low strain (0.02%) data were gathered within the LVR to understand
the baseline viscoelastic propegtof the materigdlr e pr esent ati ve of fiat r
within the barrel of the printer. This period also helped to eliminate any stress history the material
might have experienced during sample preparation or loading. Second, one mhigtestfain
(2%) oscillation outside the LVR was performed to disrupt the interparticle network, characteristic
of the high stresses experienced during extrusion. Third, three minutes of low strain (0.02%) data
were gathered to track structural recoveepresenting the behavior of the ink as it lays on the
build bed posextrusion. At the start of this third step, UV light was optionally turned on to assess

changes in structural recovery as a result of the curing process. A frequency of 1 Hz was used with

fast sampling enabled, allowing for two data points per second to be obtained.
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5.3.2 DIW Printing and Design

Experimental UVYDIW printing was performed on a custom three axis DIW platform
(Figureb.2a). Movement at controlled distance and speed was provided via thred. RaI&00
linear stages with 500 mm of travel. A Nordson EFD HPx high pressure extrusion head and a
Nordson EFD Ultimus V precision dispenser provided control of extrusion. The pneumatic system
controls extrusion via the selective application of air pressnoeeasing air pressure results in
increasingflow rate.In situ photocuring was achieved through the integration of a Dymax QX4
LED spotcure system that directs UV light towarthe exit of the extrusion nozzle, illustrated in
Figure5.2b. The Dynax PrimeCure heads provide UV irradiation at 385 nm. Lastly, to measure
the crosssectional profile of the printed beads, a Keyenc&Z000 laser profilometer was used,
shown in Figuré.2c. Since the laser profilometer was attached to the gantry next to the extruder,

transitioning from extrusion to profilometry took less than five seconds.

In experimental printing studies a constant translation speed of 500'naayer height
of 0.5 mm, and nozzle diameter of 0.5 mm were used. For inks with various loadings of solids,
extrusion pressure was varied to produce homogenous and consistent beads with width equal to
the diameter of the nozzle. These pressures wer20185, 50, and 70 psi for the 45, 50, 55, 60,
and 62.5 vol% inks, respectively. Farsitu curing, UV intensity was calibrated at 100 mW€m

during extrusion.

To understand the relationship between filler loading level and part fidelity, a single layer
of material was extruded using the DIW print
to the measured height of a single line, or a mlajter build.i Pr i nt resol uti ono

is a qualitative, visual inspection of a pri
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as an allencompassing term. The average height of three individual printed lines was measured at
three different time points (immediately after extrusion, 3 minutes after extrusion, and 10 minutes
after extrusion), with and withoun situ UV light. The height of a three dayer walls was also

measured, with and without uv light, for each concentration.

Figure 5.2: (a) Nordson EFD HPKigh Pressure Head used to extrude the viscous inks and the
Dymax QX4 UV LEDs that provida situUV curing. UV light is off in the photo. (Example
of in situUV curing provided by the UV LEDs focused on the ink as it exits the nozzle. (c)
Scanning of extruded bead to get its cresstional profile using a Keyence-MJ000 laser

profilometer.

5.4Results and Discussion
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Essential rheological tests (strain and frequency sweeps) were performed to gather
information regarding the LVR and degree of shear thinning for uncured samples. These tests also
helped to probe the presence of a percolation threshold. $aygleprintheights of inks ranging
from 4562.5 vol% glass were then measured, with and withowitu ultraviolet light. To
understand structural stability during mu#yer builds, the height of a three-lEyer walls was
measured and averaged for each testinglition. The printing results were compared to-BN'T

findings to determine rheological factors most important to printability.

5.4.1 Strain and Frequency Sweeps of Unreacted Ink

A strain sweep is used to determine the limits of the LVR for unreacted inks. This
information is vital for understanding the rheology of the ink before any UV curing process occurs.
Figure5.3 suggests that as the loading level of solids increases, the storage modulus at any given
strain also increases. This is expected, since as the volume fraction of solids increases, packing
density rises, thus increasing the number of interactions witjinpeting particle$9]. This also

causes a shortening of the linear viscoelastic region, according to bigure
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Figure 5.3: Strain sweeps to determine the linear viscoelastic region of each ink. Higher filler
concentrations reduce the range of the LVR and increase the modulus at any given strain

percentage.

During DIW, it is often desired for inks to possess a yield stress so that the material does
not uncontrollably flow through the niotlezl e. A
ratio of loss to storage moduluigs below unity. Interestinglynone of the samples possessed a
yield stress in the sense that tan((QbBgands al w:
tan(U) as a function 01932 and &8 witlunatme sup@ortifgo u n d

information.

Another important feature of highly filled systems is their ability to be shear thinning. That
is, at elevated shear rates (i.e. through the nozzle), viscosity willndvicp facilitates deposition
without the risk of clogging. An effective way to characterize shear thinning is through a power

law model in Equation(1).

Ll (5.1)

Whered is the viscosityK is the consistency indek,is the shear rate in‘sandn is the
power law indeX4]. As the power lawndex decreasethe degree of shear thinning increases.
Measurements of complex viscosity for highly filled systems tend to overestimate the viscosity,
and it should be noted that the Cgbertz rule does not apply to these systems, but the analysis
remains useful when odel fitting is desired12]. Additionally, as discussed in the Experimental
section, measurements of viscosity using continuous shear experiments are not favorable because

1) edge fracture/slip is abundant and 2) the cured network from the UV light can be destroyed.
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Figure54 illustrates the frequency sweep results for all inks, along with the power law model for

each loading level.
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Figure 5.4: Frequency sweeps to identify the degree of shear thinning of each ink. Solid lines

indicate power law fitting models.

Nearly Newtonian behavior is observed for loading levels up to 55 vol%. Beyond this level
of solids loading, the degree of shear thinning begins to increase drastically. Correlation
coefficients for these power law models, along with values of the camsysitedex and power

law index, are presented in Talhld.

Table 5.1: Consistency and power law indices for each loading level of solid filler, along with

respective correlation coefficients.

Vol% Filler K n r?
45% 358 0.974 0.93
50% 420 0.967 0.78
55% 830 0.928 0.84
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60% 3961 0.744 0.95
62.5% 144912 0.355 0.99

Most notably, changes in the consistency and power law indices are exponential beyond
55 vol% solids content (n=0.928 at 55 vol%, n=0.744 at 60 vol%). The shear thinning capabilities
of an ink enable fluidic behavior within the nozzlevhere shear stress\d shear rate are high.
Thus, even materials with large viscosities (60 and 62.5 vol%) can be extruded at sufficiently high
shear rates. Furthermore, the percolation threshold can be defined as the limit where zero shear
viscosity approaches infinity; fro Figure5.4, there is evidence that filler concentrations beyond
55 vol% may exhibit percolation behavi84]. When the percolation threshold is attained, a filler
network is noticed at low shear rates which contributes to large increases in vigs#t]sigyom
a DI'W standpoint, these | ow shear rates are
of the print head before extrusion, and on the build bedepasision. While we have not probed
extremely low rates to determine whether a Newtorsaro shear plateau is reached, the
measurements in Figufe4 help us understand that a significant transition in fluid structure is
being observed under hydrodynamic stresses. The disruption of this interparticle network can

cause sagging and spreadirignis, which is subsequently studied.

5.4.2 Single layer printing and profilometry

For an ink to be printable, a desirable trait is accurate part resolution at a variety of
timepoints posteposition. While low levels of solid loading lessen the likelihood of clogging, the
lack of a yield stress may cause the material to flow out afdkele uncontrollably. Conversely,
highly loaded systems can be made printable through adequate backpressures, but subjection to
high levels of shear stress can cause sag over time due to thixotropy/hyi3Btekisreasing the

concentration further may reduce these effects, but nozzle clogging then becomed®, fag}or
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Hence, the rheological requirements for an ink to be printable are often ambiguous. To understand
the relationship between hysteresis and filler concentration, single layers of highly loaded inks
ranging from 4562.5 vol% glass were printed and optionallibjected tan situ UV light. Figure

5.5a illustrates how rest time pedtposition affects single layer print height when no UV light is

utilized, for a variety of concentrations.

