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Abstract

Abstract

Additive manufacturing (AM, also known as 3D Printing) describes a range of technologies
that build structures layer by layer to translate a 3D computer aided design parts into functional
solid objects for different customised applications. Polyurethane (PU) is a polymer with
versatile applications used as foams, coatings, adhesives, and biomedical devices, due to the
easily tuneable rubbery/rigid nature. To push a broader industrial application of AM functional
polymeric parts, such as polyurethane (PU), research in the academia field explored the

desirable PU functionalities through a range of AM technologies.

Reactive Extrusion 3D Printing (REX) is one of the AM technologies pursued to realise the
potential of AM PU functional parts. REX is a newly invented manufacturing route!, whereby
two feeds comprising reactive functional groups are mixed in-situ during the process and
extruded to construct 3D structures. At its early stage, the few research conducted in the REX
field focused on demonstrating the capability of printing isotropic and functional graded parts
through in-situ tailoring of the reaction and targeted on fabricating large-scale structure with

fast deposition speed.

There is a clear gap in the AM PU via REX, to systematically understand the processing of PU
via REX process. Therefore, this PhD project started by establishing a workflow: progressing
from screening the printability of PU feedstocks through a printing optimisation for these
feedstocks, to achieve good resolution / reproducibility by investigating the filament quality
produced. It highlighted that transitional ink rheology as the key characterisation tools for the
formulation printability analysis, and optimum flowrate to be the key parameter to evaluate

during process optimisation.

In REX, the mixing efficiency and reaction Kkinetics are highly synergistic. Furthermore, both

are greatly influenced by the rheology of the two feeds. the effects of which are relatively
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unexplored. To understand the impact of feed rheology on the print quality, three mixing modes
differed by distinct rheological properties of the isocyanates and polyol dual feeds were
designed and investigated by leveraging PU reaction. This was achieved through incorporating
different amount of fumed silica into feeds as rheology modifier. It demonstrated the properties
of 3D printed PU can be tuneable by adjusting the rheological relationship between the
isocyanates and polyol feeds. Both viscosity ratio and elasticity ratio of the feeds influenced
the mixing efficiency, the reaction kinetics, and the quality of the printed structures. The
isocyanates and polyol feeds demonstrating great differences in viscosity and elasticity reacted
more rapidly due to less restriction in diffusion of feed materials during mixing. Consequently,
a high level of cross-linking was achieved within the printed PU structure, resulting in better
thermal properties and improved stiffness than the other two mixing modes investigated. It
showed feed rheology shall be optimised to find the best combination of MMs, with prominent

printing performance.

To further explore the effect of filler on the process and enhance the cross-linking network of
such PU systems, two types of functional silica nanoparticles (FSP) were developed (SiO2-NH>
and SiO2-NH./CHz) and served as reactive filler to afford hybrid reinforcing effect in the matrix
through physical entanglements and intramolecular bonding. This study has successfully
demonstrated such dual-network reinforcing effect with SiO2-NH2/CHs reinforced PU system,
showed faster reaction Kkinetics, higher glass transition temperature, better thermal stability,
and enhanced increments in storage modulus than the SiO2-NH: reinforced system.
Furthermore, SiO2-NH2/CHjs reinforced PU system exhibited comparable thermo-mechanical
properties, with commercial fumed silica particles (SiO2-PDMS) filled PU system. The
improvement in FSP reinforcing efficiency was attained by improving the dispersion of SiO»-
NH2/CHjs in matrix and the formation of additional urea bonds in the structure. Without the

alkyl groups on the particle surface, SiO2-NH: reinforced PU composite exhibited significantly
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inferior printing performance, as the results of SiO>-NH; aggregation. It hindered the widely

formation of PU reaction and further inhibited the cross-linking networks.

These findings offer guidance on further developing reactive formulations in material extrusion
AM, enabling a greater variety of chemistries with tuneable functions to be 3D printed in the
future. It also offers guidance on developing FSPs with additional functionality and 3D printing
of multi-functional nanoparticle reinforced composite systems. It has shown that the concept
of introducing dual-network particle reinforcing filler to strengthen the REX matrix materials,
opens a new route for developing advanced nanoparticle reinforcement composite systems via

AM.
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Introduction

CHAPTER ONE

1 Introduction

1.1 Background

Additive manufacturing (AM), also known as 3D printing, is a broad descriptor for a range of
techniques that build structures layer by layer via translation from 3D computer-aided design
(CAD) models. AM techniques have great benefits in fabricating complex, personalised and
multi-functional structures in comparison with conventional manufacturing methods.
Meanwhile, polyurethane (PU) polymers are one of the most versatile materials currently in
commercial use. This is because they combine domains of the rubbery nature, due to the
presence of an elastomeric segment within the polymers molecular structure, with rigid
plasticity domains imparted by the “hard” di-isocyanate segment®3. Additionally, their
mechanical properties can be tuned by modifying the chemical structure of both the hard and
soft segments to meet specific application needs. Consequently, they are applied in a great
number of applications in different end-use fields, such as; foams #, coatings °, adhesives °, and

biomedical devices ’.

There is an increasing demand in many application areas for greater levels of customisation/
personalisation of products, and AM has shown great potential to enable increased flexibility
in the fabrication of PU products. To date, the use of PU materials in AM has centred on the
application of commercially available synthesised powders, filaments or resins as feedstocks
for various AM techniques, such as vat photopolymerisation, powder bed fusion, and material

extrusion &1, For example, thermoplastic PU powders were processed using powder bed
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fusion to fabricate a very specifically designed soft auxetic lattice structure for use in energy
absorption and mechanical damping applications, which was demonstrated to withstand a wide
range of compression strain °. Also, thermoplastic PU filaments were used to print a flexible
cellular structure containing a density gradient for repeated energy absorption via material
extrusion AM 12, Additionally, biomedical PU implants with tuneable drug release rates have
also been fabricated via direct ink writing from a thermo-responsive supramolecular PU that
had been pre-synthesised ’. Thus, using pre-synthesised PU feedstock for fabrication has an
advantage in the ease to processing. However, it also limits the capability of selectively

tailoring the material properties that can be offered by in situ chemical reaction of PU.

An alternative approach to existing techniques for processing PU is reactive AM, whereby an
in situ reaction takes place during the process of forming the 3D structure . As an evolving
AM technology, reactive 3D printing has gained great attention for producing devices via an
in-line mixer using two-component curing PU 48 or reactive silicone formulations "8,
Meanwhile, reactive ink jetting has also be employed to fabricate PU or poly(dimethyl
siloxane) (PDMS) via in-situ reaction without “pre-mixing” of the ink components prior to
printing 1*2°, For example, a micro-sized PU structure was successfully printed by jetting inks
from two separate print heads such that they successively mixed after jetting. One ink consisted
of isophorone diisocyanate, and the other comprised polypropylene glycol, a catalyst, and a
cross-linking agent. This reactive material jetting approach also demonstrated the capabilities
of producing PU structure containing a mechanical gradient by adjusting the stoichiometric
ratio of reactants during processing *°. However, due to the nature of material jetting processes,
the use of solvent was typically necessary for successful material jetting, to improve the
printability of the inks i.e. to lower their viscosity. This was problematic as solvent evaporation

could result in structural shrinkage 31°. Thus, there is significant restriction on the number and
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type of materials that can be used based on the viscosity and surface tension constraints this

process places on the inks 2%,

Reactive extrusion (REX) offers advantages over reactive jetting process, as it enables both a
broader material selection and the capability of printing relatively large structures. REX is a
relatively recently AM route, in which reactive materials are mixed and start to react and/or
crosslink upon deposition in an ambient environment 1. This printing process has been reported
to deliver; (a) improved interlayer adhesion through the creation of in-situ crosslinking between
layers, (b) reduced thermal distortion during printing and (c) offered the potential for high
printing speed by capitalising on fast reaction kinetics ?2. Furthermore, a product’s material
properties can be tailored using REX by varying the ratio of the reactive feeds. For example, a
printed reactive formulation has been reported to show a higher work-to-failure in contrast to
an analogous casted sample from the same formulation ?2. Due to the nature of in situ
polymerisation, the success of REX was driven by the achieving a good balance between the
ink rheology properties and the reaction kinetics of the ink components. However, whilst the
feed rheology is recognised as one of the crucial parameters for REX processes determining
mixing homogeneity and degree of reaction the link between these properties and the final
material properties, the link between these properties has not been systematically investigated
to date 2?3, Thus, to achieve the desirable material properties, feed with appropriate
rheological characteristics need to be identified and the methods for successfully applying them

developed. This can be attained by incorporation of nanoparticles as rheology filler.

Nanoparticles have been widely employed as reinforcing fillers in polymer composite systems.
There have been a number of reports of nanoparticles, such as silica, carbon nanotubes, clays,
silicon carbide (SiC), being introduced to polymeric systems to enhance the flow,
processability and material thermo-mechanical properties 24-2°, Silica nanocomposite systems

3
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have received considerable attention, owing to their: (a) ease of synthesis and functionalisation
and (b) high specific surface area which provides a larger interface between the particle and

the matrix 0.

Consequently, these reported benefits of including silica nanoparticles (SiO) as reinforcing
fillers have led to their applications in additive manufacturing (AM) of nanocomposites. For
example, the inclusion of SiO: into vat photopolymerisation resins for stereolithography (SLA)
3D printing processing was reported to increase the curing rate and improve the product tensile
/ compressive strength 3133, Similarly, when dispersed uniformly in Nylon-12 powders via a
dissolution-precipitation process, SiO2 were shown to successfully reinforce composite images
generated by SLA 3DP 34 with improved tensile strength, impact strength and thermal stability.
SiO; have also been introduced in material extrusion AM processing to act as rheology
modifiers, to tailor the ink viscoelastic properties and printability >23%, The advantages of
SiO; reinforced composites have been attributed to physical interactions/entanglements being
established between the particles and the particles/matrix. There are also potential benefits
offered by SiO; that act as a reactive filler, such that covalent bonds with the polymer matrix
are established in the composite. These covalent linkages should augment the typical physical
interactions, such as hydrogen bonding, that are responsible for the matrix to filler interactions

within the current systems.

This concept of utilising SiO> as reactive fillers to promote the reinforcement performance has
been investigated in silica/epoxy and silica/polyurethane (PU) composites via traditional
synthetic routes 2>%. In such systems, organo-functional groups were grafted onto the SiO;

surface through the use of silane coupling agents, e.g. 3-aminopropyltriethoxysilane and/or 3-
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glycidyloxypropyltrimethoxysilane, to create functional silica nanoparticles (FSP). These FSPs
were subsequently loaded into the polymer matrix as reactive fillers, to strengthen the
particle/matrix interface interactions via covalent bonding 2>%’. Amine FSPs have been used as
a co-hardener with the multiple amine groups on the particle surface reacting with epoxy or
isocyanate polymer matrices to form the desired covalent particle-matrix bonds and thus
provide enhanced mechanical properties 8%, However, whilst there are clear benefits observed
in polymer composite system reinforced by FSPs, to date the implementation of FSPs as

reactive fillers in AM produced nanocomposites has yet to be reported.

In this project, the utilisation of reactive FSPs in reinforcing polyurethane system printed via
REX was reported. Two types of amine based FSPs were synthesised to show their potential
as reactive fillers which could enhance polyurethane material properties through a hybrid
reinforcing effect combining both physical and covalent crosslink network. Both the amine

FSPs (SiO2-NH: and SiO,-NH2/CHs) and the commercial fumed silica (SiO2-PDMS) parties

were then incorporated into 3D printing PU composites via REX. The effect of different
functional groups on the dispersion of particles in matrix, feed rheology properties and thermo-
mechanical properties of printed PU are described and the concept of utilising FSPs as reactive

fillers to strengthen AM nanocomposites was demonstrated.

1.2 Aim of Research
The aim of this project is to systematically study processing polyurethane (PU) via the reactive

extrusion 3D Printing (REX) system.

The following objectives were outlined for this project:
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e Develop the understanding of the REX system
- Standardise a workflow for reactive formulation screening and printing process
optimisaitons
- A fast-curing PU formulation is printed and identified as optimal REX
formulation
e Understand the effect of non-reactive rheological filler in REX system
- Correlation between the dual-feed rheology on the mixing, and product
properties from REX system is shown
e Understand the effect of reactive filler in REX system
- Reinforcing the PU matrix with dual network (both particle entanglements and

covalent bonding) when reactive filler is applied

1.3 Research Methodology

PU formulations with different isocyanate feeds, catalyst level were explored. Feed rheology
and reaction kinetics were identified as the key characterisations required for printability
screening. A fast-curing PU formulation was screened out as optimal REX formulation. The
fast-curing PU was applied for the printing process optimisation. This helped to produce the

first standard workflow for printability analysis and process optimisation of REX system.

Once the standard workflow was established, following work investigated the effect of non-
reactive rheological filler on the REX system. Three PU formulations with same dual feed
materials, presenting distinctive rheological properties were printed and characterised. The
effect of the non-reactive rheological filler on the feed rheology, reaction kinetics, mixing, and
printing products’ thermo-mechanical properties were highlighted. A correlation between the

dual feed rheology to the proposed mixing modes, and final part properties was addressed.
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With these understanding of the importance of feed rheology properties in the REX system,
subsequent studies uncovered the effect of reactive rheological filler on the REX system. Here,
two types of functional silica nanoparticles (FSPs) were synthesised in-house and applied as
reactive rheological filler in AM PU via REX system. The differences between the non-reactive
filler (fumed silica) and the reactive filler (FSPs) in the REX system was outlined, by
characterising the reaction kinetics, thermo-mechanical properties of the AM PU products. The
concept of reactive filler in reinforcing PU network with hybrid network was demonstrated in

the chemical characterisation.

1.3.1 Statement of Novelty

This research demonstrates novelty in the following areas:

1. Established a formulation printability screening methodology for REX system

2. Established a standard workflow for REX printing process optimisation

3. Printed and characterised fast curing PU formulations using REX system

4. Proposed and investigated three mixing modes (MMs) between the isocyanate and
polyol feeds in AM PU via REX system

5. Demonstrated the effect of different feed rheological properties on the AM product
properties via REX system

6. Synthesised two functional silica nanoparticles (FSP): Amine-functionalised silica
nanoparticles and Amine/alkyl functionalised silica nanoparticles

7. Demonstrated the use of FSPs as reactive filler in AM PU via REX system

8. Demonstrated the concept of use of FSPs in reinforcing the AM products through dual

network (both physical entanglements and intramolecular bonding)
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1.4 Structure of Thesis
The thesis presented the fundamental study of REX system and is structured into three results
chapters: Printability Analysis and Process Optimisation, Effect of Dual-feed Rheology on AM

PU, FSP as Reactive Fillers on AM dual-network PU.

The workflow of the research is shown in Figure 1- 1. The research started by establishing a
baseline understanding on how to screen fast curing PU formulations and optimised the printing
quality for REX system. Then, three distinct mixing modes during the AM PU via REX were
created. The dependence of the feed rheology on the AM PU qualities were highlighted.
Finally, FSPs were manufactured in-house and used as reactive filler in AM PU via REX. The

concept of reactive filler to provide dual reinforcing network was demonstrated.

Reactive Extrusion 3D Printing (REX) Polyurethane

4. Printability Analysis and Process P
Optimisation of REX Formulation 1. Printability screening of REX PU formulations with different rheology and
reaction kinetics
L 2. REX printing process optimisation of a fast curing PU formulation )

5. Effect of feed rheology on AM PU via REX /L Proposed and prepared three distinct mixing modes between feeds with ™
fumed silica NPs

17 2. Printed the fast curing PU formulation with three distinct mixing modes
3. Demonstrated the relationship between the feed rheology on AM PU
6. Investigate the Effect of functionalised \___Product properties /
fillers REX process -

1. Synthesised two FSPs: Amine FSPs or Amine/Alkyl FSPs
2. Compare the performance of AM PU via REX using (fumed silica NPs and the
two FSPs)

Figure 1- 1. Workflow showing the process of research.

1.4.1 Thesis chapters

A description of the content of each chapter in the thesis is discussed below:

Chapter 2: Literature Review starts with a review of the relevant PU chemistry studies and
conventional manufacturing techniques. The literatures of producing PU via AM are reviewed
and are split into two main routes: staring from pre-synthesised PU feed or in-situ reactive 3D

Printing. The relevant studies of in-situ reactive 3D Printing of PU are then reviewed in detail,
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fall into two categories: reactive ink-jetting and reactive extrusion. Finally, the review of

applications of silica NP and FSP as reinforcing filler in material matrix are presented.

Chapter 3: Materials and Methods shows all the materials and formulation investigated in the
research. The methodology part details all the steps involving in the study, from feed
preparation/FSP synthesis and characterisations, printability analysis of feed formulations
based on rheology and reaction kinetics characterisations, printing PU formulations via REX.
A detailed description of the REX system is presented. Finally, characterisation of the thermo-

mechanical properties and dimensional accuracy of printed PU products are discussed.

Chapter 4: Investigation the Workflow for Printability Screening and Printing Optimisation
of Fast Curing Polyurethane Formulations via Reactive Extrusion 3D Printing presents the
work related to establish a standard workflow for printability analysis and process optimisation
for any reactive formulations fabricated via REX system. It established the framework for
future REX explorations to follow. It highlighted the importance of transitional rheology
characterisation of the feeds, as it offers insight on the printability of reactive formulations. It
also identified a fast-curing PU formulation suitable for REX (i.e. Poly [(phenyl isocyanate)-
co-formaldehyde] (PMDI Mn340)). PMDI Mn340 formulation was subsequently used for both

Chapter 5 and Chapter 6 study.