0 % M 0% s MEG0 W62 % — = TorgelMeght - [N (N s0% [Ess% WENENGo: G2 % — — Target Height
T [ "HET Ty

o
04r {_ {_ %

Height (mm)
o o
N w

=

Lo Lo | Lo |

0 L g | L1l -
No UV no pause No UV 3 min pause No UV 10 min pause In situ UV no pause In situ UV 3 min pause

In situ UV 10 min pause

Figure 5.5: Height of a single printed layer at various times f@dtusion (a) withouin situ
UV light and (b) within situUV light. Error bars indicate standard deviations of the final print

height.

Without UV, the 45 and 50 vol% systems show immediate sag once the inks are deposited
onto the print bed, and the level of sag appears to worsen with time. Interestingly, the 55 vol% ink
has no immediate sag, but after three minutes, the height begingsto The height continues to
decrease after ten minutes of rest. The 55 vol% ink appears to mark a transition to higher loading
levels where sag is no longer apparent over time, supporting the prior argument about the transition
in shear thinning behaviaat this loading level (Figuré.4); the 60 and 62.5 vol% have no

meaningful sag even after ten minutes of resting on the build bed.
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There are a variety of reasons why printed inks spread over time. One reason is that they
do not have a sufficient-aést storage modulus or yield stress, as observed by the strain behavior
in the 45 and 50 vol% inks in Figused [37]. The high shear region of the nozzle may also distrupt
the interparticle network, resulting in tirgependent recovery similar to the 55 vol% ink in Figure
5.5a[30]. To combat these factors, a second printing experiment was conducted by aijpplying
situ UV light during prints. The hypothesis was that UV intervention would improve the rate of
recovery and final modulus of the extrudate. Height profiles of 45, 50, 55, 60, and 62.5 vol% inks

via UV-DIW are illustrated in Figur8.5b.

With the presence of UV light, the lower loading level inks are able to reach their target
bead heights, and the tirdependent sag is no longer apparent. Additionally, the higher loaded
inks do not meaningfully deviate from their targeted print heighiggesting no negative
consequences af situUV light on single layer bead height. This emphasizesnhsituUV light

can be used to enable 3D printing of lower concentrated inks with improved height retention.

5.4.3 Multi -layer builds

Multi-layer build studies were implemented to understand the influence of UV assisted
green strength development to support additional load, and to quantify improvements in print
height and part resolution whamsitu UV light is applied. These 15 layer parts must support the
increased weight of subsequent layers, and thus require increased strength and stiffness compared
to the single layer study in secti@®.2 (Figure5.5). The heights of three individual -1&yer
walls, with and without UV interventig are representedinFigls® . Not e t hat t he i
in Figureb.6 is a simple calculation showing how tall 15 layers of a 0.5 mm bead would be if each

printed line contacted each subsequent layer infinitesimally. Pragmatically, there is some desirable
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amount of overlap between layers such that interlayer adhesion helps to build mechanical

properties of the final product. However, determination of optimal interlayer contact is outside the

scope of this manuscript.
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Figure 5.6: Average print heights of three individual-lgyer walls, without and witin situ
UV, for a range of filler concentrations. Solid bars did not hastu UV light, but cross
hatched bars utilizeah situ UV light. Error bars indicate standard deviations of the final print

height.

Expectedly, there is a positive correlation between the loading level of solids and the final
height of the uncured printed pdrt.situUV light causes a notable increase in print height for the
4555 vol% samples. Beyond 55 vol%, UV light does not significantly affect print height (as seen
by the overlapping error bars of the UV off and UV on samples for the 60 and 62.5 vol% inks).
One mssible reason for this is that high loading levels of fillers lowers the cure depth, thus
inhibiting strength improveents during UV light interventiof88]. Based on work from Rau et.

al (2023), large volume fractions of fillers can prevent a material from fully curing unless a post
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processing ther mal cCuc er & sa p[pervotanentayoeuding the a a |
rheological method to measure cure depth published by Rau et al. (2022), we show that loading
level has no effect on cure depth in this formulation; after three minutes of exposure to UV light
using the photorheometer, the average dueept h of the 45 wvol % sampl e
the cure depth of the 62.5 vol % sample was 272
(p=0.89) in cure depth between the lowest and highest concentrati¢83hKastead, this finding

indicates an approach to the percolation thresholchen fillers begin to contact their closest
neighbors and the rheological properties increase exponeii@ll¢1] Within this regime, the

presence of a filler network is driving print height improvements more than the photocurable
network. Hence, UV light does not meaningfully contribute to build height, although future work

aims to directly relate the degree of €wuring UMDIW to the effects of interlaminar adhesion

on mechanical/structural properties of printed parts.

To further support this argument, the maximum packing fraction can be approximated as
the bulk density of particles divided by the true density of particles. The maximum packing fraction
is advertised as 0.6 according to the iIM30k glass bubble technéc#lisgations. Because UV light
does not significantly impact mulayer build heights at 60 vol% and above, this finding provides
significant support for the argument that this concentration is representative of a percolation limit
[42]. Therefore, the interparticle interactions dominate over the capabilities of a UV cure, and build
height is strictly governed by this percolation threshold. This finding is further explored in Figure
5.7, which contains pictures of each-Ibyer wall with and withoutn situ UV light for every

loading level.
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Figure 5.7: Photographs of the dayer printed walls at each loading level, with and without UV

intervention.

The 45 and 50 vol% samples portray similar print quality with and without UV, and no
individual printed beads are visible. This observation correlates with the data in 3@ wich
suggests that these low loading levels fail to produce sufficiently high print heights with suitable
structural properties. Without UV light at 55 vol%, the printed wall becomes slightly more
resolute, but individual layers are not visible andtlee i s Ar i pplingo at the
due to sag. Whein situUV light is used, the interlayer adhesion increases, and this rippling effect
diminishes. Once 60 vol% solids are reached, printed lines can be slightly seen without UV light,
and the presence of UV light increases this resolution. This effect is further siabstafor the
62.5 vol% samples. As emphasized in Figligéb ands.6, the print height of a single lines and
multi-layer builds did not improve at 60 and 62.5 vol% wiitlsitu UV light, but there is a clear
improvement in bead shape retention. Altogetthese print tests suggest that the 60 vol% sample
represents the percolation threshold in this formulation, which is further analyzed in Set#on

of this manuscript with a goal of extending broadly to any highly loaded formulation.
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544 UV-3ITT

Recovery of a filled polymer system after subjection to high amounts of stress plays a
crucial role in its ability to retain shape p@sttrusion. The UV3ITT addresses this issue by
tracking changes in modulus after periods of high strain to deternstractural reformation can
be improved by introducing UV light during recovery. An example of this test for the lowest
concentration (45 vol %) and highest concentration (62.5 vol %) samples, with and without UV
light, is shown in Figur&.8. Examples oftte UV-3ITT experiment for each concentration ink can

be found in Figure $34 of the supporting information.
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Figure 5.8: Example of a UV3ITT experiment for a (a) 45 vol% sample and (b) 62.5 vol%
sample. UV light is optionally turned on at the start of the third interval, which causes the
material to experience rapid growth@d&ompared to the uncured sample. Note the difference

in scale for the modulus between Figures (a) and (b).

Three minutes of UV light exposure was chosen for three main reasons. First, relevant
viscoelastic properties plateaued within this timeframe. Low concentration systems experienced

minimal changes i Gafter approximately two minutes, suggesting that structural reformation
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due to free radical polymerization finished within this timeframe (see Fig@@)). High
concentration inks, in Figurg8(b), still experienced increases@@@ f t er 3 mi nut es,
was no longer time dependent. Hence, solidification due to the UV cure had completed (regardless
of whether final cured modulus was reached). Second, because recovery times are extensive, a
short three minute exposure to UVHigprevented any thermal effects (i.e. thermal curing or
viscosity reduction) due to heat inahe UV light source. Third, exposure time during the printing
process is well below three minutes, so any curing studies beyond this time frame is not within the

scope of UVDIW applications.

Previous studies have developed structural recovery parameters to characterize the degree
to which a material deforms after periods of high stf2g}s Other works built upon these findings
to create printability maps by introducing variations of the recovery parameters, shown in

Equations %.3) and 6.4) [28].

"0 O (5.3)

0Q p Tl

. O 54
'Y‘Q(b6 pTT ®4)

Deis the degree of structural deformatid@,is the storage modulus at the end of the first
interval, andO is the storage modulus at the beginning of the third interval (i.e. one second after
the third interval beginsRecis the degree of structural recovery, aBds the recovered storage
modulus at the end of the third interval. By plottibg as a function oReg the degree to which
a material deforms relative to its reformation capabilities can be andB@ed his plot, for each

loading level with and without UV light, is illustrated in Fig&8.
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Figure 5.9: Degree of structural recovery as a function of structural deformation. Higher loading
levels have greater degrees of structural deformation, but UV light improves structural recovery

in most cases. Error bars illustrate standard deviations of each value.