Chapter 5: Investigation the Effects of Feed Rheology on the Three Types of Mixing Modes
and Printed Polyurethane Properties demonstrates a systematic understanding between the
feed rheological properties and final product properties printed via REX system. This was
gained through programmably design, print, and characterise the three PMDI Mn340
formulations with distinct rheological properties. A strong correlation between feed rheological

properties to the proposed mixing modes, and the final product properties is presented.
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Chapter 6: Investigation the Reinforcing Effect from Amine-based Functional Silica
Nanoparticles on the Printed Polyurethane Crosslink Network presents the concept of using
FSPs as reactive fillers in AM PU via REX system. The reinforcing effect of Si NPs in the PU
matrix is compared between using non-reactive fumed silica, and the two types of in-house
synthesised FSPs (i.e., Amine or amine/alkyl functionalised FSPs). The dual reinforcing
network is attained when FSPs are used. The effect of alkyl functional groups on the silica

particles surface to improve the particle dispersion in the matrix is highlighted.

Chapter 7: Conclusions and Future Work summarise the main findings of this research and
discuss the novelty of these findings from the projects. It also highlights areas where this

project has not been able to fully explore and propose the way it can be carried out.
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CHAPTER TWO

2 Literature Review

2.1 Introduction
The project is to fundamentally understand the reactive extrusion 3D printing (REX) process

in producing cross-linked polyurethane (PU).

The literatures were reviewed in the creation of PU, by the means of conventional route and
via additive manufacturing (AM) technologies. The review specifically focuses on the process
benefits offered by in-situ reactive AM. Thus, the advantages of REX over other AM

technologies can be highlighted. The workflow structure for the literature review is shown in

Figure 2- 1.
Polyurethane
Chapter 2.2 backgrounds
1
Additive Manufacturing
Polyurethane
Chapter 2.3
Route 1 Route 2
Pre-synthesised feed In-situ reaction
Reactive Ink Reactive Extrusion
Jetting 3D Printing (REX)
Chapter 2.4
Filler
Silica Nanoparticles
hapter 2. :
Chapter 2.5 (si0,)

Figure 2- 1. Literature review workflow structure.

The review comprises four sections: (1) polyurethane backgrounds; (2) additive manufacturing

polyurethane; (3) reactive extrusion 3D printing polyurethane and (4) Silica nanoparticles as

11
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reinforcing filler. In the first section, the backgrounds associated with PU manufacturing are
briefly discussed, including chemistry and conventional process employed. Next, PU
fabrication via AM technologies are categorised into two routes (i.e. route 1: start from pre-
synthesised PU feedstock; route 2: leverage the in-situ reaction). The available literatures
associated with each route are reviewed in detail, to highlight the advantages of route 2: In-situ
reactive AM. Afterwards, all the existing studies in discussing AM PU via REX are discussed.
Focus was devoted in revealing the effect of fillers in AM PU via REX. Finally, studies
showing silica nanoparticles as reinforcing filler are reviewed, to highlight the potential of it
being leveraged as reactive filler to create the dual-reinforcing network in the PU system. The

gaps remained in the current research will be reviewed.

2.2 Polyurethane Backgrounds

Polyurethane (PU) is a class of polymer which has the urethane bond (-NHCOO-) in the chain.
It is one of the most versatile group of polymer, which can be thermoset or thermoplastic
depending on the chemistries used for synthesis. With both the elasticity of rubber and
durability, toughness of metal, they could be applied to a range of industries, such as

automobile, construction and biomedical.

PU was firstly discovered by Dr Otto Bayer in 1937, he pioneered the polyaddition reaction
between the polyisocyanate and polyol to synthesis PU “°. It was first developed as a substitute
for rubber. Early formulation studies were carried out to synthesis PU for specific application.
For instance, PUs were used as chemical resistant coating for wood and metal. Besides
application in coatings, PUs were later found commonly used as elastomers, rigid foams and
adhesives by mid 1950s. Flexible PU foams were later developed to produce furniture cushions,
car interior components such as molded foam seats and cushion instrument panel. Since then,
PU has become one of the most researched material in the world due to their superior properties,

including hardness, strength and lightweight compared to metals 2 4*

12
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2.2.1 Chemistry

Reaction Mechanism

The poly-addition PU reaction is a step growth polymerisation. The isocyanate functional
group (-N=C=0) has high reactivity as a result from the presence of two cumulated double
bond #2. The general reaction scheme is illustrated as in Figure 2- 2, where by nucleophilic
centre of the hydroxyl group is added to the electrophilic carbon atom in the isocyanate.
Because a large electrophilic character is presented to the centre carbon atom imparted by the

electronegativity of nitrogen and oxygen .

1 1=
R N—C=0 + HO—R? |:R N=C—0 =— RN C—O:| 1
2

H—O—R’ H—(l)LR
Isocyanate alcohol O—R

Figure 2- 2. General polyurethane reaction mechanism.

Other common reactions could also happen between isocyanates and other reagents, apart from
the one with hydroxyl group (-OH) as shown in Figure 2- 3. The isocyanate group could react
with thiol, amine to form thiourethane or urea respectively. It can also react with water to form
unstable carbamic acid, and further form primary amine and carbon dioxide via decomposition.

This reaction is commonly used for producing PU foams or moisture-curing coatings.

(0]
a. 1_N== 2 ==
R-N=C=0 + R%OH R*—NJJ\O—RZ
H
0]
1_N—r— 2 J—
b. R“-N=C=0 *+ R%“SH =—— RLNJJ\S—RZ
H
O
R M
¢ RW-N=C=0 * NH ==——> R-N" "N-R?
R H o s
o _f
d. R'-N=C=0 *+ H,0 —_— R"HJL\O_H —— R1-NH2 + CO,

Figure 2- 3. Common addition reactions between isocyanates and compounds with reactive hydrogen. a) Alcohol. b)

Thiol. ¢c) Amine. d) Water. Figure taken from Delebecq*, reproduced with permission of rights holder.
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PU can be either thermoplastic or thermoset, depending on the synthesis route and the
formulations used. Thermoset PU is obtained when reactants have multi-functional groups
(number of functional groups: f >2), and crosslinking occurs during the reaction. Thermoplastic
PU is segmented block copolymer, formed by reactants have di-functional group (f=2)3.
Thermoplastic PU is synthesised when chain extender added into the reaction. CEs are usually
low molecular weight hydroxyl or amine groups ended compounds. They contribute the
hydrogen bonding and improve the overall mechanical properties by increasing the molecular
weight of PUs. Chain extenders react with di-isocyanate to form the hard segment, and the long
chain alcohol forms the soft segment. These rigid hard segments and flexible soft segments are
connected by covalent links, and hydrogen bonds are presented in between the hard segments
(more specifically between the —\NH groups and C=0 groups in the urethane chain)*? as shown

in Figure 2- 4.

2~ W M ] -
L Nn]

g
:

YR

Hard segment = Soft segment =
Isocyanates + Chain extenders Long chain alcohols

Soft Segment (SS)

Hard Segment (SS)

Hydrogen Bonding

— i N Crm O e
Aggregated
" H-bonded
C=0 groups

I
(0]

Figure 2- 4. Schematic of polyurethane structure. a) Structure of soft and hard segments in the polyurethane chains.
Figure taken from de Avila Bockorny*4, reproduced with permission of rights holder. b) Schematic of chemical linkage
within the soft segments, hard segments, and hydrogen bonds in the polyurethane structure; Schematic of aggregated

hard segments.
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The interactions between the hard segments in the polyurethane structure, owing to the
hydrogen bonds and the dispersion influences of polar urethane groups, can aggregate together
into a hard domain, as shown in Figure 2- 4b. As the result, phase separation in the PU
morphology persists when the hard domains are mixed with the less polar soft segments*. The
degree of the phase separation is greatly influenced by a number of factors including: (1) the
types and compositions of isocyanates/alcohols used (i.e. di-functional or multi-functional
reactant, the molecular weight and the chemical structure of the reactants)*>8; (2) molecular
weight and molecular weight distribution of the PU. The size, polarity and mobility of the soft

and hard segment*®“® and (3) the synthesis routes employed in fabricating the PU°.

It was reported by Tan et al. that phase separation was promoted with linear chain extender
(namely pentanediol and butanediol), whilst not with branched chain extender
(dipropyleneglycol or tripropyleneglycol). It was anticipated that the linear chain extenders
could promote the association of hard segments into the hard domains via hydrogen bonding
as depicted in Figure 2- 4b. This ultimately led to cured PU samples with higher tensile shear
strength. They also observed that the thermal properties i.e. glass transition temperature of the
urethane prepolymer were highly dependent on the amount of chain extenders in the
formulation, whereas higher amount of chain extender could enhance the glass transition
temperature through greater interaction between the hard segments. The urethane prepolymer
exhibited more randomly dispersed hard segments in the structure when produced using one-
shot process, in contrast to a two-step pre-polymer process®®. Barikani and et al. reported that
chain extender with higher molecular weight would in favour of producing thermoplastic
polyurethane elastomer with larger hard segment, and better phase separation , in this case (1,
10-decane diol, 1,6- Hexane diol, 1,4 butane diol, 1,3 propane-diol and ethylene glycol were
investigated)®. Chu and et al. found out that when the molecular weight of the soft segment

increased from 1000 to 2000, the phase separation rate was greatly enhanced. They attributed
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this change of phase separation behaviour to the longer chain length of soft segment, in turn
enhancing the hard segment mobility. The findings supported their hypothesis that the hard
segment mobility, system viscosity and segments interactions are the decisive factors in
controlling the phase separation in the system?*®. Based on these studies, it can be concluded
that the final synthesized PU thermos-mechanical properties (hamely thermal stability, glass
transitional temperature, tensile strength, elongation at break, modulus of elasticity, hardness)
are essentially dependent on the micro-phase separation behaviour within the structure. This
structure-property relationship highlights the importance of understanding the phase separation

behaviour, to tune the material properties to meet the demand.

Reaction Kinetics

It is the typical interfacial reaction found in polyurethane reaction, due to the incompatibility
of the isocyanate and alcohol feedstocks®2. The reaction takes place at the interface between
the two feedstocks. This interface has previously been investigated under optical microscopy
at small scale®*>°. These studies deposited droplet of reactants from two sides and brought
them into contact between two glass slides and characterized the interface under microscope.
The results showed the interfacial mixing and reaction can be characterized into three stages:
(1) an interfacial zone quickly formed when isocyanate and alcohol feeds mixed together; (2)
the fast reaction could lead to the formation of viscous reaction products and growth of
interfacial zone. These viscous products presented in the interfacial zone increased the
resistance of the dispersive flow momentum of the reactants to other side; (3) with the decay
of reaction rate owing to the barrier formed by the viscous reaction products, molecular
diffusion governed the final stage of reaction, eventually lead to a completion of reaction. A
typical interface growth of such system (i.e. polyurethane or polyurea) is shown in Figure 2- 5,

whereas the interfacial zone grew rapidly at a fraction of a second after the reaction started.
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a b
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Figure 2- 5. Interfacial mixing observed upon contacting a polyether diamine (D2000) and 4,4' Diphenylmethane
diisocyanate (MDI), 40X magnification. Interface a) upon reactant contact. b) 0.2s from contact. ¢) 0.8s from contact.

Figure taken from Machuga®®, reproduced with permission of rights holder.

The size of the interfacial zone was greatly impacted by the reaction kinetics (i.e., how fast the
reaction products formed in the interface, and how viscous the reactant products became).
There was a correlation between the level of catalyst introduced to the system and the change

of the interfacial reaction zone size over time presented in Figure 2- 6.
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Figure 2- 6. Growth of interfacial zone over time at varying DBTDL catalyst concentration in polyether diol and MDI

system. Figure taken from Machuga®, reproduced with permission of rights holder.

It was found that the initial sizes of the interfacial reaction zone stayed relatively constant at

low catalyst range (< 0.1 wt. %). A decay in the growth rate of interfacial reaction zone size
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over time was demonstrated at higher catalyst level (0.1 wt. %). This observations indicated
faster reaction Kinetics hinder the growth of interfacial reaction zone, and consequently will

lead to the decay in interfacial mixing intensity®®.

In addition, it was also found various interface morphology and interface stability existed
depending on the reactive system (i.e., different isocyanate/alcohol system (crosslinked or

linear) and reaction temperature), shown in Figure 2- 7
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Figure 2- 7. Interfacial polymerization at 25°C and Time: 30s for (a) top phase, 25%, 1,4 BD + 75 % PPO +0.1 wt. %,
catalyst; bottom phase, di-isocyanate MDI. (b) top phase, 50%, 1,4 BD + 50 % PPO +0.1 wt. %, catalyst; bottom phase,

di-isocyanate MDI. Figure taken from Fields®?, reproduced with permission of rights holder.

Instable interface was observed for the three component PU system formed by reacting di-
isocyanate MDI with a short-chain diol (1,4 butane-diol: 1,4 BD) and long-chain diol
(polypropylene oxide) at different compositions. This instability at the interface was attributed
to the interfacial tension resulting from the composition gradients along the interface. It
resulted in interfacial reaction zone was stretched up to 100 um®. The results indicated the

interface mixing profile is dependent on the formulation and the reaction condition.

These studies visually demonstrated the evolution of the interface for PU reactions at micron
scale. They offered fundamental insight on how the reaction kinetics in the bulk system might

be influenced by the interfacial reaction zone. In summary, the reaction kinetics for a specific
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PU formulation are determined by the reaction condition, diffusion rate of the reactants and the
interfacial parameters. The latter include the interfacial tension, thickness, and area of
interfacial zone. It can be conceived that larger interfacial reaction zone would promote the

reaction rate.

For reactive injection molding system equipped with impingement mixing, the reaction rate
can be promoted by altering the flow condition i.e. increasing the flowrate®®. This is owing to
the fact more intensified mixing can be generated with the formation of the favourable smaller
dispersed droplets®. It was found that there is a finite dispersed droplets size can be reduced
down to by altering the flow condition®. This indicated further promotion of reaction rate in
overcoming diffusion limitation may need other mixing apparatus. Thus, static mixer, the
passive in-line mixer consists of multiple mixing elements/stages often was equipped, either at
the pre-mixing stage prior to feeding into the extruder®’ or after the impingement mixing head>®
to further mix the reactants, in improving the mixing efficiencies and accelerating the reaction
rate in the system. In particular, the static mixer was effective to mitigate the adverse effect of
diffusion limitation at higher catalyst level, in which case the viscous high molecular weight

reaction products quickly formed®’.

2.2.2 Conventional Process and Applications

Polyurethane (PU) is a one of the most versatile polymers, combing the flexible and rubbery
nature of elastomer with rigid plastic nature. It has a great number of applications in different
fields, such as rigid or flexible foaming, coating, elastomers, sealant, adhesives, biomedical
devices and etc®. Its mechanical properties can be tuned by modifying the chemical structure
to meet the specific needs. Together with 3D printing, variety of PU products could be printed
with tailored functionality, and customisation. This leads to great potentials in this field of 3D

printing PU.
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There are two processes been widely used in producing PU, including one-shot process and
two step pre-polymer process. In the one-shot process, all the reactants including isocyanates,
alcohol (diol or polyols, chain extenders) and additives are all added at once. In contrast, two
step pre-polymer process is conducted as depicted in Figure 2- 8, long chain alcohol and
isocyanate are mixed to form a polyurethane pre-polymer at the first step. Then the chain
extenders are added to form the final PU structure. It is conceived that the PU produced via the
two step pre-polymer process, presenting better phase separation between hard and soft
segments, well defined chain structures and narrower molecular weight distribution as

discussed in section 2.2.1°0%8,

Isocyanates Long chain alcohol
0=C=N—{——3-N=C=0 + HO —wwwwwwww—QOH
1 Pre-polymer
Q Q
0=C=N——=-N ~C-O—mwwwwwe—(Q~C-N——3—N=C=0
H H
1 HO—{3-OH
Chain
extender
Q Q Q 9 Q 9
0=C:N——=-N-C-0 o—c—rﬁ{r—»r:x—c-o—{‘_‘}-o—c—ry—«:—rg—c—o—--—-—o—é—ry-}c:)—mc:o
H H 3 H H Hin
Polyurethane

Figure 2- 8. Schematic of two step polymerisation process for polyurethane production. Figure taken from Lan®°,

reproduced with permission of rights holder.

The production of pure PU products is conducted in an inert environment, namely nitrogen or
argon environment. This is due to the side reaction in which isocyanate can react with water to
produce undesirable carbon dioxide and urea. This competing reaction shall be supressed to

the minimal in the formation of pure PU products. Whilst this side reaction will become equally
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important one as with the reaction between isocyanates with alcohols for PU rigid/flexible
foams production. Thus, it is critical to promote the main reaction with respect to the specific
PU product application. This is often accomplished by introducing the desirable additives, i.e.,

catalyst, filler, surfactant etc. into the formulation.
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2.3 Additive Manufacturing Polyurethane

There is an increasing demand in many application areas for greater levels of customisation/
personalisation of products, and AM has shown great potential to enable increased flexibility
in the fabrication of PU products. To date, the use of PU materials in AM has centred on the
application of commercially available synthesised powders, filaments or resins as feedstocks
for various AM techniques, such as vat photopolymerisation, powder bed fusion, and material
extrusion 811, An alternative approach to existing techniques for processing PU is reactive AM,

whereby an in situ reaction takes place during the process of forming the 3D structure 3,
2.3.1 Route 1: Pre-synthesised PU Feed

PU Powder

Here, PU is printed via powder bed fusion, which is one of the seven AM processes being
classified in the International Organization for Standardization (ISO)/American Society for
Testing and Materials (ASTM) 52900:2015 standard, here more specifically via selective laser
sintering (SLS). SLS is an AM technology firstly developed by Carl Deckard at University of
Texas back in 1986°. In SLS, laser beam is illuminated selectively onto the powder bed, and
powders get heated and fused together. Once finishing printing a layer, another layer of powder
is spread on top of the previous layer by a roller and get sintered based on the design. The non-
fused powders then serve as the supporting material during the printing process. 3D structure

is built by following this procedures repeatably?®.

There have been a few attempts in demonstrating the thermoplastic polyurethane (TPU) parts
printed via SLS'%6162 A 3D soft auxetic PU lattice structure, which could withstand a wide
range of compression strains for energy absorption and mechanical damping applications was
produced via SLS, by carefully evaluating the suitability of commercially available

thermoplastic polyurethane powders (DESMOSINT X92 from BASF Germany) and
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optimising the printing process parameters®. They have also proposed a systematic way for
evaluating  the  suitability = of  powders, based on intrinsic  properties
(Chemical/Thermal/Rheological properties) and extrinsic properties (Flow/Optical properties)

for SLS process as shown in Figure 2- 9.
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Figure 2- 9. Systematic method for evaluating the powders for SLS system. Figure taken from Yuan®3, reproduced with

permission of rights holder.
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It is challenging in general to fulfil all the powder properties requirement to be a perfect
candidate for SLS process. An example of such challenges is thermal properties of the TPU

powder used in this study shown in

Figure 2- 10, compared with an ideal example for SLS process, where a preferable broader

sintering window and narrow melting region shown in Figure 2- 11.
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Figure 2- 10. DSC scan of the TPU powders upon heating and cooling from -50 °C to 200 °C at the rate of 10 °C/min.

Figure taken from Yuan'?, reproduced with permission of rights holder.
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Figure 2- 11. DSC thermogram showing the “SLS sintering window” within region between melting and crystallisation.

Figure taken from Schmid®3, reproduced with permission of rights holder.

Due to the amorphous structure, the glass transitional temperature of the TPU was shown, but
not the melting temperature. Additional melt rheology test was required to detect the onset
melting temperature, which is the transitional point of storage and loss modulus when
subjecting to heating. The stable sintering region also knowns as the optimum temperature for
laser sintering, which is defined by the temperature region between the offset of melting and
onset of decomposition®. The TPU presented a narrower stable sintering window ranged from
171°C to 242°C, in contract to commercially available polyamides PA12 (PA2200 from EOS
GmbH, Munich, Germany) which is from 198°C to 360°C . Due to the narrower laser
optimum operating window, more careful control of the laser powder input would be needed
to print TPU vis SLS. It was found that cross-section of the sintered TPU parts showed different
level of porosity, when subjected to different laser power/scanning speed. It was challenging
to print fully dense parts, due to the poor penetration of laser in the mid of closely packed and

weakly conductive TPU powders *°.

The porosity issue was also reported by Verbelen®?, where they investigated the correlation
between material properties to the sintering behaviour of four different grades of TPU powders
(Luvosint TPU X92A-1, and three other ester-based TPU with distinct hardness: TPU-SA95,
TPU-SA85, TPU-SA70). The porosity led to significantly inferior mechanical properties
(tensile strength and elongation at break) than the compression molded counterparts®?. Also,
the broad melting peaks and the narrow sintering windows for all four TPUs were also
discussed in this study. The full coalescence of the TPU powders were hard to achieved at the

short time when the laser was applied®?.

To further realise the potential of parts printed via SLS, nanofillers were introduced into the

SLS powder to prepare a composite powder. This approach was firstly demonstrated in AM
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CNT-coated polyamide 12 (CNTs/PA12) powders, whereby introducing the CNTs as nano-
reinforcer. An extended stable sintering region was extended and enhancement in tensile
strength, elongation at break and toughness were all attained in the printed CNTs/PA12

composite, in compared with PA12 samples®®.

Following the same approach, a flexible thermoplastic polyurethane (TPU) conductor was
fabricated via SLS, by wrapping the commercial TPU powders (LUVOSINT X92A-1) with
multi-wall carbon nanotubes (CNTSs). This application harnessed the porosity embedded in the
TPU powder network and let the CNTs to fill into the voids between the TPU powders as
shown in Figure 2- 12. The CNTs formed a conductive segregated network at the TPUs powder

boundary.

TPU particle

Figure 2- 12. Schematic of the structure formed in the SLS-processed TPU/CNTs composites. Figure taken from Li®?,

reproduced with permission of rights holder.
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This was demonstrated by the coalescence study of the melt powders. Commercial PA12
powder melted quickly and achieved a full coalescence as shown in Figure 2- 13 a). In contrast,
slow and insufficient coalescence was presented in the TPU/CNTs powders. The poor
coalescence of the powder proved to be beneficial for the CNTs powder to stay segregated as
presented in Figure 2- 13 ¢) and d). Together with the superior electrical conductivity provided
by CNTs and complex geometric design freedom presented by SLS, the printed TPU/CNTs
conductor outperformed the injection moulded sample with seven orders of magnitude higher
in electrical conductivity. The electrical resistance of the conductor remains nearly unchanged

after repeatably bending for 1000 cycles®’.

Figure 2- 13. Powder coalescence on a hot stage: a) PA12 powder and b—d) TPU/CNTs powder with different CNTs

contents: b) 0 wt%, c) 0.2 wt%, d) 0.5 wt%. Figure taken from Li®, reproduced with permission of rights holder.
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Summary of 3D printing PU from PU powder

There is great potential with AM TPU via SLS, and specifically nanofiller (CNTs®, single wall
CNTs®, graphene nanoplatelets®’) reinforced TPU network has drawn great attention due to
the synergetic benefits offered by the nanofillers: (1) stayed segregated between the unfilled
TPU powder boundaries; (2) excellent electric conductivity. However, Pure TPU SLS printing

remains challenging.

One of the main constraints of SLS PU is the limited powder options available. There are
rigorous selection criteria for the powders suitable for SLS. It is preferable to have a regular
powder morphology and narrower power size distribution, to ensure the good flowability of
the powders and can be uniformly deposited on the print bed. In order to achieve a better
coalescence of adjacent powders, it is favourable to employ less viscous powders in the SLS
process, since there is no additional compacting as in traditional injection moulding®. The
processing window for SLS process is governed by the onset temperature of crystallisation and
melting. In the case of dual segmented TPU owing to the amorphous phase is often presented
in the structure, the thermal properties of the polymer are more complex than the semi-
crystalline polyamide with clear onset temperature!®. Hence, it adds extra complexity to
determine the processing window for TPU. The broad melting range which can often led to
slow and insufficient coalescence of the powders. Consequently, fully dense TPU parts are
challenging to be printed via SLS, due to the powder coalescence issues. As the nature of
sintering process, thermal gradient is often introduced into the structure, in the vertical built
direction. Residual stress tends to induce at the interface between the sintering layer and the
previous built layer. Warpage, curling or breakage will occur as the result of relaxation of the

residual stress, which could deteriorate the built structure®.
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PU Filament/Inks

The journey of AM PU via material extrusion, starts from (1) either extrusion of a filament
type of PU feedstock via fused deposition modelling (FDM), also known as fused filament
fabrication (FFF); (2) or extrusion of PU liquid inks with specific viscoelastic properties via
direct ink writing (DIW) or hot melt extrusion. FDM or FFF is now a well-known low-cost
AM process, with the applications centred on rapid prototyping as a result of inferior surface
finish and mechanical properties compared with other AM process®®. In FDM or FFF, a TPU
filament passes through a spool and into the extruder (heated nozzle). The filament was heated
to the molten state and then deposited layer by layer onto the printing platform based on the

design profile.

A great example of printing functional PU parts via FDM/FFF was demonstrated, here A
flexible PU cellular structure with density gradient for repeated energy absorption application
was 3D printed via FDM, using commercially available Ninja-Flex thermoplastic polyurethane
filaments 1112, The customised design and printed repeated hexagonal honeycomb structure
exhibited a maximum energy absorbing efficiency of 0.36, which shows comparable

performance to that of closed cell polyurethane foams fabricated via traditional process2.

29



Literature Review

With the same Ninja-Flex TPU filaments, A TPU bladder was AM via FDM, and used for
composite manufacturing. Despite the success in fabricating such bladder, it was reported that
difficulties involved in different stages of the FDM process: filament feeding, filament printing.
The rigid filament which can be well aligned and easily fed from the driving gear to the
entrance of the extruder hot end, shown in Figure 2- 14 (A). In contrast, the flexible TPU
filament was more susceptible to fall into the gap between the gear and the hot end entrance,

due to low elastic modulus, illustrated in Figure 2- 14 (B) and (C).

Rigid Filament Flexible Filament
Extruder
Hotend

v Nozzle U U
(A) (B) (C)

Figure 2- 14. Schematic of FDM process of (A) a rigid filament. Falling of filament between the gap of drive gears and
hot end, due to (B) filament misalignment (C) filament kinking or buckling. Figure taken from Kim?°, reproduced with

permission of rights holder.
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These filament feeding issues were attributed to the mismatching of the gear feeding rate and
the nozzle extrusion rate. The filament slippage in the feeding system was also caused by the
filament diameter reduction when subject to continuous tension from the spool to the filament
feeding system. To overcome these filament feeding issues, a lower printing speed and
unwinding of the filament from the spool before printing would be favoured’. Overhang issue
was presented in the filament printing stage, shown in Figure 2- 15. Significant material
sagging shown when printing with 60-degree overhang angle, due to the insufficient interlayer

adhesion and lack of support from the bottom layers.

(A) (B) (©)

Figure 2- 15. Examples of printing with different overhang angles (A) 60 degree (B) 45 degree (c) 30 degree. Figure

taken from Kim, reproduced with permission of rights holder.

There are a few other factors during the filament printing stage needs to be carefully
investigated, as discussed by Lin’t. These includes die swelling effect, filament beads to beads
interface and most critically layer height. The die swelling effect is known when the pressure
driven TPU filament extruded out from the nozzle, which can consequently affect the printing
dimensional accuracy, surface roughness and mechanical properties. It was found in this study
that increasing the melting temperature can be favoured in reducing the die swell effect. This
study highlighted the importance of layer height on governing the geometry of printed TPU
beads. It was reported that when the layer heigh was set to be lower than that of the nozzle

diameter, a squeezing effect will be incurred to promote the interfacial diffusion between the
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adjacent beads, shown in Figure 2- 16. This resulted in the improvement in interfacial bonding
strength, and hence enhanced mechanical properties of the printed TPU parts’*. It needs be bear

in mind the prolonged printing time will be associated when the layer height is reduced.

h=0.2 mm h=0.3 mm h=0.4 mm
_yOverlap edge“ : I
- Substrate bed at ~ 55°C

Figure 2- 16. Schematic of interfacial diffusion between two adjacent FDM deposited beads at layer height from 0.2mm,
0.3mm and 0.4mm. The inner diameter of the nozzle d ~0.4 mm. Figure taken from Lin”?, reproduced with permission

of rights holder.

Under the spectrum of material extrusion, DIW or hot melt extrusion of the TPU is achieved
by extrusion of the TPU feeds with tailored viscoelastic properties. TPU feeds are loaded into
the print head and heated to a viscoelastic liquid state. Then pressure-driven process will ensure
the materials extruded from the print head nozzles, cool and solidifies on the print bed in a

layer-to-layer fashion.
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A great example of this was shown in fabricating a biomedical PU implant with tunable drug
release rate via hot melt extrusion shown in Figure 2- 17, by exploiting the excellent
extrudability of the pre-synthesised thermo-responsive supramolecular PU’. As reported by the
article, the pre-synthesised self-assembly supramolecular PU requires a dedicate design of
hydrogen bonding motifs (highlighted in red colour in Figure 2- 17 (A)) to the end of the PU
chains. This enables a self-supporting, stiff, and flexible structure quicky formed upon cooling,
makes it an excellent candidate for the hot melt extrusion process. Despite the great potential
of applying such PU formulation for tailored drug implant application, sophisticated chemical
synthesis and formulation design is needed to ensure the PU formulations has the right thermo-

rheological properties to be processed.
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Figure 2- 17. (A) Chemical structure of the synthesised supramolecular polyurethane (SPU). (B) Schematic of hot melt
extrusion process of SPU/PEG/paracetamol formulation for drug-release implant application. (C and D) Side and end
view of the printed bar structure from the SPU/PEG/paracetamol formulation. Figure taken from Salimi”’, reproduced

with permission of rights holder.
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Summary of 3D printing PU from PU Filaments/Inks

PU fabrication via FDM/FFF draws the great interest due to the low cost and ease of operation.
However, challenges remained in the flexible TPU filament feeding between the drive gear and
the entrance of the hot end of the FDM extruder, namely filament misalignment, filament
buckling and kinking. To address these issues, nanofiller (e.g. multi wall CNTSs) can be
introduced to the prepare a TPU composite filament with enhancing modulus, consequently
minimising the filament buckling’. In addition, during the filament printing, the overhang
angles can be printed without any support materials are considerably lower than other AM
process (e.g., SLS), which hinder the wider application of PU fabrication via FDM/FFF. The
sophisticated formulation design involved for the PU feed inks processed via hot melt

extrusion, limited the application of such process.
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PU Resin

In this approach, PU is created via vat photo-polymerisation, by spatially illuminate the light
to the resin in the vat. Either Laser beams or digital light projectors are applied as light source
to solidify the photo-curable resin in a layer-by-layer approach as shown in Figure 2- 18 Left
and Right respectively. In stereolithography (SLA), the laser beam moves point to point to
selectively cure the designed pattern. Whereas in digital light processing (DLP), light is
projected via a digital mirror device and created the two-dimensional pattern on the transparent
plate. A complete layer is cured at one time in DLP, which improves the printing speed
compared with the point-to-point curing approach in SLA. Additionally, the top-down
approach has been increasingly implemented in the stereolithography as in Figure 2- 18 Right.
The main benefit of this over the bottom-up approach, oxygen inhibition is constrained with

illuminated layer not exposed to atmosphere shown in Figure 2- 18 Left®,

computer-controlled\ movable
laser j platform
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Figure 2- 18. Schematic of two types of stereolithography systems. Left (SLA): a bottom-up system with scanning laser.
Right (DLP): a top-down setup with digital light projection. Figure taken from Melchels®, reproduced with permission

of rights holder.

Transparent PU elastomers combining shape recovery ability, superior compressibility and
durability were printed via DLP, using three different synthesised poly (urethane acrylate)

(PUA) oligomers together with diluent isobornyl acrylate. The three PUAs (PPPGA,
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PPTMGA, and PPCLA) were synthesized based on poly(propylene glycol) (PPG), poly-
(tetrahydrofuran) (PTMG) and polycaprolactone diol PCL polyols, respectively. Among the
three PUA resins, PPTMGA outperformed the other two resins and exhibited excellent
mechanical properties with tensile strength 15.7 MPa and elongation break at 414.3%.
Additionally, it yielded high transparency and stayed in form without fracture after 100 cycles
compressions at 80% strain. A piezoelectric strain sensor was then fabricated by dip-coating
the surface of the PUA elastomer into conductive hydrogel, which can be applied as wearable
sensors. It shall be noted that the viscosity of a photocurable resin shall be lower than 10 Pas.
This set up a strict bar for a PU formulation design perspective, it requires introduction of

reactive diluents to tailor the viscosity of the prepared PU formulation”®.

A PU elastomer exhibited tensile strength of 3.7 MPa and high elasticity of an elongation at
break of 195% was printed via SLA, using the synthesised PUA resin without introducing
diluent. The printed elastomer also showed excellent cell adhesion and proliferation, with cell
viability over 97% in in-vitro cytotoxicity test, therefore proven to be ideal candidates used for

biomedical applications®.

A highly stretchable and UV curable PU elastomer with stretchability up to 1100% and
elongation at break five times higher than it of commercial UV curable elastomers (such as
Carbon EPU40, Stratasys Tango Plus, Formlab Flexible) was printed via DLP. The PU
elastomer resin was prepared by mixing epoxy aliphatic acrylate (EAA), a difunctional cross-
linker comprising aliphatic urethane diacrylate (AUD) and isobornyl acrylate as diluent. The
mechanical properties can be tuned by adjusting the mixing ratio between EAA and AUD,
where a higher loading of EAA showed reduced crosslinking density, lower level of hydrogen
bonding in the system, hence a poorer stretchability and stiffness. Despite the significant

improvement in PU elastomer mechanical properties compared with commercial ones, this
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printing process required a specific customer designed heating resin to lower the viscosity for

achieving successful printing’.
Summary of 3D printing PU from PU resin

Overall, PU printed from pre-synthesised PUA resins yielded superior elasticity,

compressibility, and durability.