Figure5.9 provides several rheological insights. First, the structural deformation parameter
for the AUV offo samples suggest t hat as the
experience more structural deformation. This is because an increasdsrdgoisity causes more
frequent interparticle interactions, thus increasing the potential for flocculates tp4ioivithin
the LVR, flocculates increase the modulus, but after experiencing large strains, the flocculates take
time to reform, resulting in thixotropt3]. Thi s same analysis applies
UV light does not have a meaningful effect Da for a given solids loading level, sint® is
gathered just one second after cessation of high strain; the timescale of the curing process (3

minutes) is much longer than the timescale of data collection (less than a second) in this case.

Next, we turn to the structural recovery param&ec The most notable finding here is

the parabolic shape of the AUV offo sampl es
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concentration of fillers increases the degree of structural recovery initially, but above 55 vol%,
recovery diminishes. This finding is not unique to this system, and has been previously reported
in compression set recoverability studies for charfibald natural rubber foan{d3]. The result,
however, appears counterintuitive because more concentrated systems have better print qualities
especially the 60 and 62.5 vol% inks. A potential reason for this behavior is that below 55 vol%,
there are limited, dispersed agglomerateschvhre broken up during LAOS measurements. There

is also a higher amount of matrix material at these filler concentrations, whose polymer chains are
disentangled during this high shear regimeeR&nglement of polymer chains happens relatively
quickly duing the recovery stage, but-agglomeration of the disperse interparticle network is
driven by slow, Brownian diffusion. This process can take multiple hours, which is reflected by
the low values oRec[24]. Above 55 vol%, strong interparticle interactions drive an initial increase

in modulus recovery, but reorganization of the filler network remains incomplete within this
timescale because of the large agglomerates which must reform. This process hesvimestyp
confirmed for carbon nanotulfiled polycarbonate melfs]. For any given concentration, if UV

light is introducedRecincreases. This is expected since the creation of a photocurable network

during the recovery interval increases the modulus of the ink.

The question then becomes: why does print quality continue to improve if recovery appears
to reach a peak at 55 vol % for AUV offo sampl e
possible explanation is that even tholrRgtworsens above 55 vol%, there is an adequately large
modulus within the LVR that is rapidly recovered for 60 and 62.5 vol% inks. Previous studies have
shown that a resting modulus anywhere at or abov&0~RPa facilitates high resolution DIW
prints[19, 27, 32] Here, the 60 and 62.5 vol% systems have LVR moduli of approximately 9.6

and 103 kPa respectively, which meets this criterion. By contrast, the LVR modulus of the 55 vol%
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system is less than 1 kPa. While this LVR modulus argument is valid for typical DIW prints, it
fails to mechanistically explain how changes in viscoelastic properties during UV light exposure
can improve printability during UNDIW. As researchers continueaterial discovery of DIW

inks, it is inevitable that many of these materials will not possess this LVR modulus. To enable
printability of these advanced materials, printing parameters and processes must be modified to
compensate for the naptimal rheolgy of the ink.Thus, it is necessary to deconvolute the effects

of thixotropy and UV curing in order to provide a fundamental mechanistic understanding of

printability.

The prior discussion introduces an important consideration of whether the rate of modulus
recovery or final recovered modulus drives printability. Recovery parameters are useful for
determining the relative levels of reformation and deformation, but tleegadculated using only
the first and final data point in the third interval. This removes any time dependence of the
structural recovery process. Instead, another option is to analyze the initial rate of recovery during
the first five seconds of the tdiinterval, and then compare it to the final recovered modulus. This
method allows for the mutation number to be calculated according to Equalipmhich defines

a materials stiffness relative to its initial reformation tii3).

-
= ‘go (5.5)

Qo

Here,— is the rate of modulus recovery during the first five seconds of the third interval.

Using this method, we can compare the rate of recovely tind determine whether the initial

rate of recovery or final modulus is driving print height/print quality improvements. The rate of
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modulus recovery as a function"@f is depicted in Figuré.10(a) for each loading level, with and

without UV light.
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Figure 5.10: (a) Rate of recovery and final modulus improvements as a result of UV curing. (b)
Changes in the mutation number by varying the vol% solids and applying UV during recovery.

Error bars illustrate the standard deviation of each respective value.

Without UV light, increasing the concentration of fillers raises the recovered modulus and
the rate of modulus recovery. When UV light is introduced, both the rate of modulus recovery and
the"O increase for any given concentration. At 55 vol%, these effects appear to diminish, similar
to the peak iRecf or t he AUV of f5®. Te bettep lndesstand the difecy WV e
l i ght has o0nnmgidcan be glottédianaefenctionsof ti@a | Nt hmuabon S € NS E
acts as a normalizer by determining whether recovery improvement is driven more by an increase
in "0, or by an increase in the modulus recovery rate. A plot of the mutation number as a function

of "O is illustrated in Figuré&.10b.

Looking only at the AUV offodo sampl es, incr

vol% cause80 to rise, but the mutation number lowers. According to Equalid), (this implies
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that the modulus recovery rate is increasing more quickly, and is thus driving improvements in
material recovery. Contrastingly, beyond 55 vol%, the mutation number rises rapidly. This finding
suggests that higher concentration inks rely on increas@stmbe printable. This corroborates
with the previous finding that a minimum modulus of-H2 kPa is needed to facilitate high
resolution prints. Figures.6 and5.7 also reflect this finding, sindegher concentration systems
were able to sustain mulayer builds without buckling or sdgthe result of a sufficiently high
modulus. Extrusio#bbased printability models agree with these findings, suggesting that materials

with higher moduli possesarer time windows for printabilitj44].

Next, we turn to the effect that UV light has on the mutation number. At concentrations
from4555 v ol %, UV miaidntg drdp. Thisfinding iadicates that UV light increases
the modulus recovery rate more than the final recovered modulus. From a printability standpoint,

these lower concentration systems saw improvements in single layer print height, which was likely
driven from this increase w—. This finding is further substantiated considering that multilayer

builds of 4555 vol% inks lacked a sufficient resting modulus for structural stability, even with
UV light intervention. However, the mutation number rapidly increases beyond 55 vol%hatich
the mutation number starts to become | arger

B e c a iy inceeases when UV light is turned on in this case, increasé3 are more
significant than increases+r-. Thissuggests that UV light benefits higher concentration systems

by increasing’O rather than the rate of recovery. Hence, improvements in -tayér print
resolution for the 60 and 62.5 vol% inks shown in Figureare likely driven by increases in final
modulus rather than increases modulus recovery rate. Once again,-Bl@ USuggests that the

55 vol% system is acting as transition region between low loading levels and the percolation
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threshold. Beyond this threshold, the final recovered modulus due to interparticle network
recovery is driving printability even when UV light is introduced. This means that as long as the
percolation threshold is attained, slumping and spreading ofyHfifed, multi-layer builds will

be prevented purely based on the final recovered modulus of the ink; UV light will simply increase
this modulus and improve build quality. But, if the percolation threshold is not reached, resolution
and build quality omultiple layers will suffer greatly, and UV light will only partially assist prints

via improvements in the modulus recovery rate.

5.5Conclusion

In this work, we introduce a novel rheological test to assess print height/quality
improvements for highly filled photopolymer systems. Printing studies were used to quantify
height retention of singiayer prints over time, and then measure the heigmudti-layer builds
for a range of filler loading levels with optional situ UV intervention. The results indicate that
the percolation threshold of a system marked a transition where sag/spreading could be prevented.
Below the percolation threshold, sag of single layers was apparent, but UV light prevented any
sort of spreadindgdowever, structural stability of multayer prints suffered heavily even with UV
photocuring. When the percolation threshold was reached at 60 vol% solids, interparticle
interactions became a driving force for recoverability, and UV light further improvisd

recoverability, hence increasing the quality of mlatier builds.