From the studies undertaken in this field, there are stronger demands for new resins
development. Photo-curing 3D printing is constrained by the limited available resins. The
majority of the available resins are multi-functional monomers with low molecular weight, and
highly crosslinked network®. Most of the reins are normally glassy, brittle, and rigid. Only few
available resins possessed flexible and elastomeric nature. These resins consist of macromers
with low glass transition temperature and relatively high molecular weight. As the result, the
viscosity of the resin is typically quite high and requires modification with the introduction of
non-reactive diluent, to reduce the viscosity of the resin®. With the presence of diluent in the

resin, the printed structure can be fragile and is prone to shrinkage due to the internal stress’™.
Summary of Route 1

Thus, AM PU using pre-synthesised feedstock has advantages such as the ease to processing
without support demonstrated by SLS process, rapid prototyping opportunity presented by
FDM/FFF process, and superior printing resolution offered by SLA/DLP process. However, it
also limits the capability of selectively tailoring the material properties that can be offered by

in situ chemical reaction of PU.
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2.3.2 Route 2: In-situ Reactive 3D Printing

An alternative approach to existing techniques for processing PU is reactive AM, whereby an
in situ reaction takes place during the process of forming the 3D structure . As an evolving
AM technology, reactive 3D printing has gained great attention for producing devices via an
in-line mixer using two-component curing PU 46 or reactive silicone formulations "8,
Meanwhile, reactive ink jetting has also be employed to fabricate PU or poly(dimethyl

siloxane) (PDMS) via in-situ reaction without “pre-mixing” of the ink components prior to

printing %20,
Reactive ink-jet 3D printing

Reactive ink-jet 3D printing by its name is based on material jetting technology, depositing
two reactive inks to form a solid part relied on the chemical reaction, instead of solidifying a
photocurable inks based on UV curing’®’’. Ink-jet printing is a well-established 2D printing
technology for decades with application in graphics industries, and recently being adopted to
inkjet printing functional polymers. Inkjet printing can operate either in continuous mode or
drop on demand (DoD) mode, DoD printing is the one used in the AM field as the inks were
ejected when required?'. Two ejection mechanism exists for the DoD inkjet printing: thermal
and piezoelectric. Initially thermal inkjet dominated the field due to low cost of production. In
thermal inkjet, a heater was used to vaporise a bubble. The extra pressure exerted by the bubble
cause a change in volume in the ink reservoir and push the ink out from the inkjet head. The
drawback associated with the thermal inkjet head is the potential ink material degradation when
subject to thermal cycles’®. Instead, piezoelectric inkjet head became the mainstream in the
field, as it widens the ink material choices and with no risk of ink thermal degradation. The
principle for the piezoelectric inkjet is based on the deformation of the piezoelectric material,

to cause a volume change and induces the droplet ejection from the printheads?":’®. For the
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inkjet 3D printing, the ink follows four process steps in the journey: ink ejection, ink

deposition, ink coalescence and layer addition as depicted in Figure 2- 19.
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Figure 2- 19. Schematic of inkjet 3D printing process steps: (a) Ink Ejection, (b) Ink Deposition, (c) Ink Coalescence,

(d) Layer Addition. Figure taken from Sturgess’, reproduced with permission of rights holder.

The ink material properties are the most critical ones influencing the four steps mentioned
above, and consequently the inkjet printing performances. The ink needs to be within a jet-
table or printable range, which was determined based on ink viscosity and surface tension. It
was widely acknowledged that there is a dimensionless number originally proposed by
Ohnesorge®, as shown in the equation below. It is related to other two dimensionless number,
the Weber number (We) and Reynolds number (Re). Oh number is the ratio of viscous forces
to the surface tension and inertial forces. Researchers have reported that Oh needs to be in a

range: 0.1 < Oh < 18,
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If the ink is outside of the printable range, undesirable droplet formation could occur as shown
in Figure 2- 20. There is a narrow jettable material windows for the ink-jet printing process.

This strict ink printability assessment is also applicable for the reactive inkjet 3D printing®2%82,
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Figure 2- 20. Printable ink region for inkjet printing process based on the Reynolds number and Weber number for

ink jettability evaluation. Figure taken from Derby®!, reproduced with permission of rights holder.
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When the ink is jettable, there are subsequent challenges involved in fabricating a successful
reactive inkjet 3D printing structure. Unlike inkjet of a single ink formulation with
comparatively faster curing, reactive inkjet printing of two reactant inks would require longer
time before curing, as the mixing of the two inks involved. To ensure a good resolution of
reactive inkjet printing, there is a demand for the layer stability after two inks were deposited.
If the interaction between ink-substrate found to be weak, and together with the prolonged
printing times, uncontrolled depinning and coalescence shown in Figure 2- 21, would occur

impeding the printing resolution?°22,

Depinning

Coalescence

Figure 2- 21. Microscopic images of ink depinning and coalescence issues, the designed printing pattern for this job

was a square. Figure taken from Sturgess®, reproduced with permission of rights holder.
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This coalescence issues were reported to be resolved by implementing a strategy called
“substrate microstructuring”?’, or the dot strategy depicted in Figure 2- 22. This strategy was
intended to have a larger droplet spacing than the layer strategy, to ensure a film can be formed
according to the design. However, the droplet spacing needs carefully tuned to print a stable
film, due to the different wetting behaviour of the ink to the substrate, coupled with different

ink mixing behaviours®?,
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Figure 2- 22. Schematic of two inkjet printing strategies: Layer strategy and Dot strategy. For layer strategy: complete
films were printed with one reactant ink followed by another ink in the subsequent layer. For the dot strategy, higher
droplet spacing was employed to ensure droplets do not coalesce. Figure taken from Schuster®?, reproduced with

permission of rights holder.
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Lately, a new reactive inkjet printing approach was developed, called “Micro-reactive inkjet
printing”. It is a specific strategy to allow in-flight mixing of two reactive ink droplets®-8,
illustrated in Figure 2- 23. The benefit of this approach is allowing the reaction/curing starts in
flight, to mitigate the abovementioned ink wetting/coalescence issues. Different highly reactive
formulations, ranging from hydrogel precursor with crosslinker®, glutaraldehyde-
aminosilicone® and aliphatic polyurea®® were printed and demonstrated the feasibility and
promise of this new developed in-situ reactive printing process. However, as the diffusion and
the uniform mixing between two reactive droplet inks in flight govern the reaction, and

consequently influence the homogeneity of the printing. It is a process requires dedicate tuning

of the ejection based on different ink properties to ensure the correct diffusion/mixing achieved.

Inks —

Dispensers —

Holder —

Substrate‘

XYZ Positioner

Figure 2- 23. Schematic of droplet mixing module, which allowing for micro-reactive inkjet printing. Figure taken

from Sliwiak®, reproduced with permission of rights holder.

Miiller®® reported a micro-sized PU structure successfully printed by jetting inks from two
separate print heads such that they successively mixed after jetting. One ink consisted of
isophorone diisocyanate, and the other comprised polypropylene glycol, a catalyst, and a cross-

linking agent. This reactive material jetting approach also demonstrated the capabilities of
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producing PU structure containing a mechanical gradient by adjusting the stoichiometric ratio
of reactants during processing. However, due to the nature of material jetting processes, the
use of solvent was typically necessary for successful material jetting, to improve the printability
of the inks i.e., to lower their viscosity. This was problematic as solvent evaporation could
result in structural shrinkage ***°. Thus, there is significant restriction on the number and type
of materials that can be used based on the viscosity and surface tension constraints this process

places on the inks 2.
Summary of Route 2

This reactive ink-jetting approach demonstrated the capabilities of producing PU gradient
structures. However, solvent needed to be added to improve the printability of the inks, which
could be problematic if solvent residue remains in the printed PU samples. The post-processing
process of evaporating the solvent could resulted in shrinkage of the printed structure 319, As
the nature of ink-jetting process, there’s a narrow window in terms of suitable material options,
considering the viscosity and surface tension constraints of the inks 2. Besides, the ink
wetting/coalescence issues were challenging for reactive ink-jetting. Micro-reactive inkjet
opened the new ways of reactive ink mixing with in-flight coalescence, whilst facing the same
limited ink formulations. In contrast, reactive extrusion 3D printing (REX) offers the
advantages over reactive jetting process, with broader spectrum of available materials, faster

print speed and still provides locally tunable material properties.
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2.4 Reactive Extrusion 3D Printing Polyurethane

REX is a new invented material extrusion process, where two feeds comprising reactive
functional groups are mixed and extruded onto the print bed. In-situ chemical reaction bonds
the layers through crosslinking at ambient condition. The invention claimed that REX is
applicable for reactive formulations such as: polyurethane (isocyanates with hydroxyl) or
polyurea (isocyanate with primary or secondary amines)!. An example of a such system is

shown in Figure 2- 24.
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Figure 2- 24. Schematic of a) thermoset reactive extrusion process b) large scale reactive extrusion printer developed

by Magnum Venus Products at Oak Ridge National Lab. Figure taken from Romberg®®, reproduced with permission

of rights holder.

This printing process improves the layer adhesion through the in-situ crosslinking between
layers, minimises the thermal distortion during printing and offers high printing speed
capitalising on the fast reaction kinetics?*®”. This in-situ mixing through either passive
mixer'®888Yactive mixer® have been reported in other material extrusion process (e.g., direct
ink writing 3D printing (DIW) functional parts). In these studies, the primary benefits claimed
of applying in-situ mixing are (1) performing multi-material AM* and (2) allowing fabricating
a functional gradient structure by selectively mixing a soft and hard materials through the
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mixer'®®8 In these DIW process, the rheology of the inks needs to be tuned with addition of
rheology filler (e.g. fumed silica) , coupled with additional UV curing to offer a robust printing
structure fidelity'®®, The focus of this review centre on studies conducted through in-situ

mixing and reaction without any external energy sources (e.g., heat or UV light).

The first proof of concept study was completed by depositing two reactants (proprietary
thermoset formulation) separately from two reservoirs into a lightweight mixing dosing system,
and let the cross-linking happened between layers upon deposition. As the result, the strength
of the parts was improved with the inter-layer covalent bonding. This presented the printed
reactive formulation significantly outperformed the other thermoplastic materials (ABS, nylon)
used in this study, with higher work-to-failure in Z-direction. The work of Rios? reported the
reactive formulation developed gel strength between 2 to 60s after mixing. With this fast-curing
speed, the deposited layer can develop sufficient strength to sustain the weight of the
subsequent printed layers, to afford the structure integrity. A printability map was proposed
through empirical screening of different proprietary formulations. They suggested that
successful REX formulations need to meet following criteria: (1) The initial ratio between loss
modulus (G’’) and storage modulus (G’) should be less than 1.5; (2) The initial G’ should be
greater than 2000 Pa; (3) G’ and G*’ should be more than 1 MPa and 0.6 MPa after 6 min?.
Despite the undisclosed information related to the formulation, this study showed the great
potential from REX process, especially in improving the anisotropy issues. It also highlighted
the importance of tailor the rheology of the reactive precursors and the reaction kinetics, for

the success of REX printing.
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To demonstrate the capabilities of REX in a large-scale, a group of researchers from Oak Ridge
National Lab, United States together with Magnum Venus Products, developed a system
capable of printing volume up to 4.88m x 2.44m x 1.02m in height length, width, height
respectively. In this study, A polyester and vinyl ester base resin was investigated, together
with peroxide catalyst. Rheology modifiers were also adopted to tune the rheology of the
formulation. A big honeycomb structure with gradient infill as shown in Figure 2- 25, was

fabricated to show the potential of application of such airfoil geometry used in wind turbine

blade structure®.

AM Honeycomb Structure

0.54 m

2.78 m

a)
Figure 2- 25. a) Schematic of a honeycomb structure with gradient infill pattern. b) Actual honeycomb prints using

vinyl ester materials. Figure taken from Lindahl®, reproduced with permission of rights holder.
Romberg® conducted a study using the same large REX printer, a proprietary highly

exothermic reactive thermoset formulations were used to print a thin-wall structures. They

reported tuning the viscoelastic properties of the feeds and print parameters could mitigate the

potential yielding failure of the printing caused by bead instability.
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Uitz® reported the use of a commercial EPON811 epoxy resin mixed with EPIKURE 3271
curing agent in a 4:1 volume ratio through the custom-built benchtop REX system, as shown
in Figure 2- 26. This epoxy resin was reported to a rapid gel time of 1 min. However, due to
the low viscosity of EPON811, the rheology of the resin still needs to be tailored with a
thickening agent, fumed silica to afford the structure integrity when printing multiple layers
without collapsing or sagging. Various level of fumed silica loadings was compared from 0%
to 9% by weight, and it was found that structure with vertical edges were failed to be attained
with filler loading below 2.5%. Increasing the filler loading to 3.5% helped to keep the structure
integrity in the vertical edge. Higher level of filler loading would be beneficial of retaining
overhangs, in the meantime the prepared mixture feed needs de-gassing to prevent the potential
micro defects in the final print caused by entrained gas. The focus of the this centred on
mechanical properties characterisation of the REX printed as a function of orientation. They
reported that the tensile modulus and ultimate strength are isotropic, but elongation at break
and toughness still depend on the orientation. The attribute the isotropic mechanical properties

to the interlayer crosslinking &',
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Figure 2- 26. a) Schematic of a benchtop REX system. b) Demo prints of a longhorn logo from the custom-built REX

system. Figure taken from Uitz®, reproduced with permission of rights holder.
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Ren'* performed the mixing through an active mixer, other than the abovementioned REX
system with passive mixer. A non-linear mechanical gradient PU structure was produced via a
custom-built REX coupled with functional modelling of material properties*. The functional
graded PU structure was fabricated through tuning the content fraction of an undisclosed third
component along with the isocyanates (4,4 Diphenyimethane diisocyanate), and polyether
polyol, which described by the authors as the additive to modify the hardness and modulus of
the PU print parts. Nevertheless, the success of printing PU parts with various mechanical

gradient, requires the loading of fumed silica as rheology modifier®4.

function modeling
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Figure 2- 27. a) The workflow of fabricating both 2D and 3D functional gradient structure with a REX system with
active mixer, coupled with grey scale modelling. Figure taken from Ren®4, reproduced with permission of rights holder.
2.4.1 Commercial examples

In summary, REX holds the promise to address the anisotropic issues seen in other AM
process??. It offered the fast-printing speed®” and capability to print large scale thermoset
structures®. Chromatic 3D Materials has pushed for more industry applications from their
proprietary polyurethane formulations®?, based on the REX system. As one of the commercial
examples, they managed to produce rubber track pads directly onto metal plates for tractors
with the same durability and abrasion resistance as the original parts. Besides, they delivered
rubber grommets to help a supplier in automotive industry, avoiding production shut-down due
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to a supply chain shortage. Without the need for post-processing (e.g., de-powdering, blasting
seen in powder bed fusion process; or support removal in VAT Photopolymerisation), REX
system can deliver more readily available industry grade elastomers to customers. It saves the
capital investment and maintenance cost for the post-processing equipment other AM

technologies need to embed with.

Despite the commercial success proven by Chromatic 3D Materials, All the academic paper
highlighted the needs of incorporation of rheology modifier to tune the printability of the
reactive feeds, along with reaction kinetics. However, the systematic study of REX process is
clearly missing in terms of printability screening of new PU formulations, the effect of rheology

filler (such as fumed silica) on the REX process.

2.5 Silica Nanoparticles (SiOz) as reinforcing filler

Silica nanoparticles (Si NPs or SiO.) have widely been investigated and used as reinforcing
fillers in polymer composite system. They were introduced to the system to enhance the
flowability, processability and other material functionality, such as thermo-mechanical
property. The silica nanocomposite system has received considerable attention, owing to the
ease of synthesis and functionalisation, high specific surface area providing larger interface

between the particle and the matrix.

The review will focus on the applications of SiO: as reinforcing filler in AM field, primarily
focused on two processes: vat photopolymerisation and material extrusion. The surface

functionalisation of SiO, and its applications as reinforcing filler will be discussed.

2.5.1 SiOz Reinforced Composite via AM
The introduction of SiO> into photo-curable resins for SLA process was reported to increase
the curing rate and improve the product tensile / compressive strength 3733, It was great of

interest to incorporate SiO; into vat photopolymerisation due to their reinforcing effect in
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mechanical properties, and their ability for being a rheology modifier in the photo-curing

resin®,

The success of vat photopolymerisation depends on the viscosity and the refractive index of
the resin, whereas the viscosity can influence the flowability of the resin and the refractive
index can determine if the UV lights are absorbed or scattered in the desirable ways. An
incomplete curing of the resins can happen when the viscosity and refractive index are not in
the accepted range. To ensure the correct resin viscosity and refractive index, the SiO2
introduced to the resin as reinforcing agent needs to equip with the right morphology. The
effect of the morphology of the reinforcing agent on the reinforcing effect was presented, by
introducing silica (SiOy), attapulgite (ATP), and organic montmorillonite (OMMT),
corresponding to sphere (0D), rod like (1D) and sheets (2D) respectively into the
stereolithography resin. It was reported that the curing speed was improved for the SiO; filled
resin, but not in the other two counterparts. It was also found SiO; filled resin demonstrated
the best reinforcing effect in the tensile strength. This was attributed to the nanoparticle
morphology, that the SiO> reinforced resin can allow full penetration of the UV light through
the resin, which in contrast is not the case for ATP and OMMT reinforced resin. The
refraction/reflection of the UV light was more prominent in the latter two cases. The sphere
morphology of silica nanoparticle was shown to be the best resin reinforcing agent®2. These
effect of nanoparticle morphology on the printing quality was also demonstrated by
Subramanian®®, when printing a blend of commercial photopolymer resins and three types of
silica nanoparticles (fumed silica (fractal structures), precipitated silicas (sponge-like
structures) and colloidal silica (discrete particles)) via digital light projection (DLP). It was
reported that both the harness and elasticity were improved with addition of silica
nanoparticles, and with incorporation of 10 wt.% fumed or precipitated silica, the hardness and

tensile strength was enhanced by 58 and 141% respectively®S.
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Dizon®® reported the impact of silica nanoparticles loadings on the rheology and thermo-
mechanical properties of printed poly (ethylene glycol) diacrylate (PEGDA)/ SiO2via SLA was
investigated. The results showed the highest reinforcing effect in terms of the tensile strength,
was demonstrated in 1 wt.% loading. Higher silica nanoparticles loading led to inferior printed
properties, owing to the aggregation of silica nanoparticles. The homogeneity in the
nanoparticle dispersion in the polymer matrix is a key factor determine the reinforcing effect,

especially at higher loadings®.