These findings were realized via LBITT, and the rheological factors most important to
printability were determined through structural recovery/deformation parameters and the mutation
number. This method illustrated that UV light prevented sag ofclomeentration, singldayer

printed inks via higher rates of modulus recovery relative to final recovered modulus. However,
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because the driving force was trege of recovery, the samples did not possess a large enough
recoveredmodulus to enable multayer buildsi even whenn situUV was used. In contrast, inks
beyond the percolation threshold facilitated high fidelity prints based on relative increases in the
final recovered modulus, rather than increases in modulus recovery rate. When UV light was
applied to these samples, therera&vno changes in build height, but print resolution increased
dramatically due to relativelitigher levels of the final recovered modulus. Therefore, using a
purely rheological method, it is now possible to predict whether print height and/or quality will
improve during UVDIW, thus accelerating the screening process and material discovery for

potential future DIW formulations.
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6.1Abstract

Capillary rheometry is an effective method for determining the high shear rheological
properties of highly filled materials at extrusion relevant conditions. Currently, there are two major
challenges faced during capillary rheology studies. First, th#argpheometer itself is relatively
expensive (currently over $100,000) which increases the economic barrier for studies. Second,
each trial requires dozens of grams of material which presents difficulties when working with
limited sample quantities or pmtially hazardous materials. To address these concerns, a
downscaled version of the capillary rheomet el
rheometer. o This device can be created in a t
comnon laboratory materials and requires only several grams of sample to operate. To validate
the findings of the microcapillary rheometer, the high shearl(8® s') properties of three
different highly filled systems (60 vol% glass microbubbles, 7 vol%efisilica, and 20 vol%
calcium carbonate) are evaluated using bothdtdlle and microcapillary rheometry. Apparent
viscosity profiles generally agree between both methods. Applying the Bagley and Weissenberg
Rabinowitsch corrections further increaseseagrent between true viscosity profiles. These
findings substantiate the use of this microcapillary rheometer for high shear measurements of
highly filled systems, which enables researchers to conduct similar studies at a fraction of the cost

of full-scalecapillary rheometry.

6.2Introduction
High solids content materials, alsmlledihi ghly fill edo materi a
composites which are relevant to the f¢bld cemen{2], polymer[3], and ceramicg}] industries
among many others. The term highly filled is not unanimously defined across literature, although

most systems are consi der ed propgoitiandf sokdpdrticutb'® c ont ¢
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fillers is incorporated into a resin, such that the filler content exceeds 50 [8pI%Vhile this
definition is appropriate for ideal fillers (i.e. an aspect ratio of 1 with minimal surface interactions),

it is well documented that the shape of the particle in addition to the panidie/particle

particle surface interactions can siigantly decrease this thresho[@]. These interparticle
interactions often result from weak surfaces forces such as Van der Waals forces, hydrostatic
forces, and interparticle friction, which collectively result in the formation of an interparticle
network[7]. Thus, high solids content materials can be more generally described as a composite
which has been loaded with such a large volume fraction of solid particulate fillers that the
rheological properties due to interparticle network interactions outweigfsttaelastic properties

of the resin in which they are disperg6d8-10].

Characterization of these highly filled materials has become an active field of study for
predicting extrusion qualityl1], development of clogs during high shear procesgi2yj and
solid-liquid phase separatiqt3, 14] Typically, several forms of rheometry are utilized to gather
viscoelastic properties relevant to processing. One of the most common types of rheological testing
I parallel plate rheometry places a highly filled material between two plates which can be
oscillated or continuously sheared. Although continuous shear rheology enables development of a
flow field at (potentially) process relevant shear rates, highly filled composites can exhibit sample
loss out the sides of the plates at shear rates exce@dirg} [3, 15] Resultingly, oscillatory
measurements are more commonly employed because they enable acquisition of viscoelastic
properties without the risk of edge fracture. This form of testing provides modulus data which is
essential for understanding structural @ies of the interparticle network, but the @derz rule
is often invalid for these high solids content systems (i.e. oscillatory measurements of complex

viscosity are often larger compared to steady shear viscosity measurdBjents)
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To bridge this gap in knowledge, capillary rheometers are frequently used to gather
processrelevant, high shear measurements of shear viscosity for highly filled materials. The
capillary rheometer utilizes a load frame attached to a piston which driesiahghrough a
capillary die. An inline pressure transducer quantifies the pressure drop across the length of the
capillary, and depending on the flow rate and capillary geometry, the apparent shear stress, shear
rate, and viscosity can be determin#6]. Because sample loss in the form of edge fracture does
not occuras frequentlyduring capillary rheometrgompared to torsional rheometighear rates

on the order of thousands of are achievabll7].

The flow field that is developed at these elevated shear rates contributes towards particle
alignment and deagglomeration of flocculates; resultingly, viscosity often decdesstsshear
thinning [18]. Several constitutive and empirical equations are available to model these
relationships, including the power law mod&®], Bingham mode]20], CarreatYasuda model
[21], and Cross moddgR2]. The use of a given model depends on the presence of several
rheological phenomena, including yield stresses, infinite shear viscosities, and zero shear
viscosities.Before using these models, it is important that corrections be applied to transform
apparent shear viscosities into true viscosities. These corrections stem from errors introduced from
funneling the material from a large diameter barrel into a small diameteodidlewtonian fluid
flow, and wall slip. The Bagley correction accounts for féif increases in viscosity during the
funneling process by adjusting pressure drops attributed to entrance/exit effects during capillary
flow [17]. The WeissenberBabinowitsch correction accounts for the fidewtonian behavior of
shear thinning fluids to obtain more accurate measurements of shef@3fatkdditionally, the
contribution of wall slip towards overall fluid flow can be optionally quantified by analyzing

apparent shear rates across various leagérdiameter ratios using the Mooney analy24].
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Wall slip is common for highly filled systems because of particle migration away from the wall
[25], which results in a resinch region along the wall causing s[®6]. This particle migration
can further contribute towards partial cloff2], complete jammind26], and liquid phase

migration/filtering of the resif27, 28]

Development of clogs due to jamming or curing within the capillary is notoriously
burdensome when cleaning the rheometer, which has prompted development of small scale,
disposable capillary rheometef29]. Several previous studies utilized the controlled strain
rate/force capabilities of an Instron Universal Testing Machine to provide constant rates or loads
to a lowcost, disposable syringe, which enabled characterization of curing sy2&3] Other
products have been introduced which line the barrel of astalle capillary rheometer, thus
preventing any sort of curing to the machine itf&0j. While these methods enable rapid testing
of complex, high solids content materials, the cost of the capillary rheometer or Instron itself is
still substantial. In fact, smaller versions of the capillary rheometer are often only suitable for low
viscosity, dilute suspensionf25, 31, 32] To this end,there is clear value in developing a
downscaled, lowcost version of the capillary rheometer that can characterize high shear properties
of high solids content systems, while exploiting small material quantities. Thissrabdlproduct
is particularly neessary for rapidly characterizing expensive or potentially hazardous materials

which are dangerous in larger quantities required for full scale capillary rheometry.

In this work, a microcapillary rheometer is developed which can accurately and precisely
measure high sheatiscosity profilesof highly filled materials. The microcapillary design is
described in detail such that it can be recreated in a standard laboratory setting. Three different

highly filled materials, consisting of a polydimethylsiloxane (PDMS) resin and either glass
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microbubblesfumed silicapr calcium carbonatare then tested using the device, and the results
are compared to a large, fgitale capillary rheometer which validates the microcapillary data.
The Bagley and WeissenbeRabinowitsch corrections are applied to all sets of data to explicitly
account forentrance/exit effects and ndfewtonian flow regimes, respectively. Torsional
rheology is also performed to further validate the presence of a highly filled system. These findings
enable researchers to iease the economics of characterization by accelerating capillary

rheometry experiments while limiting the amount of material necessary for data acquisition.

6.3Materials and Methods

The PDMS resin used for all samples was obtained from Gelest, which has a viscosity of
5Pas. i M30k gl ass bubbles were suppliedOby 3M
SIL TS 720 Fumed silica (FS) was obtained from Cabot, which is a sphericatsoale powder.
This material can also form larger nar@nd micrescale agglomerates. Calcium carbonate
(CaCQ) was obtained from SkySpring Nanomaterials, which is cubic in geometry and has an
advertised particle diameter of-#8 nm. Scanning electron anoscopy (SEM) images of these
fillers are presented in Figufel. Three separate highly filled inks were created using 60 vol%
iM30k glass bubbles, 20 vol% CaGGnd 7 vol% FS. These loading levels were specifically
chosen because they elicit yield stress behavior, possess a defined linear viscoelastic region, and/or

attain loading levels representative of the percolation thre$B®]d
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Figure 6.1: SEM images of (left) iM30k glass, (middle) fumed silica, and (right) calcium

carbonate. Note the difference in scale for each SEM image.

Torsional rheometris performed on dA InstrumentsARES-G2 rheometeusing 25 mm
stainless steel parallel plates and a 1 mm gap. Strain saessgsducted from 0.010% strain
at a frequency of 1 Hz. Frequency sweagsonducted from 0-1.00 rad 3 at0.0%% strain which
is within the linear viscoelastic region (LVR) of all samples. All experimanéperformedat

room temperature and ambient conditions.

A custom microcapillaryrheometerwas developed taapidly test the high shear
characteristicef high solids contenihks using limited sample quantitie¥he systenconsists of
a rate controlled linear syringe pump (New Era Pump System$08& High Pressure
Programmable Syringe Pump) equipped with a load cell (TE Connectivity FX206X-0010
L) attached to the sliding block. As the sliding block and force sensor push the syringe plunger,
the material is extruded, and the force semseasurs pumping face. The load cell interfaces
with a microcontroller (Arduino UNO), which communicatesth a computer running a
LabVIEW program. The LabVIEW program uses the geometric parameters of the tssatab (

diameter, capillary length, and capillary diameter) to calculate syringe pump Titese
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geometric parameters and pump rates defineafiparent shear ratgEquation §.1)). During
testing, the LabVIEW program reads the load é&ite and calculates the pressyiequation
(6.2)), apparent shear stred@&quation 6.3)), and apparent viscosifEquation 6.4)). Thesedata

pointsarelogged every 0.1 seconds into a spreadsheet.

: ﬂ (6.1)
“O
, TO (6.2)
* o
+ O (6:3)
10
B F_ (6.4)
T
Here,l is the apparent shear rat@,is the volumetric flow rateD is the capillary

diametergP is the pressure drop along the capilldfys the force read by the force sendds,

is the apparent shear stress, L is the capillary lengthgdapts the apparent viscosity. For this
setup, the capillary length and diameter are equivalent to the syringe nozzle length and diameter,
respectively. The syringe used is a custom stainsteel syringe with a commercial
polytetrafluoroethyleneRTFE tipped plunger (Hamilton 10cc Gastight Glass Syringe), shown in
Figure6.2. The syringebarrelhas an inner diametepproximatelyl0.27 mm. The syrige is
adapted to a Ludbock fitting where a commercial blutipped Luerlock syringe can be attached

to act as the capillajie. The Luerlock fitting enablegjuick swapping of tips of different lengths

or diameters.
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Figure 6.2: Labeledschematis of the(left) microcapillary rheometeand (ight) custom

fabricated higkpressure syringe showing the assembled and opened state.

To account for the contributioof friction between the syringe plunger and barrel wall, a
frictional force corrections applied Themicrocapillary systens run at relevant shear rategh
an empty syringewhich measursthe loadassociated with these frictional forcd$e measured
load is generallysimilar across the range of apparent shear r(@@sroximatelyl5 N). Some
variatiors at the beginning and end of the tast observed (see Figure S9.4vihichis attributed
to slight variation in themachined inner diameter of the tubjngspecially as the plunger
approachgthe end of the barrelo avoid error from these sections of the tubtagtingwithin

the initial or final 0.5 irof the tubedoes not occur

To conduct an experiment, the length and diameter of the syringeetifrst measured
using calipers. To load the test material, the Swagelok fisimngened, and the barnslloaded
with material while withdrawing the plungérhis gradual filling processliminates the formation
of air bubbles. After loading, the Swagelok fittirgy retightenedand the syringe tips firmly

screwedonto the syringeThe syringeis clamped oto the syringe pumpand the sliding
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block/force sensor setjustabove the plunger without touchiiigThe LabVIEW prograns then
run, whichcalibrates anderaesthe load cell. This zeroing process avesde zereload signal

from the load cell for 10 secondsile the sliding block moves towards the plunger.

After zeroing, the prograrautomatically adjustthe pump speed to achieve the desired
shear rates. Each shear rastéested until a stable load measured, whicls defined as a load
variation of less than 2 Msing aminimum stability band of five seconds. Determinethe
apparenshear stresat each shear rate, the madehe force readings withitine stability bands
calculated.Three different lengths of 1gauge syringe tipghominally 0.25in, 0.5in, and 1 in
are utilized These syringe tip epmetries correspond to/D ratios of 26.6, 15.5, and 9.8,
respectively. Logarithmically spaced shear rate sweem® performed in triplicate for
microcapillary rheometer experimeniheapparenshear rates usete63, 100, 158, 251, 398,

631, and 10005

An Instron SR20 Capillary Rheometer (fuicale capillary rheometeig used to validate
the findings of the microcapillary rheometer. In order to mimic the experimental setup/design of
the microcapillary rheometer, the inline pressure transdsc@t used, and instead pressuaes
calculated using the overhead force transducer and specific capillary die geometry. Three different
capillary geometried (D = 30/1,L/D = 20/1, and./D = 10/1)areutilized. The capillary and barrel
diameters are fixed atrhm and 15 mm, respectivelyogarithmically spaced shear rate sweeps
are performedin triplicate forfull-scale capillary rheometer measurements. dygarenshear

rates usedre63, 100, 158, 251, 398, 631, and 10680 s

6.4Results and Discussion

6.4.1 Torsional Rheometry
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Torsional rheometry was performed on each sample to verify the presence of key
rheological properties relevant to highly filled systems. Strain sweeps in F@uikustrate a
range of viscoelastic phenomena, which depend on the filler type. The 60 vol% iM30k glass filled
ink has a relatively large linear viscoelastic region (LVR) and does not possess a yield stress
defined as the crossover over poinGofandGo. These findings are due to the miswale nature
of the glass bubbles, which form weak interparticle networks compared tesoaleofillers.
However, this loading level is well documented to encompass the percolation threshold (where
fillers contact ach of their closest neighboring particles), which verifies this inks status as a highly
filled system. The 7 vol% FS ink has substantially larger valu€séf every given strain, and a
clear crossover point at 2% strain. This increased elasticity and the presence of a crossover point
are attributed to the narszale nature of fumed silica, which forms a stronger interparticle network
compared to micrgcaleparticles. The 20 vol% CaCGank has even larger values Gféat every
strain, and the LVR shonte substantially such that the crossover point occurs at 0.05% strain.
These findings are attributed to the cubic geometry of Ga@fich increases the frequency of
surface interactions, thus increasing the stiffness of the material while limiting the amount of strain

necessary for deformation to oc¢ue].
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Figure 6.3: Strain sweeps of (left) 60 vol% iM30k glass bubbles, (middle) 7 vol% FS, and

(right) 20 vol% CaC®
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Frequency sweeps illustrated in Fig@ré were also performed to identify the degree of
shear thinning during oscillatory measurements and validate the presence of a highly filled system;
large degrees of shear thinning often indicate the presence of a percolated network, which is a key
componenhof highly filled system$10, 33] The 60 vol% iM30k, 7 vol% FS, and 20 vol% CaLO
systems have degrees of shear thinmreguivalent to 0.85, 0.22, and 0.19, respectively when
fitted to a power law model (see Equati@b]). This finding highlights that rapid reductions in
viscosity are present for stronger interparticle networks due to more pronounced deagglomeration
processes during periods of high shear/high frequency. While thé&€axrule does not hold for
highly filled systems due large contributions of elasticity via partietdusion, these findings
provide evidence that each material studied here fulfills the requirements of a highly filled system.
Thus, these experiments provide useful metrics for validating the findings of the microcapillary

rheometer.
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Figure 6.4: Frequency sweeps of each highly filled ink illustrating shear thinning behavior.

6.4.2 Capillary Rheometry
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Shear rate sweeps were performed for both thesé@alle capillary rheometer and the
microcapillary rheometeEquivalent shear rates were used for both experiments, with the goal of
validating the microcapillary rheometer findings by comparing viscosity values to trecldl
capillary rheometer. It is well documented that corrections must be applied to tnartbfor
apparent viscosity values into true viscosity values. This is accomplished by applying a Bagley

correction and a WeissenbdrRabinowitsch correction.