Si NPs were mixed with poly (methyl methacrylate) (PMMA) beads to produced SiO:
reinforced filaments via a single-screw extruder. The composite filaments were then 3D printed
via FDM. With the addition of SiO», the composite showed enhancement in glass transition
temperature, young’s modulus, elongation at break and ultimate tensile strength (UTS)
compared with bare PMMA system. The increment in material properties were attributed to
the H-bonding between PMMA and hydroxyl groups on the SiO> surface. These interfacial
interactions between particles and polymer matrix reduced the chain mobility and hence led

the stress transfer from the polymer matrix to the particles®.

A PMMA grafted Si NP (SiO2-PMMA) was firstly synthesised, and subsequently incorporated
into the PMMA filaments as reinforcing fillers for PMMA composite printing via FDM. The
FDM printed SiO2>-PMMA reinforced PMMA composite, exhibited a significant improvement
compared with the counterparts (pure unfilled PMMA), with 65% increase in young’s modulus,
116% increase in UTS. This substantial boost of mechanical properties were ascribed to the
increasing number density of interfacial entanglements between SiO-PMMA and PMMA

matrix®.
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Besides the applications in FDM, there are a great number of articles discussed the
significances of SiO; as rheology modifiers using the DIW process®*°¢-% as the viscoelastic
properties of the DIW ink needs to be robust enough to sustain the deposited shape before the
crosslinking starts. In all cases, Si NPs served as rheology modifier to improve the printability
of the inks for DIW process, by (1) enhancing the viscosity and modulus of the ink and (2)
afford the inks with shear thinning and yield stress behaviour (the yield stress point is defined
as the cross-over between the storage modulus and loss modulus)®. An example of effect of Si

NPs on the rheology of the DIW ink can be seen by Figure 2- 28.
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Figure 2- 28. Rheological behaviour of different fillers (Silica carbide (SiC), Fumed silica (FS), Nanoclay (NC)) on the
epoxy filled DIW inks. (a) viscosity vs shear rate. (b) moduli vs oscillatory shear stress. Figure taken from Hmeidat®,

reproduced with permission of rights holder.

Summary of SiO: reinforced composite via AM

It can be seen from the examples that Si NPs proves to be the favourable nanofiller to be
introduced in different AM process, to enhance the thermal stability and mechanical properties
of the printed composite. It is important to note that, uniform dispersion of the filler in the
polymer matrix is the key for the success in Si NPs reinforcing performances. This filler/matrix
interaction can be influenced by the filler morphology, the amount of filler loadings, different

mixing methodology (ultrasonic, heat assisted, centrifuge).
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2.5.2 Functional SiO: reinforced composite

There are two benefits for functionalise the surface of SiOz, to gain superior reinforcing effects:
improve the dispersion of filler in the matrix and offer additional covalent bonding. (1) One of
the most common problems when handling the NPs is the particle agglomeration. This also
applies for Si NPs and Functional Si NPs. The non-surface treated Si NPs are hydrophilic, with
the presence of the polar OH groups on the particle surface. The particles have no tendency to
move towards to the non-polar and weakly polar groups, this makes the particles dispersed
poorly in the polymer matrix. This leads to poor wetting at the interface between filler and
matrix. Consequently it can deteriorate the strength of the composite, as the force will be
distributed un-evenly at the point®. (2) The advantages of Si NPs reinforced composites have
been attributed to physical interactions/entanglements being established between the fillers and
the fillers/matrix. Potential benefits offered by SiO> NPs that act as a reactive filler raised
greater interest, such that covalent bonds with the polymer matrix are established in the
composite. These covalent linkages should extend the typical physical interactions, such as
hydrogen bonding, that are responsible for the matrix to filler interactions within the current
System325,38,39,99_

Through functionalisation of the SiO> with different silane coupling agents (with functional
groups such as amino (NH2), alkyl chain (C), epoxide (EP)), various interfacial interaction
between the filler and matrix can be attained. In one study, they compared reinforcing effect of
three different functional SiO2 (SNP-NH2, SNP-C, SNP-EP) with an un-functionalised SiO>
(SNP) in an epoxy formed by diglycidyl ether of Bisphenol- F type epoxy resin (DGEBF,

EPON862) and diethyl toluene diamine hardener (DETDA, JER 113).
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The interfacial network between the functional Si NP fillers with the matrix was illustrated by
Figure 2- 29. The authors claimed the improved dispersion of SNP-NH2 and SNP-EP, resulted
from the amino and epoxide groups decreased the surface energy and enhanced the
compatibility between the filler the epoxy matrix. Whereas for SNP-C, the increased repulsion
between the fillers due to the non-polar long alkyl chain and the polar organic matrix,
diminished the compatibility between the filler and matrix, preventing the epoxy absorbed onto
the filler surface. The covalent bonds formed between the amino and epoxy enhanced the

viscosity and thermal stability, promoting a longer pot and shelf life of the amine-epoxy

nanocomposites?>.
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Figure 2- 29. Schematic of interfacial network between the functional Si NPs: (a) SNP, (b) SNP-NH2, (c) SNP-EP, and

(d) SNP-C and the amine cured epoxy system. Figure taken from Guo?, reproduced with permission of rights holder.
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The inclusion of functional SiO into powder-based AM, more specifically selective laser
sintering (SLS) process has shown promising reinforcing effect in both thermal stability and
mechanical properties of the printed products®4. They reported a functional nanosilica/nylon-
12 composite feed with 3 wt% functional nanosilica loading, was prepared by dissolution-
precipitation. The functional nanosilica was surface modified using a silane coupling agent: 3-
aminopropyl triethoxysilane (APTS). The uniform dispersion of the functional Si NPs in the
final printed PA12 composite parts was examined and demonstrated by the SEM. The strong
interfacial interaction between the functional SiO, and the polymer matrix, claimed to be the

key driver to afford such a reinforcing effect®*.

The benefits of additional covalent network in the filler/matrix network have been proved in
the epoxy/amine-functionalised Si NPs filled composite system. Amine functionalised Si NPs
prepared using 3-aminopropyltriethoxysilane (APTES) as coupling agent, were introduced to
an epoxy system (The diglycidyl ether of bisphenol A, DGEBA) cured between the isophorone

diamine (IPD) hardener.
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The amine functional groups served the role as a co-hardener, to allow Si NPs to covalently
incorporated into the epoxy matrix, as depicted in Figure 2- 30. This additional interconnected
network was attributed to the enhancement in the thermo-mechanical properties®. Rostami®®
reported similar reinforcing effect in both glass transitional temperature and mechanical
performance of the synthesised composite parts, when dispersing amine functional silica NPs
in PU system. They proved the urea linkage between the reaction of amine and isocyanates
established in the hard segment of the PU matrix. They claimed this interaction between the

amine functional and the matrix also led to better dispersion.
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Figure 2- 30. Schematic structure of the DGEBA (black colour)/IPD (blue colour)/amine functionalized Si NPs (orange

and green colour). Figure taken from Behniafar®, reproduced with permission of rights holder.

Despite the great promise shown in applying the functional Si NPs as reinforcing filler in epoxy

or PU network, there are no literatures reporting of introducing such concept in AM PU.
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Summary of Si0:z as reinforcing filler in AM

SiO; is one of the most favourable nanofiller to be incorporated in different AM process, to
improve the printability, enhance the thermal stability and mechanical properties of the printed
parts. The dispersion of SiO> to ensure the good interfacial relationship between the filler and
matrix, remains to be the pivot which determining if a strong reinforcing effect can be afforded
with the filler inclusion. To ensure the good interfacial properties between the SiO, and matrix
can be attained, surface functionalisation through different silane coupling agents is
recommended. Besides the benefit of improve dispersion of the Si NPs, it can also afford
additional covalent bonding with the matrix network such as PU, to further enhance the
composite strength. However, there is currently no such study reported to leverage this concept

in AM PU.
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2.6 Gapsin research

From the literature review, it demonstrates that there are a lot of interests in unlocking the
potential of PU chemistry, through the customised applications offered via AM. Currently in
the research of AM PU, there are two main streams. The first stream of research conducting
AM PU, started from pre-synthesised PU feedstocks either in the form of filament, paste,
powder or resin. This group of applications limited the opportunities to selectively tailoring the

material properties via in-situ reaction, offered by the second stream.

Reactive inkjet 3D printing and REX dominate the second stream, with REX offers the wider
formulation options. REX is the AM technology, which is still in an early stage with few
research in the field, focusing on demonstrating the capability of the technology with superior
isotropic properties, large scale, fast printing speed applications. Clearly, there is a need for
systematic research looking into AM PU via REX, to understand the fundamentals especially

related to the rheology effect from the filler (SiO) on the process.

The effect of the filler (SiO2) in the current AM applications reveals the potentials of
reinforcing benefits, such as enhancement in thermo-mechanical strength. To further exemplify
the applications of such reinforcing benefits, it is reported that functionalisation of the SiO>
surface is needed to improve the dispersion of nanoparticles in the matrix, also affording
additional covalent bonding to enhance the network between the filler and matrix. Such a dual
reinforcing effect has shown promises in the polymer matrix from traditional synthesis route.
However, there is no literatures reporting the use of functional filler (SiO2) in AM PU, which

would need to be explored.
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CHAPTER Three

3 Materials and Methods

In this chapter, the methods used throughout this research project will be presented, including
Feed formulation and preparation, Printability Analysis, Reactive Extrusion 3D Printing
(REX) and Printing Characterisation. The materials used in different results chapters will be

revealed under the section Feed formulation and preparation.

3.1 Methods

The following section starts by presenting the polyurethane formulations used in chapter 4-6
and how these formulations were prepared with the materials (isocyanate, polyol, commercial
additives, in-house synthesised functional silica nanoparticles (FSP)), including the synthesis
methods of the FSP. Then printability evaluation of the isocyanate and hydroxyl feed will be
then presented, following by a detailed description of the REX system. Finally, the

characterisation methods of the printed parts are explained.

The polyurethane (PU) was synthesised using the commercially available starting materials,
since the study started from evaluating the suitable formulations for the REX system. Starting
with the readily available materials would reduce development time for the new feed materials,

consequently higher focus can be put in fundamentally understanding the REX process.

There are three main feed materials for PU reaction, which comprise isocyanate (di-functional
or multi-functional); diol (number of functional group f=2) or polyol (f>2); additives (catalyst
and nano-fillers). Isocyanates with different types, such as aliphatic, aromatic, and
cycloaliphatic were all picked for the formulation screening study, with the aim to find the

optimum PU formulation for REX system.

60



Materials and Methods

In addition, to study the effect of functional filler on the REX PU, amine functionalised silica

particles were developed in-house, and used as additives in the PU formulations.

3.1.1 Feed Formulation and Preparation

Feed formulation in Chapter 4 Printability and Process Analysis
The materials in Chapter 4 were selected to understand and evaluate the printability of a given

polyurethane formulation for REX system.

Isocyanate

Poly [(phenyl isocyanate)-co-formaldehyde] (PMDI Mn340 and Mn400)

~N
Cx
SN
n
%N N§
_C Cx
o~ o

Figure 3- 1.The chemical structure of Poly [(phenyl isocyanate)-co-formaldehyde]. The molecular weight used in this
project was Average Mn=340, 400.

The first isocyanate, Poly [(phenyl isocyanate)-co-formaldehyde], is a highly reactive, multi-
functional, aromatic pre-polymer which is commonly used to producing rigid PU foams®. The
two PMDIs used in this study have the specific activity of 2.7 and 3.2 isocyanates/molecule for

average Mn=340 and 400 respectively.
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Isophorone diisocyanate (IPDI)

HsC Y

Figure 3- 2. The chemical structure of isophorone diisocyanate.

The second isocyanate, isophorone diisocyanate (IPDI), is a di-functional cycloaliphatic
monomer commonly used in producing thermoplastic PU. IPDI was used in producing light-

stable PU coatings*®.

Desmodur® N3900

Figure 3- 3. The chemical structure of Desmodur® N3900.

The third isocyanate, under the commercial brand name Desmodur® N3900, is a multi-

functional polyisocyanate crosslinker used for producing thermoset PU coatings®.

Hexamethylene Diisocyanate (HDI)

Figure 3- 4.The chemical structure of Hexamethylene diisocyanate.
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The fourth isocyanate, Hexamethylene diisocyanate (HDI), is a linear di-functional aliphatic
short chain monomer. As one of the low molecular weight isocyanate, PU produced using HDI

is often hard and stiff, owning to the high concentration of urethane bond*.

Polyol

poly (ethylene glycol)-block-poly (propylene glycol)-block-poly (ethylene
glycol) PEG-PPG-PEG 1900

CH;
0 o)
H O OH
X y z

Figure 3- 5. The chemical structure of poly (ethylene glycol)-block-poly (propylene glycol)-block-poly (ethylene glycol).

The molecular weight used in this project was Average Mn = 1900.

The polyol, poly (ethylene glycol)-block-poly (propylene glycol)-block-poly (ethylene glycol)
(PEG-PPG-PEG 1900) is an amphiphilic block copolymer, which is sold under the trade name:
Pluronic® L-35. It is characterised by the primary hydroxyl groups in the hydrophilic PEG
blocks and the hydrophobic PPG blocks, whereas PEG blocks accounting for 50 wt.% in

composition for PEG-PPG-PEG 1900.

This block copolymer with various block size and length, different PEG/PPG block ratio, are
readily available in the market. Due to its excellent biocompatibility and it is widely used in
pharmaceutical industry. It is known for the application as thermogelling system in drug
delivery applications'®®. Different PEG/PPG block ratios can lead to different surface
behaviours of the polymer and can subsequently affect the mixing and the phase separation of
the derived PU°. PEG-PPG-PEG 1900 was selected, based on the rheological properties and

mixing behaviour when reacting with different isocyanate constituents.
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1,4 Butanediol (1,4-BD)

HO\/\/\
OH

Figure 3- 6. The chemical structure of 1,4-Butanediol.

1,4 — Butanediol (1,4 — BD) is commonly used as chain extender in the PU reaction, to extend
the chain length of the hard segment and improve the mechanical properties of the PU®C. Here
in this study, 1,4 —BD was blended into the formulation, to ensure the correct 1:1 volumetric
mixing ratio between isocyanate and hydroxyl side can be achieved, and enhance the cross-

linking in the derived PU, and improve the printed PU properties.

Commercial Additives

Fumed Silica (Si02-PDMS)

CHj
H3C\S./CH3 S!/CH3
I N

Figure 3- 7. The chemical structure of fumed silica (FS).

Fumed silica, is a synthetic silica particles which has been surface treated, with polar groups to
form an attraction network of silica chain®. It is commonly used to improve the rheology of
a given polymer matrix, such as epoxy'%%’, PU%. In this study, Polydimethylsiloxane (PDMS)-
coated hydrophobic fumed silica particles (Cabosil TS720, Cabot Corporation, United States)
were selected as the rheology modifier, due to its previous proof in tuning the rheology of the

formulation for material extrusion 3D printing process®%,
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Dibutyltin dilaurate (DBTDL)

CH3
0] O.__CH3(CH3)9gCH3z

sn” \ﬂ/

CH3(CH2)QCH2)/J\\OJ 0

H,C

Figure 3- 8. The chemical structure of Dibutyltin dilaurate (DBTDL).

DBTDL is the common tin-based catalyst widely used in the isocyanate/hydroxyl reaction to
synthesis PU%1%, Tin-based catalyst (DBTDL) was found more efficient in catalysing the
isocyanate/hydroxyl reaction than the amine based catalyst, such as 1,4-Diazabicyclo 2.2.2

octane (DABCO)’. Hence, DBTDL was used to speed up the PU reaction.

Table 3- 1 summarise the five PU formulations using different isocyanate, and the same polyol
as starting materials. In addition, the catalyst level was kept at 1 wt. % for all five formulations

without any fumed silica as rheology modifier.

Table 3- 1. Mass composition of feed formulations use in printability analysis.

Feed Chemicals Functionality Formulations (wt. %)
HDI IPDI N3900 PMDI PMDI
Mn340 Mn400
Isocyanate HDI -NCO 50.2 - - - -
(NCO) IPDI - 50.1 - - -
N3900 - - 52.3 - -
PMDI Mn340 - - - 54.0 -
PMDI Mn400 - - - - 53.5
Polyol PEG-PPG-PEG -OH 25.5 32.0 35.7 29.9 29.6
(OH)
1,4BD -OH 23.3 16.9 11.0 16.1 16.0
DBTDL catalyst 1 1 1 1 1
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Table 3- 2 shows the two formulations, using PMDI as isocyanate feedstock and same polyol

as starting materials. They are differed by the amount of catalyst loadings (0.5 wt. % and 1.5

wt. %).