The Bagley correction adjusts the apparent shear stresses by accounting for the
entrance/exit pressure effects when funneling material from the barrel into the capillary die, while
the WeissenberRabinowitsch correction adjusts the apparent shear rat@scbynting for non
Newtonian flow patterng3]. Bagley corrections are obtained by performing a linear regression on
pressure drops as a functionldD for a range of shear rates, such that thetgrcept represents
t he entrance/ exit cont r i Rt Weissenbergdbinowitbck pres
corrections can then be applied by applying a linear regression to thaglptpt of true shear
stresdihe as a function of apparent shear rate, which provides a degree of shear thinsgoto
calculate the true shear rate . Application of the Bagley correction is presented in Equation
(6.6) and Figure.5, and the WeissenbeRgbinowitsch correction is shownim Equation 6.7).

Using these corrections, it is possible to calculate the true visdpsitysing equationd.8) [34].

30 W 0 (6.6)

f 10
[ ot p (6.7

F T¢
T (6.8)
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Bagley plots, presented in Figu®, illustrate similarities in pressure drop associated with each
highly filled composite sample. In general, there is good agreement between the value of
pressure drop associated with each shear rate at algiveatio. The iM30k glass samples

during microcapillary measurements deviate from thedtélle data at particularly higiD

ratios and shear rates because of the large forces required for extrusion, which approached the
limits of the force sensor. However, these findings still suggest that Bagiegctions can be
accurately and precisely applied to highly filled inks using bothsitale and microcapillary

rheometry.
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Figure 6.5: Bagley plots for 60 vol% iM30k, 7 vol% FS, and 20 vol% Ca@€ing the ful
scale capillary rheometry and microcapillary rheomdryor bars illustrate standard deviations.
Note that 1000-5could not be gathered for the 60 vol% iM30k system using the microcapillary

rheometedue to force sensor limitations.
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WeissenbergRabinowitsch corrections, presented in Figér6, are also remarkably
similar when comparing testing methods for a given material. In all cases, thiembonian flow
of these highly filled systems causes shear thinning, which causes the true shear rate to exceed the
apparent shear rate. Thus, thalfitlgs in Figures.6 suggest that true shear rates associated with
nortNewtonian flow can be effectively probed using both the microcapillary rheometer and full

scale capillary rheometer.
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Figure 6.6: Weissenbergrabinowitsch plots for 60 vol% iM30k, 7 vol% FS, and 20 vol%

CaCQ using the fullscale capillary rheometry and microcapillary rheometry.

As a result of these corrections, the apparent and true viscosity of each material can be
compared using both the ftdtale and microcapillary rheometer as presented in F&jard he
60 vol% iIM30k glasdilled ink has nearly identical values of apparent viscosity when using either
the full-scale or microcapillary rheometer. When corrections are applied, the corrected

microcapillary viscosity decreases more than expected. Tidm{j is attributed to the force limit
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being reached during testing using the microcapillary setup, which resulted in pressure drops being

lower than expected, thus influencing the Bagley correction and causing an artificially lower value

of true viscosity. The 7 vol% FS samples also have mehesimilar values of apparent viscosity

using both methods, and there is gjiltatagreement after corrections are applied. The apparent

viscosity of the CaCexiffers between fulscale and microcapillary rheometry, but application of

the Bagley and \&issenbergrabinowitsch corrections improves agreement between the true

viscosity values.
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Figure 6.7: Uncorrected and corrected viscosity profiles of 60 vol% iM30k, 7 vol% FS, and 20

vol% CaCQ using both fullscale and microcapillary rheometry.

The degree of shear thinning can also be compared between methods and materials, with
and without Bagley/WeissenbeRpbinowitsch corrections, as illustrated in Fig@&8. The
degree of shear thinningis determined by applying the power law model (see Equé&iib)) to
the data in Figuré.7. Accordingto Figure6.8, the degree of shear thinning for the 60 vol% iM30k
ink is generally independent of testing device and correction status. Therefore, whether the data
are corrected or uncorrected, both the-gathle and microcapillary rheometer provide similar fits
to the power law model. In other cases, such as the 7 vol% FS system, there is an initial agreement
between the degrees of shear thinning wiherdata are uncorrected. When corrections are applied,
the degree of shear thinning decreases for botrsdalle and microcapillary rheometry, yet the
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corrected values still agree. In more extreme cases such as the 20 vol%s9sie, there are

large disagreements in the degree of shear thinning when the data are uncorrected. Applying
corrections for this material results in nearly equivalent values of shear thinning between testing
methods.As a result, there is clear evidence that this microcapillary rheometer device can
determine the viscosity of high solids content systems both accurately and precisely, and these

findings are validated through theeuof a fullscale capillary rheometer.
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Figure 6.8: Comparison of the degree of shear thinning betweersdalle and microcapillary

rheometry using a power law model.

6.5Conclusion
When building processtructureproperty relationships among high solids content
materials for extrusion processes, it is necessary to characterize high shear viscoelastic properties
at processelevant rates. By evaluating the overall resistance flowMiseosity), it is possible to
tailor process parameters relevant to extrusion performance. The microcapillary rheometer device
introduced here reduces the economic burden of high shear characterization by minimizing sample

requirements, while substantialowering the cost of the testing device itself. Currently;$athle
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capillary rheometers require dozens of grams of material and cost well over $100,000, while the
microcapillary rheometer costs hundreds of dollars to create and requires only several grams of

material.

Torsional rheology studies were used to validate the presence of a highly filled system for
three separate samples (60 vol% iM30k glass bubbles, 7fuai®d silica, and 20 vol% CaGp
The combination of yield stress formation, presence of a percolated network, and large degrees of
shear thinning all substantiated the high solids content nature of each sample. As a result, capillary
rheology studies could be subsequently used tordaterthe effect of high shear environments

on viscosity profiles.

To establish the reliability of data gathered using the microcapillary rheometer, high shear
viscosity profilesof these high solids content materials wanalyzedusing both fullscale and
microcapillary rheometry at shear rates covering three orders of magnituti@0®3"). Both the
Bagley and WeissenbeRabinowitsch corrections were successfully applied to the data, which
resulted in improved agreement between 1) nominal values of true viscosity and 2) the degree of
shear thinning. These findingsligate the use of this microcapillary device for high shear studies
of highly filled inks, and we have demonstrated that these high shear properties can be evaluated
with equivalent accuracy and precision regardless of testing method. As a result, iteshdev
the potential to lower the economic barrier for researchers to conduct high shear capillary rheology
studies on high solids content materials, while minimizing health risks when working with

hazardous materials by substantially reducing sampletiuesquirements.
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7. Conclusions and Recommendations for Future Work

7.1Conclusions

1) While useful in many settings relevant to material extrusion, TPU has been shown to
present complications when processing at elevated temperatoftes in excess of 200
°C. The similariy between the processing and degradation temperatures results in the
buildup of solid particulate matter within the extrusion line, which has the potential to cause
complete clogs, thus shutting down the process. The tendency for thibksobdildup to
occur depends not only on the manufacturer of TPU, but the specific lot of TPU from a
given manufacturerA unique approach to quantifying the degree of solidification was
proposed, which tracked changes in the loss tangent at extrusion relevant resitesce
and temperatures. The worst performing lots of TPU were shown to have marked increases
in the rate of solidification compared to better performing lots. This correlation was
substantiated through a series of spectroscopic, calorimetric, and dsselkjeriments.
While FTIR andH-NMR could not differentiate chemical differences between lots of
TPU, they confirmed the presence of a (PTMEDO-MDI) polyurethane. DSC
experiments confirmed that the presence of large endothermic peaks correlated strongly
with poorer extrusion performande likely a result of hard segmeraggregationat
processing temperaturddie extrusion line clogs are attributed to tggregationFurther
solubility studies confirmed that strong intermolecular forces in the form of hard segment
aggregatiorcaused the TPU to solidify ovprocesselevanttimescales The inability of
THF or DMF to dissolve the poorest performing lot of TPU once again suggests that
physical crosslinking, as opposed to covalent crosslinking, was ther mejsed of

solidification. This was confirmed through subsequent successful dissolution in
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2)

DMF+LiBr, which effectively probed for strong intermolecular interactions. Dynamic light
scattering studies provided evidence that the worst performing lots of TPU also possessed
smaller hydrodynamic radprior to hightemperature exposure. Smaller hydrodynamic
radii areoften associated with more branched polymer architecttgsslting from side
reactions (e.g. biuret and allophanate linkageBhese branched structures were
presumably incorporated during the synthetic process, which predisposed the gddid
processability within the extruder. Resultingly, we have outlined a series of experiments
that require limited sample quantities and can quickly predict processability concerns prior
to extrusion, thus preventing potential extrusion line shutdaevinile preserving valuable
economic resources