Table 3- 2. Mass composition of PMDI Mn340 formulation with 0.5 wt. % and 1.5 wt. % DBTDL for printability

analysis.
Feed Chemicals Functionality Formulations (wt. %)
PMDI Mn340 PMDI Mn340
0.5 wt. % DBTDL 1.5 wt. % DBTDL
Isocyanate PMDI Mn340 -NCO 53.7 53.2
(NCO)
Polyol PEG-PPG-PEG -OH 29.7 294
(OH) 1,4BD -OH 16.1 15.9
DBTDL catalyst 0.5 15

Table 3- 3 shows the formulation using PMDI Mn340 as isocyanate feedstock and the same

polyol feedstock. The key characteristic for this formulation is 5 wt. % fumed silica was

introduced on both isocyanate and polyol side.

Table 3- 3. Mass composition of PMDI Mn340 formulation for process optimisation.

Feed Chemicals Functionality Formulations (wt. %)
PMDI Mn340 1 wt. % DBTDL
Isocyanate PMDI Mn340 -NCO 53.3
(NCO) Fumed silica Rheology modifier 5.0
Polyol PEG-PPG-PEG -OH 29.8
(OH) 1,4 BD -OH 15.9
DBTDL catalyst 1.0
Fumed silica Rheology modifier 5.0

Note: The mass composition

for fumed silica in isocyanate feed and polyol feed was

determined with respect to the isocyanate (PMDI) mass and total mass of polyol (PEG-PPG-
PEG+1,4 BD) respectively.
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Feed formulation in Chapter 5 Feed Rheology Properties and Mixing Modes

Table 3- 4 shows the three formulations (MM1, MM2 and MM3). The differences for these

formulations come from the fumed silica loading in the isocyanate feedstock. All the materials

used here are the same as shown in Feed formulation in Chapter 4 Printability and Process Analysis.

Table 3- 4. Mass composition of feed formulations for three mixing modes (MM1, MM2 and MM3).

MM1 MM?2 MM3
Chemicals Functionality
(wt. %0) (wt. %0) (wt. %0)
PMDI Mn340 -NCO 53 53 53
Isocyanate
N rheology
(NCO) Fumed Silica . 5 25 1
modifier
PEG-PPG-PEG -OH 30 30 30
Polyol 1,4 BD -OH 16 16 16
(OH) . rheology
Fumed Silica o 5 5 5
modifier
DBTDL catalyst 1 1 1

Note: The mass composition for fumed silica in isocyanate feed and polyol feed was

determined with respect to the isocyanate (PMDI) mass and total mass of polyol (PMDI+1,4

BD) respectively.
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Feed formulation in Chapter 6 Functional Silica Nanoparticle as Reactive Fillers

Table 3- 5 shows the three formulations using the same mass composition for all the materials.
The difference lies in the rheology modifier introduced in the polyol feed. The in-house
developed functional silica nanoparticles (SiO2-NHz and SiO2-NH2/CHz) are mixed into the

polyol feed.

Table 3- 5. Mass composition of feed formulations using different silica nanoparticles.

Chemicals Functionality SiO,-PDMS SiO2-NH; SiO,-NH2/CH3
(wt. %) (wt. %) (wt. %)
Isocyanate PMDI Mn340 -NCO 53 53 53
(NCO) Fumed Silica rheology modifier | 1 1 1
(SiO2-PDMS)
Polyol PEG-PPG-PEG -OH 30 30 30
(OH) 1,4 BD -OH 16 16 16
Fumed Silica rheology modifier | 5 - -
(SiO2-PDMS)
SiO2-NH; rheology modifier | - 5 -
SiO2-NH,/CH3 rheology modifier | - - 5
DBTDL catalyst 1 1 1

Note: The mass composition for silica particles

in isocyanate

feed and polyol feed was

determined with respect to the isocyanate (PMDI) mass and total mass of polyol (PEG-PPG-

PEG+1,4 BD) respectively.
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Functional Silica Nanoparticles (FSP)
Two steps were involved in synthesising FSP. First step is to hydrolysis and condensate an
alkyl silicate with the presence of solvent and catalyst. Second step is to use coupling agents to

functionalise the surface of the first-step produced silica particle.

Tetraethyl orthosilicate (TEOS)

Figure 3- 9. The chemical structure of Tetraethyl orthosilicate (TEOS).

TEOS is the widely used alkyl silicate precursor in producing silica particles®®%, It hydrolysis
in alcohol (e.g. methanol/ethanol) in the presence of catalyst, to form ethoxysilanols (e.g.
Si(OC2Hs)30H). Then a condensation reaction results in monodispersed silica partilces with a

loss of water/alcohol1?®,

Ethanol (EtOH)

T
I—O—=T
I—O—=T

@)

Figure 3- 10. The chemical structure of Ethanol (EtOH).

Ethanol is the common alkaline solvent used in the silica particles synthesis!®. It was reported

that stable and homogenous silica particles 7.1 + 1.9nm were produce in ethanol condition**°.
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Ammonia (NH,OH)

Figure 3- 11. The chemical structure of Ammonia (NH,OH).
The ammonia serves as the catalyst, by promoting the hydrolysis rate of the TEOS and the

condensation rate of the hydrolysed precursor in producing the silica nanoparticle!08110.111,

(3-aminopropyl)triethoxysilane (APTES)

Figure 3- 12. The chemical structure of (3-aminopropyl)triethoxysilane (APTES).

APTES is an aminosilane coupling agent, which can functionalise the silica particle surface

with amine groups by silanisation®®112,

n-propyltriethoxysilane (PTES)

Figure 3- 13. The chemical structure of n-propyltriethoxysilane (PTES).
PTES is another coupling agent with similar structure to APTES, with the alkyl groups
substituting the amine groups in the APTES.
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Amine Functional Silica Nanoparticles (SiO2-NHz)

O

@ o>s > w

O

Figure 3- 14. The chemical structure of amine functional silica nanoparticles.

SiO2-NH:zis the amine FSP synthesised in-house. It was used as a co-hardener with the multiple
amine groups on the particle surface reacting with epoxy or isocyanate polymer matrices to
form the desired covalent particle-matrix bonds and thus provide enhanced mechanical

properties®°,

Amine/alkyl Functional Silica Nanoparticles (SiO2-NHz/CH3)

0 0
H3C\/\Si405010>8i/\/\NH2

\o \O/

Figure 3- 15. The chemical structure of Amine/alkyl Functional Silica Nanoparticles.

SiO2-NH2/CHjs is the amine/alkyl FSP synthesised in-house. The key characteristic of SiO-
NH2/CHa is the alkyl chain on the particle surface could promote the hydrophobicity, reduce

the particle aggregation®®.

The strategy taken to generate the functionalised filler particles, used in Chapter 6 is depicted

in Figure 3- 16.
O
HaG CHs €2 O/_O—Si/\/\NHz
0o o pe’ e
\ / EtOH OH o) SiO.-NH
A — (o~ 10,-NH,
/O O\ NHOH OH \ 0
HaC CHy 4'0768/,0 H3C\/\S._Z o ﬁ%ﬁs/\/\NH
TEOS Sio, 7&s I\o S 2

Si0,-NH,/CH,

Figure 3- 16. Synthesis route for amine FSP: SiO2-NH2 and amine/alkyl FSP: SiO2-NH2/CHs.
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Synthesis of the amine functionalised SiNPs (Si0O2-NHz):

Tetraethyl orthosilicate (3 mL, 13.43 mmol) was added to a mixture of ammonium hydroxide
(4.4 mL, 35%) and ethanol (110 mL) and left to stir at 1000 rpm at ambient temperature for 3
hours. (3-Aminopropyl)triethoxysilane (4.72 mL, 20.17 mmol) was then added slowly to the
mixture and stirred for 3 h. The solvent was removed in vacuo to provide a fine white powder.
The powder was then washed by ethanol (3 x 25 mL) and the mixture was centrifuged in order
to isolate the solid. Between each wash the dispersion of particles in fresh ethanol was vortexed.

The powder was then dried in a vacuum oven at 100 °C for 2 hours at 400 mbar.

Synthesis of the mixed amine/alkyl functionalised SiNPs (SiO2-NH2/CH3)

Absolute ethanol (110 mL) and 4.4 mL of ammonia solution (35%) were mixed in a flask
before the addition of tetraethyl orthosilicate (TEOS). The solution was stirred at room
temperature for 2.5 hours. (3 AminopropyDtriethoxysilane (APTES) and n
propyltriethoxysilane (PTES) were then added slowly and simultaneously to the solution and
left overnight (See Table 3- 6 for the reactant quantities). The solution was then centrifuged at
4000 rpm for 10 minutes and the solution was decanted. The particles were washed 3 more
times with fresh ethanol following the same procedure. The samples were then dried in an oven

at 30 °C under vacuum.

Table 3- 6. The quantities of silica coupling agents used in the synthetic procedures to produce the functionalised SiNPs.

SiO2-NH2/CHs-01 SiO2-NH2/CH3-02 SiO2-NH2/CHs-03

(Ea) (mL) (Ea) (mL) (Eq) (mL)
TEOS 1 3.00 mL 1 6.00 mL 1 6.00 mL
APTES 0.75 2.36 mL 1 6.28 mL 0.5 3.14 mL
PTES 0.75 2.33mL 0.5 3.01mL 1 6.22 mL
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Materials Summary

All chemicals were used as received without further purification. The PU materials in this study

were synthesised using the following polyols and poly-isocyanates reagents.

Poly((phenyl isocyanate)-co-formaldehyde) (PMDI, CAS number: 9016-87-9, Average
Mn=340 and 400), Isophorone diisocyanate (IPDI, CAS number: 4098-71-9, Molecular weight
= 222.3), Hexamethylene Diisocyanate (HDI, CAS number: 822-06-0, Molecular weight =
168.2), poly((ethylene glycol)-block-poly (propylene glycol)-block-poly (ethylene glycol))
(PEG-PPG-PEG, CAS number: 9003-11-6, Average Mn =1900), 1,4 butanediol (1,4 BD, CAS
number: 110-63-4, molecular weight = 90.1), were all purchased from Sigma Aldrich and were

used as received without further purification.

Dibutyltin dilaurate (DBTDL, CAS number: 77-58-7, 95%), Tetraethyl orthosilicate (TEOS,
CAS number: 78-10-4), (3-aminopropyl)triethoxysilane (APTES, CAS number: 919-30-2) and
n propyltriethoxysilane (PTES, CAS number: 2550-02-9) were all purchased from Sigma
Aldrich and were also used as received. Desmodur® N3900, molecular weight = 504.6, the
polyisocyanate and Polydimethylsiloxane (PDMS)-coated hydrophobic fumed silica particles
(SiO2-PDMS) (Cabosil TS720, Cabot Corporation, United States) were kindly provided by
(PPG Industries, Pittsburgh, United States). All other solvents purchased from Fisher

Scientific.

Particles Characterisation

After the silica nanoparticles were synthesised, the size and morphology were characterised
under Transmission electron microscopy (TEM) and the surface functional groups

(amine/alkyl) were characterised by elementary analysis.

Transmission electron microscopy (TEM): TEM images of the particles were obtained to study

the morphological characteristic of the particles prior to mixing with the inks. TEM images
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were obtained using a JEOL 2100PIus operated at 200 kV in bright field mode equipped with
a LaB6 filament as the electron source. The samples were prepared using either continuous or
holey carbon films with copper grid. Particles were ground in an agate mortar and pestle prior
to making an ethanol suspension. The suspension was then mixed thoroughly, and one drop
was pipetted on an appropriate TEM grid. After drying the grid was loaded into the TEM
microscope to be imaged.

Elemental analysis: It was conducted at MEDAC LTD using combustion analysis.

Dual Axial Centrifugal (DAC) Mixing

Figure 3- 17. DAC mixer working principles. a) DAC mixing chamber. b) Schematic of dual axial mixing inside

chamber. ¢) DAC mixing principles: rotation and revolution. Images from online brochure.

Prior to being introduced to the REX apparatus, each reagent mixture was pre-mixed using a
Dual Axial Centrifugal mixing unit (DAC 400 mixer, SpeedMixer™) shown in Figure 3- 17,
to prepare the separate isocyanate and polyol feedstock. Robust mixing was conducted at 2200
rpm for 20 min so homogenous mixture between the reagents and the additives was achieved.
silica nanoparticles were the additive introduced to PMDI Mn340 formulation to modify the
rheology and improve the printability of the feedstock 2735103113114 ‘The molar ratio between
isocyanates and polyol are 1.1:1 (NCO: OH) to minimise additional reaction with both

entrained and atmospheric moisture.
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3.1.2 Printability Analysis

This is the first study to detail a full workflow programme, progressing from screening the
printability of feedstocks through a printing optimisation for these feedstocks to achieve good
resolution / reproducibility to looking at the filament quality produced for the REX system.

This workflow is depicted in Figure 3- 18.

Printability Study Printing Optimisation

______________________ —

1. Correlate print speed (Up)

\J

Static Feed Rheology
with extrusion speed (Ug)

Y

2. Determine the extrusion
flowrate (Qy)

'

3. Layer height optimisation
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Final Print
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|

|

|

|

|

|

|
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| - Transitional Ink
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|
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Figure 3- 18. Schematic of REX workflow.
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Rheology

Rheology is one of the key feed material properties to identify if the feed can be self-supportive
upon extrusion. Herein, a rotational rheometer as shown in Figure 3- 19, was used to
characterise the feed static and transitional feed rheology. In this rotational platform, the torque
needed to shear the material is proportional to the rheological change of the loaded materials.
Therefore, the system suits our needs to measure the shear viscosity and the dynamic moduli

of the feed materials.

Figure 3- 19. Kinexus pro+ rheometer (Malvern Instruments, now branded as NETZSCH). Images from online

brochure.
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Static Ink Rheology

There are three separate tests were run to analysis the static ink rheological properties: (1)

Viscosity vs shear rate; (2) Dynamic moduli (G’ and G’) vs frequency; (3) Yield stress.

Static rheological properties of the NCO and OH inks were measured by the Kinexus pro+
rheometer (Malvern Instruments) equipped with a 40 mm cone and plate geometry. The
apparent viscosity and shear stress were recorded as a function of shear rate ranging from 1 s™*
to 100 s%, at 25 °C. The shear rate range was chosen because the feed materials when mixed
through static mixer will experience shear rate from 1.8 s to 61.1 s™* (tip of the nozzle), also

reported from other literatures with similar 500 pm diameter nozzle!°.

Amplitude sweeps were performed to determine the linear viscoelastic region, automatically
calculated by the software (Malvern rSpace). Subsequently, frequency sweeps were carried out
to determine the viscoelastic profile of the inks at frequencies from 10 to 0.1 Hz with a fixed
1% shear strain within the pre-determined linear viscoelastic region at 25 °C. The gap between

the parallel plates were set at 1 mm.

Oscillatory stress ramp tests were run to reveal the yield stress of the investigated NCO and
OH inks. In this test, inks were subject to increasing shear stress from 0.01 Pa to 1000 Pa. The
yield stress was determined at the cross-over point between G’ and G” data under stress-

controlled oscillatory measurements *°.

In Chapter 5, two parameters were defined to compare the rheology properties between NCO
and OH inks. The viscosity ratio is calculated by determining the viscosity of OH and NCO
ink at the shear rate: 20 s%, which corresponding to the shear rate at the inlet of the static mixer.

The elasticity ratio is determined at the frequency: 2 Hz.
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Transitional Ink Rheology

Transitional rheology tests were performed to show the progression of dynamic moduli along
the time, after NCO and OH inks being mixed. This was achieved by firstly loading NCO and
OH inks into dual component dispense cartridges (ABM-25M1-50ml 1:1 Ratio Manual Gun,
Adhesive Dispensing Ltd, UK), attached with static mixers (MBHO03-16S-Mixer nozzles,
Adhesive Dispensing Ltd, UK). The mixture was then deposited onto the same Kinexus pro+
rheometer (Malvern Instruments), equipped with a disposable sample plate and parallel plate
spindle (25mm in diameter) (Malvern Instruments). The gap between the sample plate and
spindle was set up at 0.5mm. Soon after the mixture was loaded onto the sample plate, the tests
started isothermally at 25 °C, using oscillatory shear measurement (frequency at 1 Hz, 0.5%
strain). Each test recorded the transitional behaviour of dynamic moduli continuously for 30
minutes. The transitional rheology tests mimicked the reaction condition in the REX system

and indicated the curing Kinetics of investigated formulations.
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Reaction Kinetics

Fourier-transform infrared spectroscopy (FTIR): FTIR was used to investigate the
conversion to PU via reaction between isocyanate and polyol feeds for each of the three
formulations. A Frontier (Perkin Elmer) Spectrometer was used. PU samples printed from the
three formulations were tested using the spectrometer immediately following extrusion from
the static mixer. The spectrums were recorded from 4000 cm™ to 600 cm™, with a resolution
of 4 cm™. The analysis was performed in Perkin Elmer Spectrum software, starting from
normalising the designated peak in the spectrums. It followed by evaluating the normalised
peak areas to determine the reaction conversion. The PU conversion was monitored by
following the disappearance of the isocyanate (NCO) peak at the region from 2350 cm™ to
2100 cm, and with a peak at 2250 cm* 107116117 The reference alkane (C-H stretch) peak
remains unchanged. Hence, the conversion was calculated by taking the integral of the NCO
peak (from 2350 cm™to 2100 cm™) relative to the unchanged C-H stretch peak (at around 2960

cm™) and compare to the initial isocyanate and alkane peak ratio 3%’

. . A /A
Reaction conversion = 1 — —NcOO/ZCHO (E1)
ANCO(tg)/AcH(tg)

The reaction conversion is determined using the equation E1, by applying the peak data

obtained from the Perkin Elmer Spectrum Software. Ayco(t,) and Anco(r) denotes the peak

area of isocyanate group at the beginning of reaction and at the reaction time t

respectively. Acyt,) and Acpr) denotes the peak area of reference peak -CH stretching at the

beginning of reaction and at the reaction time t respectively.
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3.1.3 Reactive Extrusion 3D Printing (REX)

7 fll

Dosmg unit

Isocyanate Polyol

Material
mixture

Static Mixer Static mixer p

Mixing
~ elements

Figure 3- 20. a) Schematic diagram of REX dosing unit and static mixer. b) REX system set up. ¢) Static mixer at closer

look.

Following inks preparation and printability analysis, the REX system was used to co-extrude
isocyanate and polyol feeds to react and print PU structures. The system was modified from a
LulzBot TAZ6 printer (FAME 3D, Fargo, North Dakota, USA) to integrate with a high
precision volumetric dosing unit, shown in Figure 3- 20 (Preeflow eco-DUO450 two-
component mixing dispenser, ViscoTec). The key characteristic of the Preeflow two-
component mixing dispenser can offer the uniformly mixing ratio between the two sides and
consistent dispensing accuracy in the millilitre range, irrespective of the viscosity change and

ambient temperature.
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This is achieved through the progressive cavity pump, with rotor/stator set up as depicted in

Figure 3- 21. In this set up, the fluid will have no influences from the input pressure, and a true

positive displacement can be attained.

Figure 3- 21. The Preeflow rotator/stator assembly. Images from online brochure.

Both isocyanate and polyol feeds were transferred into 360 ml Optimum® syringe barrels
(Nordson EFD). Subsequently, a home-built feed supplying system pneumatically transported
the reagent mixtures from Optimum® syringe barrels to the dosing unit by pressurised nitrogen,
at 3 bars. Feeds from both sides were then driven by a screw pump inside the dosing unit. All
the feed formulation as discussed in 3.1.1, were all calibrated based on the instruction manual
of the Preeflow eco-Control EC200-DUO, shown in Figure 3- 22. A calibration vessel was
placed under the dosing unit, where the dosing unit dispensed the set volume of the feed
material. In the calibration vessel, the actual volume was read and logged into the program to

complete the calibration of the feed material.

Figure 3- 22. Preeflow eco-Control EC200-DUO. Images from online brochure.
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Once the calibration of the new feed material was finished, the mixing ratio and the flow rate
were regulated using Preeflow eco-Control EC200-DUQ. The NCO and OH feeds were mixed
at 1/1 (v/v), 1.1/1 (mol/mol) in the static mixer (IDMMKHO03-16S, Intertronics) (outlet internal
diameter (ID) =1 mm, inlet ID=3.2 mm, length (L) / diameter (D) = 23, the number of mixing

elements = 16), and extruded onto the print bed.

The printing optimisation workflow (Figure 3- 18) consists of three steps, with the first two
steps to were targeted to identify the best combination of print speed and extrusion speed. The
latter step was employed to determine the printing parameters (suitable layer height) for
optimising the printing quality. These process parameters (i.e., print speed, layer height, infill
distance etc.) were set up in slicing and control software (Cura Luzlbot Edition 3.6.20),

examples shown in Figure 3- 23.

To demonstrate the printability of the formulations, Woodpile structure (4 layers, 21mm x
21mm) was designed and printed. Additionally, bar samples (2 layers, 80mm x 4mm) were
printed using the investigated formulations. The bar samples were later used for thermo-

mechanical characterisations.
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Figure 3- 23. Screenshot of the Cura Luzlbot Edition 3.6.20.
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The printing parameters used for both woodpile and bar samples were summarised in Table 3-

7.

Table 3- 7. Printing parameters used for bar samples/woodpile feature samples.

Parameters Values (units)
Temperature' Ambient condition
Extrusion flow rate 2 ml/min

Print speed 28mm/s

Layer height 1mm

Infill distance (Di_set) 3mm

Infill direction [0,90]

Infill type Zig-zag

i The system temperature and the print bed temperature were all kept at ambient
condition throughout all the printing.

3.1.4 Printing Characterisations

Thermogravimetric Analysis (TGA)

TGA was carried out on a Perkin ElImer Thermogravimetry Analysis 4000 apparatus to analyse
the thermal stability of the printed PU samples. Specimens of approx. 10 mg were sectioned
from the printed samples. They were heated from 50 °C to 800 °C at a 20 °C/min heating rate

under nitrogen atmosphere.

Differential scanning calorimetry (DSC)

DSC was conducted using PerkinEImer DSC 8000 to study the phase transition temperature of
the printed PU samples. Samples of approx. 10 mg were sectioned from the printed samples.
The samples were heated from -50 °C to 150 °C at a 5 °C /min heating rate under nitrogen

environment.
Dynamic Mechanical Analysis (DMA)

The thermomechanical properties of printed PU samples were assessed using PerkinElmer

DMA 8000. Tension geometry was deployed to perform the analysis. Specimens of 10 mm
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(length), 4 mm (width) and 2 mm (thickness) were sectioned from the printed samples. The
specimens were subject to sinusoidal forces within linear viscoelastic regions (strain 0.001)
under constant frequency (1 Hz) isothermally at 25 °C for first three minutes, and further
undergone a temperature scan from 25 °C to 150 °C at 5 °C/min heat rate. The test was finished

by isothermally staying at 150 °C for three minutes.

Scanning Electron Microscope (SEM)

The printed samples were sectioned using a scalpel and then mounted on double-sided
conductive carbon tape and sputter coated with gold with an Agar Sputter Coater (Agar
Scientific, Essex, UK). Imaging was carried out on a tilt stage. A Hitachi SEM TM3030
Tabletop microscope (Hitachi Technologies Corporation, Japan) was utilized to characterize
the samples. The microscope was equipped with a Bruker Scan generator, X Flash SDD
detector, MinSVE processor (Bruker Nano GmBH, Berlin, DE), Deben USB Chamberscope
and Sprite HR Stage controller joystick (Deben, Suffolk, UK). The cross-section morphology

of the printed PU samples was analysed under SEM.

Microscopic Imaging

Microscopic images of mixed inks and the printing profile (i.e., width of the filaments) were
captured on a Nikon Reichert-Jung MEF3 optical microscope. In such, Dimensional accuracy
of the printed profile in contrast to the design CAD profile was compared. In addition, the
dispersion of silica nanoparticles and functional silica particles in the feed matrix (both

isocyanate/polyol) was captures under microscope.

Reaction exotherm

The reaction exotherm for different mixing modes was monitored by using K-type

thermocouples (RS PRO), together with Picolog data recorder. Printed sample temperatures
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from three mixing modes, in Table 3- 4 shows the three formulations (MM1, MM2 and MM3).
The differences for these formulations come from the fumed silica loading in the isocyanate
feedstock. All the materials used here are the same as shown in Feed formulation in Chapter 4

Printability and Process Analysis.

Table 3- 4 were captured every second by the apparatus continuously for 60 seconds. The data

were stored in the PicoLog6 software.

The rate of reaction exotherm is calculated according to equation E2. Ty and T are the sample
temperature at t; and t> respectively, whereas t; and t> are the starting point when the

temperature increased and the time when peak temperature was reached, respectively.

AT At =271 (E2)

2=t
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CHAPTER FOUR

4 Investigation the Workflow for Printability Screening and
Printing Optimisation of Fast Curing Polyurethane

Formulations via Reactive Extrusion 3D Printing

In this chapter, PU formulations using different isocyanates feedstock (HDI, IPDI, N3900,
PMDI 340, PMDI 400) and the different catalyst levels (0.5 wt.%, 1 wt.% and 1.5 wt.%) were
evaluated, compared, and printed. Printing was conducted utilising Reactive Extrusion 3D
printing (REX). PMDI M;340 formulation was shown to be the best among those that were
investigated, and this reagent was then used to conduct a printing optimisation study. Once
printed, the samples characterisation took place to analyse the dimensional accuracy,

microstructure, and reaction exotherms of the printed profiles.
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Unlike traditional material extrusion AM technologies, where the printability is primarily
determined by the static ink rheology properties (i.e. viscosity and viscoelastic properties)**8,
REX offers another additional degree of design of freedom, as the reaction evolves during the
printing process. The in-situ reaction starts to build up the cross-linked network, which should
strengthen the printing parts further throughout the process. Hence, reaction kinetics of the

formulation need be evaluated along with ink rheology properties.

Thus, “ideal REX formulation”, i.e., those that best utilise the benefits of this processing
modality, can be characterised into two groups. The first group represents those that exhibit
more prominent ink rheology properties (i.e., high viscosity, elasticity and yield stress) along
with slower reaction Kinetics. In contrast, comparatively lower ink rheology properties
combined with faster reaction kinetics are exhibited by those inks in the second group. Both
groups are anticipated to afford the required structure integrity of the printed parts during the
building process. This is because the printed layers can either rely on superior rheology
properties (the first group) or faster kinetics (the second group) to prevent deformation caused
by the un-cured printed layers on the top, prior to the layer that is being studies is completed
cured state. This is because with this type of chemistry full cure is not achieved from several
days/weeks. Previous studies primarily investigated the formulations from the first group,
leveraging the prominent ink rheological properties and applying additional curing

stages/methods (i.e. UV or thermal curing) to assist the layer stacking process®23.

This study had the objective to investigate the second group of REX formulations, faster
reaction kinetics would be the key assessing criterion to identify the target formulation by the
means of transitional ink rheology, which is the progression of rheological properties after both

feeds were mixed and extruded and reaction kinetics characterisations.
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4.1 Results
4.1.1 Printability Analysis
Rheology

Static Feed Rheology

Static rheological properties of proposed ink formulation are good indicators to show whether
the inks can be both printed and to become self-sustaining when deposited onto the print bed.
Hence, the differences of static feed rheology characteristics were examined to create a map of
formulations and acceptable properties. The data from comparing; (a) the change in viscosity
as a function of shear rate see Figure 4-1 and (b) the change in dynamic moduli as a function of

frequency collected as part of this study.
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Figure 4- 1. Rheological properties of the feeds. a) NCO feeds, b) OH feeds showing storage modulus and loss modulus

as a function of frequency.

Newtonian behaviour was observed with most NCO and OH feeds evaluated in this study, as
they exhibited apparent viscosities that was independent of shear rate. The only exception
occurred in N3900 isocyanate feeds (The polyisocyanate with three NCO functional groups in
the structure and the highest molecular weight among all the isocyanate reagents investigated,
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which showed a shear thinning behaviour, where the viscosity decreases when subject to higher
shear rate. Furthermore, the N3900 isocyanate feeds was observed to present the highest level
of viscosity followed by PMDI Mn400 and PMDI Mn340, the multi-functional aromatic
isocyanate oligomers with an average reactive group (NCO) of 3.2 and 2.7 respectively; with
the second and third highest molecular weight respectively. The viscosities of these three
formulations were substantially higher than the remaining two isocyanate feeds (IPDI and
HDI), which are the di-functional isocyanates with the two lowest molecular weight (222.3 and
168.2 respectively) in this study. In contrast, less variance was observed in viscosity values
were seen in OH feeds, where these five feeds with same materials only differed in the mass
compositions shown in Table 3.1. The greatest viscosity differences among the NCO feeds and
OH feeds were shown more than 1000 and 1.3, for N3900/HDI and N3900_ OH/HDI_OH

respectively.
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Figure 4- 2. Rheological properties of investigated NCO feeds showing a) Storage modulus as a function of frequency.

b) Loss modulus as a function of frequency.

The viscoelastic profile of isocyanate feeds was shown in Figure 4- 2. Higher storage modulus
(G’) values were shown in PMDI Mn400 and PMDI Mn340 NCO feed, following by N3900,
IPDI and HDI NCO feeds in a descending order (Figure 4- 2a). Similar trends were presented in

loss modulus (G’’) values for the NCO inks (Figure 4- 2b).
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Relating this data to the needs of the printing modality used in this study. Higher values of G’
are desirable for material extrusion 3D printing, making layer-stacking more feasible during
the printing process. Furthermore, G’” was noted to dominate over G’ throughout the full range
of frequencies tested for all the NCO feeds, which demonstrated the all the NCO feeds

displayed more liquid-like behaviour.

Transitional Ink Rheology

Transitional ink rheology defines the progression of rheological properties of both NCO and
OH feeds, after mixed in the static mixer and extruded from the nozzles. Transitional ink
rheology properties determine if the formulation can quickly develop a cross-linked network,

which was investigated via the dynamic moduli growth profile.
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To show the variation of curing Kinetics between the five formulations with different

isocyanates, the comparison of transitional ink rheology was examined, and the data is shown

in Figure 4- 3.
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Figure 4- 3. Transitional rheology properties for PU blank formulations using different isocyanates showing a) Storage
modulus versus time comparison between PU blank formulations, b) PMDI Mn340 blank formulations, c) HDI blank

formulations, d) PMDI Mn340 blank formulations, €) N3900 blank formulations, f) IPDI blank formulations.
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The highest initial storage modulus (G’) were presented in PMDI Mn340 formulations (2013

Pa), closely followed by HDI formulations (998.4 Pa) (see Table 4- 1).

Table 4- 1. Storage modulus data of the formulations obtained from transitional rheology test.

Time (min) Storage Modulus (Pa)
N3900 IPDI HDI PMDI PMDI
Mn400 Mn340
0 24 17.1 998.4 519.1 2031
1 2.8 24.3 1005 520.1 2063
5 2.9 25.0 2074.0 617.8 8733
10 3.6 26.5 38240.0 852.2 51690

A significantly higher rate of storage modulus growth (dG’/dt) was presented in PMDI Mn340,
and HDI formulations, in contrast to the other three formulations where the dynamic moduli
values stayed stagnant. A plateau of G” was reached when the reaction progressed along the
timelines used in the study. The shortest time to attain this G’ plateau exhibited in PMDI
Mn340 and HDI formulations (Figure 4- 3a). The PMDI Mn340 formulation started to behave
as viscoelastic liquid, i.e., with higher G’ than G’, after ~79 seconds. Furthermore, the PMDI
Mn340 formulation presented more solid-like behaviour eventually after ~23 minutes, with G’
surpassed G”’. Notably, there was 25 times increase of the G’ value at 10 min, from the
beginning of test to the end. Furthermore, the tané peak denoted a transitional point, after which
a greater growth of G’ than G”* was observed. The sharp and narrow nature of the tand peak
for the PMDI Mn340 formulation indicated how quickly the dynamic moduli built up as
reaction progressed, when compared with the other formulations. It took only ~230 seconds to
reach this tand peak (Figure 4- 3b). Meanwhile, the HDI formulations exhibited solid-like
behaviour throughout the test and the tand peak was exhibited at a time ~520 seconds (Figure

4- 3c). PMDI Mn400 formulations followed the similar moduli growth trajectory as the PMDI
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Mn340 formulations, showing a fast development of both G’ and G’’. However, longer time
was needed to reach the tand peak at ~795 seconds (Figure 4- 3d). N3900 formulations showed
a comparatively delayed growth of moduli, whereas the tand peak was found at ~1285 seconds.
Furthermore, N3900 formulations behaved as visco-elastic liquid during the entire test (Figure
4- 3e). The slowest moduli growth trajectory exhibited in IPDI formulations, whereas no tand

peak could be found throughout the test.

To identify the optimum level of catalyst (DBTDL) that needed to be introduced into the PMDI
Mn340 formulation, transitional rheology profiles of the formulation with three levels of

catalysts were investigated. The comparison of data is shown in Figure 4- 4.
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Figure 4- 4. Transitional rheology properties for PMDI Mn340 formulations using different level catalyst. a) Storage
modulus (G’) versus time comparison between formulations using different level of catalyst. Dynamic moduli and tan
delta for b) PMDI Mn340_1 wt. % DBTDL formulation. c) PMDI Mn340_0.5 wt. % DBTDL formulation. d) PMDI

Mn340_1.5 wt. % DBTDL formulation.
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The initial storage modulus value for PMDI Mn340 formulations with 1 wt. % catalyst was
found to be 520 and 29 times higher than the value for 0.5 wt. % and 1.5 wt. % catalysts
formulation, respectively. As a result, higher storage modulus values were presented by the
PMDI Mn340 formulations using 1 wt. % catalyst loading when compared with the 1.5 wt. %
and 0.5 wt. % loadings throughout most of the measurements made. Furthermore, the G’ value
at end of the test with the 1 wt. % formulation was 31 times and 2.3 times greater than the value
for 0.5 wt. % and 1.5 wt. % catalyst formulations respectively (Table 4- 2). The formulation
with 0.5 wt. % catalyst displayed a more liquid-like behaviour, with G’’ being dominant over
G’ during the test. Furthermore, a cross-over point between G’ and G’ was seen in the
formulation with 1.5 wt. % catalyst. This point denoted the transition from a liquid-like to more
solid-like behaviour, which occurred at ~21min. The discussion of the transitional ink rheology

results is detailed in 4.2.1Printability Analysis.