The thermosetting reaction between hydreteyminated polybutadiene and isophorone
diisocyanate, when uncatalyzed, takaultiple days or weeks to fully react depending on

the temperature. Through a chemorheological analysis, we have shown that this reaction
displays a unique, discontinuous cure pattern in an uncatalyzed séttaigis attributed

to thermal diffusion limitations of the monourethane prior to stage 2 of the reddtoe!

fitting techniques such as the Kan&durour autocatalytic model énWwynneJones
Eyring-Evans transition state model confirm the novel comefile and highlight the
autocatalytic nature of the reaction. When compared to cure studies using temperature
controlled FTIR, it becomes apparent that spectroscopic techniques elicit early onset
reaction rates about an order of magnitude larger than chemorhablegialts. However,
when the data was truncated after t he
formation), chemorheology and spectroscopy results align. Thig@rtighlights the

ability of FTIR to screen more effectively for early, low molecular weight growth reactions
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3)

compared to chemorheology alone. Hence, the autocatalytic models likely capture mostly
diurethane reaction progressuring chemorheology These findings highlight the
advantages and shortcomings of each technique; while FTIR directly measures reactivity
through isocyanate conversion, it can be costtute these materials ortransparent KBr
plates, which currently cost hundreds of dollars per experiment. By contrast,
chemorheology can be performed using disposable plates which are a fraction of,the cost
although the molecular weight growth must be large enough to correlate with increases in
viscoelastic properties. Hence, we have provided an accelerated method using small
samples quantities to predict the cure progression of a slow reaction polyurethate

has not been previously performed for the timesgalesented herend validated these
findings through spectroscopic protocols.

The interparticle network disruption that occurs within the nozzle of an extrusion print head
can cause highlfilled inks to sag over time poskeposition, resulting in decreased build
heights and build quality. To combat this issue, UV light can be actively shined onto the
nozzle, which actively cusghe inkin-situ resulting in bead shape retention. For highly
filled inks below the percolation threshold (in this case, 60 vol%), UV light ethablgle

layer lines to reach their build heights. For inks above the percolation threshold, the
presence of a strong interparticle netwaidknot require sucterventian since the printed

lines can sustain their structure pdsposition However, during multilayer builds, inks
below the percolation threshold gggland buckle due to the weight of subsequent layers,
resulting in subpar build heights. The presence of UV light incdedisis height
significantly. For multilayer builds of inks at the percolation threshold and above, UV light

did not result in increased print heights; instead, UV light baedfthese high solids
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4)

content materials by increasing the quality/resolution of the printed parts. The novel
rheological test proposed hdrehe UV-assisted three interval thixotropy test A3VT'T)

T applied stepwise changes in strain, such that it mimicked the extrusiorsgr@&ge
optionally turning on UV light in the third interval (i.e. the recovery interval) using the
capabilities of a photorheometer, improvements in viscoelastic recovery due to UV light
postdeformation were quantified. Results highlighted that low vaiks ibenefited from

UV light due to increases in the rate of modulus recovery. In contrast, high solids content
inks above the percolation threshold saw relatively higher increases in the recovered
modulus. This finding highlights the ability for inks above the percolation thresbold
withstand the weight of subsequent layers purely on the basis of a strong interparticle
network and sufficient linear viscoelastic region modulus, such that UV light only provides
improvements in build quality not height. This, we have introduced a novel rheological
method that can adequately assess the printability of high solids content inks-RIMWJV

by exploiting small sample quantities using an accelerated characterization protocol.

High shear characterization of reactive, highly filled materials is notoriously burdensome
when utilizing a traditional, fulscale capillary rheometer due to large sample
requirements, cleaning challenges, economic burden, and the possibility of corpigssa
within the rheometer. The microcapillary rheometer device introduced here addresses these
concerns by downscaling the instrument using common pieces of laboratory equipment at
a fraction of the cost of a fulicale rheometer. Results illusti@dteeaccuracy and precision

of the microcapillary rheometer compared to the $okle rheometer, such that corrections
(Bagley and WeissenbeRjabinowitsch correctionsgould be successfully applied,

enabling calculation of true shear viscosity. These findwwgse validated for three
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different high solids content materigB0 vol% iM30k glass microbubble, 7 vol% fumed
silica, and 20 vol% CaCfwhich differedin particle shape, size, and concentration. As a
result of this study, there is clear evidence that high solids content materials are able to be
rapidly characterized using minimal sample quantities under high shear environments
without the risk associated witttlogging a fullscale capillary rheometer, which
significantly improves efficiency when working with limited sample diiees of nove)

reactive, and/opotentiallyhazardous materials.

7.2 Scientific Contributions

1)

2)

3)

Introduced a unique rheological protocol to rapidly screen for potential extrusion line
clogs of thermoplastic polyurethane batches using small sample quantiiaalyzing

the complex viscosity and loss tangent profiles at prewdegant temperatureShort

term chemorheological protocols in the context of predicting degradation reactions have
not been previously utilized, but researchers are aifale to prevent a total shutdown of
extrusion lines due to these side reactions.

Validated the presence of physical crosslinking during melt extrusion of thermoplastic
polyurethane (i.e. hard segmagigregationthrough a combination of viscoelastic,
spectroscopic, calorimetric, solubility, and light scattering experiments, which was
attributed to the proximity of the processing temperature to the degradation temperature.
The culmination of these analytical techniques provides a novel understanding of
degradation kinetics as well as root causes of TPU solidification.

Provided evidence that discontinuous cure profoes during uncatalyzed synthesis of
hydroxykterminated polybutadiene and isophorone diisocyanate, which is attributed to

slow, thermal diffusion of the intermediate monourethane product. This phenooanon
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4)

5)

6)

7

be effectively probed using chemorheological technigueshas been previously
undiscoveredThe analysis provided in this work can be generalized to any sorgle
multi-stage reactive system and is not limited to steacting polyurethanes.

Elucidated the advantages and drawbacks of chemorheology and spectroscopy in terms of
economics and accuracy when modeling/predicting rdalji thermosetting reactions.

The effects of pathlength and flow field development explicitly reddabw these

direct/indirect measurements of isocyanate conversion eliftegpending on conversion
progress. The disagr eemennco<ib@iwaslagelyconvers
attributed to limitedMW growth during early stages of the reaction, causing
chemorheological measurements to underestimate conversion, which is a novel insight

for this field of research.

Created a novel r h e ol agpistedadhlee imervallihixatroply e r me d
t e st Opravities @ fandamental, mechanistic understandimgiofability during

UV-DIW by quantifyingthe contributionsof UV-induced crosslinkingowards

improvements in print height or print quali#.rheological protocol specifically

representative of the UDIW AM process has not been developed until this point.

Identified a novel use of the mutation number by deconvoluting the effects of the final
recovered modulus and rate of modulus recovery after periods of high strain, which is
representative of DIW extrusiomhe use of the mutation number enables researchers to
identify the limits of free radical polymerization when improving print height retention,

while also allowing the percolation threshold to be calculated.

Developed an affordable, downscaled version of the capillary rheometer which exploits

small sample quantities while enabling high shear measuremesxs@mely viscous,
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8)

high solids content systemBhis product substantially reduces the upfront cost of
performing capillary rheometry, while facilitating rapid characterization of HF materials
using only a few grams of material compared to the hundreds of grams required for full
scale capillary rheomst. This device specifically enables characterization of novel
materials which might only be available in limited quantjteesd allows printability

maps to be created based on various geometric criteria (e.g. nozzle geocomgtagtion

ratio, solids loading level). These maps facilitate prediction of extrudability for any
generalizable system appropriate for DIW.

Validated the true shear viscosity profiles of the microcapillary rheometer by providing a
holistic comparison to the fuicale capillary rheometer. This finding provides evidence
that capillary corrections such as the Bagley and Weissemamowitsch cando

applied to the novel device with comparable accuracy and precision to a machine which
currently costs nearly 100 times more to purch@se&eral novel metrics to assess the
accuracy of the microcapillary rheometer were also introduced, sujltamparisons of
viscosity profiles before and after applying corrections, @rahanges in the degree of

shear thinning depending on material selection, device choice, and correction status.

7.3 Recommendations for Future Work

1)

While methods have been developed to identify the cause and timescale associated with
solid white particulate buildup during TPU extrusion, it is still necessary to identify the
chemical composition of this material. This can be accomplished through @netiorb

of TGA-IR, TGA-Mass spectrometry, and long term chemorheology. Additionally, there
are early results suggesting that NMR can probe for differencesdepeindent block

lengths of the TPU chains, which positively correlate with solidifications plrovides
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2)

3)

4)

5)

the opportunity to develogapidscreeing protocols which utilizepectrometry/NMR in
addition to rheological analgs.

Further validation of the diffusienontrolled regime during HTPB+IPDI synthesis can be
achieved by studying other aliphatisymmetric diisocyanates. However, aside from
IPDI, these varieties of diisocyanates are uncommon, which grants the opportunity for
synthetic discovery of chemically similar materials.

It is plausible that the diffusieoontrolled regime can also be validated further by

reacting a high MWd 18,000 P&s) monoisocyanate with HTPB across theB60C

temperature range. If the plateau regions described in Chapter 4 are also present for this

experimental setup, there would be clear evidence that thermal diffusion drives the
sluggish reactivity during primary isocyanate conversion.

Mechanical testing (e.g. tensile testing) of partially reacted HTPB+IPDI materials at
intermittent timescales would enable a working curve to be built which directly relates
time and temperature to structural properties. As a result, the operating conditlums o
thermal posprocessing step during reactive extrusion could be tailored and predicted.
This work would require several mutlay cursto occur at differing time lengths, such
that the material is removed from the rheometer and placed inteike tiexsting device or
dynamic mechanical anagrfor (potentially) destructive characterization.

The novel UMITT protocol introduced ihapter 5 can predict printability of highly
filled materials for UVDIW extrusion processesihich is vital for understanding the
dosedependence effects of UV lighh printability. This idea should also be extended to
thermal energy dose dependence for reactive extrusion; currently, there is a lack of

research identifying the amount of thermal energy required to build structural stability.
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This is partially due to a lack of control over thermal dosing. Therefore, asing
controlled heating method (e.g. printing in a heated ovémsitu microwave curing), it
is possible to apply the USITT analysis specifically the mutation number analysis
to thermally curing systems for DIW additive manufacturing.

6) The height retention of UNDIW prints can be effectively probed using the -3MT
method, but it neglects structural integrity via mechanical testing. A possible future
endeavor is to identify the relationship between UV light dose and interlaminar adhesio
strength. Multiple methods to quantify these findings are available, including a Trouser
Tear Method (ASTM D1938), aRoint Bend Short Beam Shear Test (ASTM D2344),

a variety oflap sheastandards which effectively probe for differences in adhesve
cohesive failurdASTM D1002)

7) The microcapillary rheometer has proven to be as accurate and precise-asaldull
capillary rheometer, at a fraction of the price of production. The studies presented in
Chapter &canbe extended to study the viscosity dependence of an ink at various
concentrations, which would verify the dev
materials, but between filler concentrations givenmaterial. For materials that exceed
the current |l oad cell 6s capabiliasdsifes (e. g.
solid), larger load cells which require amplification are an opportunity for future research
and overall design improvement. This research would expand the material discovery
capabilities of the microcapillary rheometer.

8) There are numerous other parameters which can be tailored during microcapillary
rheometer measurements. For certain processes, such as injection molding, factors

including the contraction ratio (barrel diameter relative to capillary die diameter) can
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significantly impact performance. This idea can be extended to a Mooney analysis which
guantifies wall slipusing various diameter capillary didg¥ecause of the Ludock

design, commercially available or machined capillary dies can be bought/constructed
relatively easily to accomplish these goals.

9) For all extrusion related experiments, the presence of liquid phase migration (LPM) must
be carefully considered, especially when working with HF inks that contaiviBn@sity
resins. The static zones in the corners of DIW nozzles contribute gredtly toigration
progress. It is possible to calculate the degree of LPM by extruding under various
conditions (e.g. print speedayer heightsand nozzle geometries using different
materials), and then analyzing the solids content of the ink both 1) buitidoed and 2)
in the barrel using thermogravimetric analysis. These experiments would confirm the
presence of LPM and enable researchers to predict conditions that contribute to the

building of static zones.
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9. Appendix AT Supplementary Information
9.1Supplementary Information: Chapter 3

The stress on a sample within the rheometer is either stored as elastic energy, or

dissipated through viscous forces, as illustrated in Equati@$Ipand (9.12), respectively
[1].

T .

‘@e —AT10 (S9.11)
T ..

‘@ —OAI ($9.12)

Here,G Gs the storage modulu§, Ois the loss modulugdi s t he apgisltieed st r «
applied strain, andis the phase angle. Materials which are more diédwill elicit relatively
higher levels ofc @ompared t& @ Thus, the proportion of viscosity that is governed by in

phase (elastic) and cof-phase (viscous) forces can be calculated using Equati8ris3)s

(S9.15) [1].
_ 1“9 (S9.13)
e 1"99 (S9.14)
s - - (S9.15)

d Is the dynamic viscosity] ds the outof-phase component of complex viscosity, and
d is the complex viscosity. The ratio of storage to loss modulus can be used as well to determine

the relative levels of solidity and fluidity, as determined by the loss tangent in Equ&tit®)S
[1].
A . @
AT =, (S9.16)
The closexiis to @, the more solidike the material is. Converselyx=90° suggests that

the material is entirely fluidicThe two parameters analyzed for these experimentsdvare

tan(l) since they most readily describe the solidity of a material.
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9.2Supplementary Information: Chapter 4

SestakBerggren Equation

Beginning with the Prottompkins method in Equation92.1), a common modddased
approach to fitting curing/crosslinking reactions, the log term can be neglected on a system
dependent basis, which simplifies to Equatiorf.2): the SestaiBerggren model[1].
Elimination of the logterm reduces the complexity of the model, easing interpretation of

parameters, and fits our system sufficiently well according to Figu:1S

QL. . (S9.21)
0 0Q | p | I T |

Q.. (S9.22)
no 07 P

A is the preexponential factork, is activation energy, and finalijy andn are reaction
orders. As shown in the main document with the KaBwalrour model, using a purely nbnear
fitting approach without any rationale for initial guesses can incorrectly assume values of some
parameters. For this reason, we approximate thee\alactivation energy by evaluating the slope
of In(d U ) asta function of the inverse of temperature at a low conversion. From here, the
exponential term is known at each temgpere, and notlinear fitting can be used to determine the
reaction orders and pexponential factof2]. Reaction rate as a function of conversion fit with
the SestalBerggren equation can be found in Figuge23, with the parameters explicitly stated

in Table 9.21.
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Figure $9.21: Reaction rate as a function of conversion, shown in solid llhhgcémpared to

the SestalBerggren equation, shown in dashed line$.(

Table S9.2.1:Parameters derived from the SesBdcggren equation. Note that activation

energy is not temperature dependent according to the Arrhenius relationship.

Temperature Ax 10 Ea m n r?
°C] [s7]  [kJ moly
60 7.04 34.1 1.28 1.95 0.86
70 4.31 34.1 0.87 1.46 0.84
80 4.03 34.1 0.60 1.38 0.79

The results of the Sestdderggren equation are remarkably similar to the Kagmlrour
model. Sestak previouslgompiled a table of potential reaction orders, along with brief
interpretations for each cafj. For this case of apparently random reaction orders, the reaction
i's fAarbitraryo, t ho unprénbeagooe deacuptohad thesintegsitygobhtiees t
autocatalytic procesfl]. As discussed in the main section of the text, the autocatalytic effect

decreases with increasing temperature. Here, the intensity of autocamalgeisreases with
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temperature, which provides further evidence of a diminishing autocatalytic effect when

temperature rises.

Conversion as a Function of Time Comparisons

1.0
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Figure S9.22: Conversion progress as a function of time comparing chemorheology and FTIR

results.
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Figure $9.23: WynneJonesEyring-Evans theory plots for transition state analysis.
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9.3Supplementary Information: Chapter 5

Figure S9.3.1: Scanning electron microscopy image of the lowest vol% inkipogng,

indicating that the iM30k glass fillers remained intact.
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Figure $9.32: Storage modulus (filled shapes) and loss modulus (unfilled shapes) during strain

sweeps of each ink at a given concentration.
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Figure S9.3.3: Loss tangent of each ink for a given concentration during strain sweeps.
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Figure $9.34: Examples of UV3ITT experiments for (a) 45 vol%, (b) 50 vol%, (c) 55 vol%,

(d) 60 vol%, and (e) 62.5 vol% inks. Note the difference in scale of #wesrfor each plot.
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