Table 4- 2. Storage modulus data of the PMDI Mn340 formulations with 0.5 wt. %, 1 wt. % and 1.5 wt. % DBTDL,

obtained from transitional rheology test.

Time (min) PMDI Mn340 formulation Storage Modulus (Pa)
0.5wt. % DBTDL 1 wt. % DBTDL 1.5 wt. % DBTDL
0 3.9 2031.0 704
30 11800 367300 154600

Reaction Kinetics
The reaction kinetics of the investigated formulation were another key metric to indicate how
fast the cross-linking network could be built during the printing process, hence a critical

parameter for printability analysis.
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Therefore, the reaction kinetics of PU printed using different isocyanates formulations were

monitored and compared using FT-IR spectroscopy, the data were shown in Figure 4- 5.
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Figure 4- 5. Reaction conversion and FT-IR spectra of investigated PU formulations. a) Reaction conversion for
investigated PU formulations. FT-IR spectra for isocyanates, printed PU formulations at 1min, 5min, 10min and 15min

for b) HDI formulation. ¢) PMDI Mn340 formulation. d) PMDI Mn400 formulation. €) N3900 formulation. f) IPDI

formulation.
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The PU reaction progression was followed via the reduction of absorption peak at ~2250cm™
which was attributed to isocyanate peak (-NCO) 107116.117 The peaks at the region 2865-2968
cm™ were assigned to the symmetrical and non-symmetrical stretching of none C-H groups
within the monomer 71°  As the reaction progressed, the intensity of -NCO peak was
observed to become smaller (Figure 4- 5b, c, d, e and f) whilst the C-H peak remained unaltered

throughout the reaction.

Faster reaction kinetics were exhibited in the PMDI Mn340, PMDI Mn400 and HDI
formulations, relative to the IPDI and N3900 formulations (Figure 4- 5a). Furthermore, the
reaction conversion after 1 min for PMDI Mn340 formulations was 7.9%, 9.5%, 28.2% and
48.3% higher than PMDI Mn400, HDI, IPDI and N3900 formulations respectively (Table 4-
3. Reaction kinetics of investigated formulations.). The higher reaction conversion rate with
PMDI Mn340, continued throughout the reaction period except for the HDI formulations,

which surpassed the kinetics of the PMDI Mn340 formulations after 5 min.

Table 4- 3. Reaction kinetics of investigated formulations.

Reaction Kinetics (%)

Time HDI* IPDI* N3900* PMDI PMDI PMDI PMDI
) Mn400*  Mn340*  Mn340 Mn340
(min) 0.5 %p** 1.50%**
1 77762242 59.12+1.02 38.96+2.32 79.38+0.82 87.30+0.37 76.12+0.90 79.34+0.65
5 90.16+0.29 64.88+0.33 46.66+0.75 82.83+0.81 90.62+0.46 80.06+0.57 83.35+1.07

10 94.36+0.53 72.43+1.38 69.94+0.87 85.44+1.02 93.03+1.24 84.67+0.74 88.06+0.46
15 08.14+0.53 75.85+0.74 76.92+1.18 87.92+0.93 95.63+0.78 87.86+0.64 92.70+0.82

*Formulation with 1 wt. % DBTDL as in Table 3-1.

** Formulation with 0.5 wt. % and 1.5 wt. % DBTDL as in Table 3-2.

96



Investigation the Workflow for Printability Screening and Printing Optimisation of Fast Curing Polyurethane
Formulations via Reactive Extrusion 3D Printing

To identify the effect of the level of catalyst on the reaction speed. The reaction kinetics of PU
printed using PMDI Mn340 formulations with different level of catalyst were monitored and

compared, the data were shown in Figure 4- 6.
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Figure 4- 6. Reaction conversion and FT-IR spectra of PMDI Mn340 formulations with different catalyst level. a)
Reaction conversion comparison between PMDI Mn340 formulations. b) Amplified spectra of NCO region for PMDI
Mn340 formulations at 1 min. FT-IR spectra of PMDI Mn340 formulations with c) 0.5 wt. % DBTDL and d) 1.5 wt. %

DBTDL.

PMDI Mn340 formulation with 1 wt. % DBTDL afforded the fastest reaction kinetics
throughout the whole test, when compared with the 0.5 wt. % and 1.5 wt. % catalyst
formulations. After 1 min of reaction time, the smallest -NCO peak was exhibited in the

formulation with 1 wt. % DBTDL, indicated the faster reaction rate.
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4.1.2 Process Optimisation

Optimisation workflow

From the experimental programme discussed above, the PMDI Mn340 with 1 wt. % DBTDL
loading was identified as good candidate for REX printing, this is because it exhibited both fast
reaction speed and quick growth of dynamic moduli. Thus, this formulation was used for a

subsequent optimisation study.

Step 1: Speed ratio between print speed (up) and extrusion speed (ue)

The aim of this step was to correlate the print speed with the actual extrusion speed from the
nozzle, the ratio between print speed and extrusion speed was varied to be 0.5, 0.75, 1 and 1.25.
Additionally, this step could identify the line widths achieved by the filament under these
various conditions, information which would be useful for understanding which printing
parameter need to be applied to make high quality structures. The comparison between the

printed single filament sizes were compared and the data was shown in Figure 4- 7.
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Figure 4- 7. Average single filament sizes of PMDI Mn340_1 wt. % DBTDL formulation printing using different ratio

between print speed and extrusion speed.
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The average single filament sizes decreased as the ratio between the print speed and extrusion
speed increased from 0.5 to 1.25 (Figure 4- 8). Also, larger size deviation in the single filament
prints were exhibited in the lower ratio (i.e., R=0.5 and 0.75) experiments. Both R=1and 1.25

presented more consistent single filament size. This filament size data was later used for line

width printing settings.
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Figure 4- 8. Single filament size of PMDI Mn340 formulation using ratio (R=0.5, 0.75, 1.0 and 1.25 for group images a,

L=1.557mm

b, ¢, and d respectively) between print speed and extrusion speed. Five measurements at each ratio.
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Step 2: Find the most suitable extrusion speed
Woodpile structures, which are 3D periodic structures with spanning features (Figure 4- 9a)

was widely used for printing quality evaluation 120122,
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Figure 4- 9. Feature block analysis of woodpile printing using PMDI Mn340_1 wt. % DBTDL formulation with
different flowrate (Qr). a) Woodpile design pattern. b) Woodpile design top view and schematic of block feature (Wb
and Wh2 = the width of the block; W= Line width; D = Infill distance, i.e., the travel distance between in-plane adjacent
filaments). ¢) Feature analysis of block width ratio (R(Wb) = Wb1/Wh2) and line width ratio (R(WL) = WL1/WL2) of
printings with different Q. d) Feature analysis of X-axis (Di1) and Y-axis (Di2) infill distance of printings with different

Qr.

In these experiments, the print speed ratio (R=1) was kept consistent in printing woodpile
structure using different extrusion flowrate (Q). The printing quality was investigated and
compared based on the woodpile block features (see images of these in Figure 4- 10, Figure 4-

11 and Figure 4- 12), and the summary of the data is presented in Figure 4- 9.

101



Investigation the Workflow for Printability Screening and Printing Optimisation of Fast Curing Polyurethane
Formulations via Reactive Extrusion 3D Printing

Wb1-1095mm W}1=1.017mm Wp;=1.126mm

. Y . - . .

B pr

Wp,=1.147mm Wp,=1.119mm

. . Ganinn

Wbl"l 061mm Wbrl 067mm
Wb1=0 953mm

. Wy,,=1.077mm ' Wp,=1.036mm - W),=0.955mm

== ET [sooum_|

' ' Qu=2mi/min

102



Investigation the Workflow for Printability Screening and Printing Optimisation of Fast Curing Polyurethane
Formulations via Reactive Extrusion 3D Printing
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Figure 4- 10. Woodpile feature block size measurements for Wp1 and Why2.0f PMDI Mn340 formulation using
different extrusion flowrates (Qr). Five measurements were taken at each flowrate: al, a2, a3, a4, a5 for Qs
=1ml/min; bl, b2, b3, b4, b5 for Qs =2ml/min and c1, c2, c3, c4, ¢5 for Q= 3 ml/min. (Wb1 and Wh2: the

width of the block).
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W 1=2.175mm
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Figure 4- 11. Woodpile feature block size measurements for W1 of PMDI Mn340 formulation usin different
extrusion flowrate (Qs). Five measurements were taken at each flowrate: al, a2, a3, a4, a5 for Qs=1ml/min;

b1, b2, b3, b4, b5 for Qsr=2ml/min and c1, c2, c3, ¢4, ¢5 for Q+= 3 ml/min. (Wv1: Line width at X direction).
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W ,=2.071mm W\ ,=2.095mm W,=2.072mm

Q=3ml/min

Figure 4- 12. Woodpile feature block size measurements for W2 of PMDI Mn340 formulation using different
extrusion flowrate (Qr). Five measurements were taken at each flowrate: al, a2, a3, a4, a5 for Qs=1ml/min;

b1, b2, b3, b4, b5 for Qr=2ml/min and c1, c2, c3, ¢4, ¢5 for Qs= 3 ml/min. (Wc2: Line width at Y direction).
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The block width ratio R(Whb) and line width ratio R(W\) defined the consistency of the printing
quality since the block features were fabricated periodically. The average deviation of block
width ratio from the pre-set value for printing of Q=1 ml/min (43.8%), was significantly higher
than the two prints conducted with Q=2 ml/min (1.3%) and Q;=3 ml/min (0.87%). The average
deviation for line width ratio from the pre-set value was 20.0%, -0.7%, 2.5% for Q¢=1, 2 and 3
ml/min respectively (Table 4- 4). These results indicated printing at the flowrate (Q¢=2 ml/min)
afforded the most consistent prints, with block and line width ratio both in closest agreement

with model pre-set values.

Table 4- 4. The woodpile feature block calculated percentage deviation of width block ratio R(Wb) and line block ratio

R(WL) for PMDI Mn340_1 wt. % DBTDL formulations printing using different flowrate.

Flowrate | Block Ratio Deviation (%)™ Deviation (%)
(Q1) features 1st 2nd 3rd 4th 5 Average

(ml/min)

1 51.87 26.81 50.74 48.77 40.93 43.82

2 R(Wh) -1.49 2.99 -0.21 6.45 -1.15 1.32

3 -1.88 5.74 -3.47 -0.85 4.80 0.87

1 19.10 25.06 22.23 18.97 14.79 20.03

2 RW) | -171 -1.32  -040  -1.23  1.19 -0.70

3 -1.11 4.44 4.97 5.50 -1.24 251

i. R(Wb) = Wbl/sz
ii.  R(WL)=Wu/We
iii.  Deviation =100 x (R(W}) - R(Wi_set))/ R(Wi set) and i= b or L. (Note: both R(Wy,_set) and R(Wi ser) = 1)
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The infill distance, which is the distance between the centre position of two adjacent printed

filaments (both X-axis infill Dj1 and Y-axis infill Di2) was also monitored, with respect to the

model pre-set value, to further evaluate the printing quality. Printing at Q;=1 ml/min gave the

most inconsistent quality with average deviation of X-axis and Y-axis infill both >10%. In

contrast, the average deviations of X-axis and Y-axis infill were <0.3% and <2.5% for Q;=2

and 3 ml/min respectively (Table 4- 5). The results further demonstrated best printing quality

was attained with printing at Q=2 ml/min.

Table 4- 5. The woodpile feature block calculated percentage deviation of X-axis (Di1) and Y-axis (Di2) infill distance

for PMDI Mn340_1 wt. % DBTDL formulations printing using different flowrate.

Flowrate Block Width Deviation (%) Deviation (%)
Q) features 1st Average 3rd 4th 5t Average
(ml/min)
1 9.87 9.10 12.30 12.03 10.50 10.76
2 D' 0.60 0.30 -1.87 -0.23 2.60 0.28
3 -0.33 4.87 1.23 4.07 2.50 247
1 -14.37 -13.13 -13.93 -12.27 -9.77 -12.69
2 D 2.27 0.13 -1.53 -1.60 2.27 0.31
3 1.03 0.03 -1.17 0.53 1.83 0.45
i. Di=Wyt+Wy
ii.  Di2=W+Wp,

iii.  Width deviation: W; Deviation=100 X (Di-Dj_set)/Di set and i= 11 or 12. (Note: both Djzand Dy, = 1)
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Besides the characterisation on the woodpile features, the effect of different extrusion flowrate
on the reaction exotherm have also been investigated. Higher flowrate were hypothesised to
afford better mixing, but experimental evidence showed that this did not provide the better
printing quality, when reviewing that data from the flowrate Q;=3 and 2 ml/min This was
attributed by the greater amount of heat released at this higher flowrate, shown in Figure 4- 13
(i.e. the peak temperature for Q=3 ml/min was 22.6% and 46.0% higher than the value for
Q¢=2 and 1 ml/min respectively), indicating a more intensified mixing and faster reaction rate,

hence a higher reaction exotherm.

------- Q=1 ml/min
— Q=2 ml/min
- - - Q=3 ml/min

704 PETEN o

604 ' Mg
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40+
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Figure 4- 13. Reaction exotherm of PMDI Mn340 formulation with 1 wt. % DBTDL at extrusion flowrate (Q¢=1, 2 and

3 mi/min).

Table 4- 6. Reaction exotherm of PMDI Mn340 formulation with 1 wt. % DBTDL at extrusion flowrate (Q¢=1, 2 and 3

ml/min).
Flowrate Qs T T, t t, (AT/At)
(ml/min) (C) (C) (s) (s) ('Cls)
1 21.62 48.38 10 18 3.3
2 21.77 57.6 9 17 4.5
3 21.66 70.62 7 16 5.4
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Step 3: Layer height
The next step focused upon tuning the layer height at different parameter levels. This involved

printing the same woodpile structures, to find the optimum layer height with best print quality.

The quality of the print was evaluated using to the over-span features shown in Figure 4- 14.
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Figure 4- 14. Side view of the woodpile prints of PMDI Mn340_1 wt. % DBTDL formulation, using different layer
height (h): (al,bl); (a2, b2); (a3, b3); (a4, b4) for h=0.5; 0.75; 1; 1.25 mm respectively. Schematic of flow at c1) lower

layer height and c2) optimum layer height.
The over-span on top of previous layer became more pronounced as the layer height increased
from 0.5mm to 1.25mm. Printing at layer height (h=1mm), exhibited the most consistent over-
spans in first and third layer shown in Figure 4- 14-a3, and in second layer shown in Figure 4-

14-b3. Hence, layer height (h=1mm) was applied for printing parameters settings.
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Investigation of Filament Voidage

Following printability screening and process optimisation workflow, the ability to construct
prints of good quality and reproducibility had now been established. To further investigate the
micro-scale level print resolution, the cross-section of the printed structures was analysed to
investigate the internal structure of the filaments was conducted and the data were shown in

Figure 4- 15.

AL D88 x80 1mm

AL D9.4 x30 2mm

AL D9.4 x30

AL D88 x80 1 mm

Figure 4- 15. SEM images and image threshold of PMDI Mn340_1 wt. % DBTDL formulation printed woodpile four
layer structures cross-section. SEM images of sample cross-section for m1) First and third layer macro view. al) Third
layer view. a3) First layer view. m2) Second and fourth layer macro view. a3) Fourth layer view. a4) Second layer view.
Image threshold created using ImageJ of sample cross-section for b1) Third layer. b2) First layer. b3) Fourth layer. b4)

Second layer.
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The four-layer woodpile prints showed various level of voids embedded in the different layers.

The second layer presented highest level of void fraction (25.2%), which was more than five

times higher than the average void level for the fourth layer. Typically, higher level of void

fraction was presented in the mid layers (second and third), in compared with the first and

fourth layer (Figure 4- 16a).
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Figure 4- 16. Average porosity for printing structures using PMDI Mn340_1 wt. % DBTDL formulation for. a)

Different layer porosity for four layer woodpile structures. b) First layer porosity of single filament, two layer woodpile

and four layer woodpile.
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The voids displayed inconsistent micro-structures among different layers in the same print.
Another investigation was then conducted to identify the variance in void level within the same
layer of woodpiles that contained different number of layers. The aim was to understand the

effect of layer stacking on the micro-structures and the data was shown Figure 4- 17.

al a2 a3

AL D9.4 x80 1mm NL D11.9x60 1mm NL D11.2x80 1mm

Figure 4- 17. SEM images and image threshold of PMDI Mn340_1 wt. % DBTDL formulation printed structures cross-
section. SEM images of sample cross-section for al) single filament. a2) first layer of a two layer woodpile print. a3)
first layer of a four layer woodpile print. Image threshold created using ImageJ of sample cross-section for bl) single

filament. b2) first layer of a two layer woodpile print. b3) first layer of a four layer woodpile print. Scale bar = 1mm.

There were higher percentages of voids exhibited in the cross-sections of samples printing
when more layer were included in the stack, with four layer woodpile prints showing an average
of 16.3% void fraction, which were more than two and thirteen times higher than the average

void for two layer woodpile prints and single layer prints respectively (Figure 4- 16b).
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To study the effect of catalyst level on the macro and micro-level print resolution, four-layer
woodpile structures were printed and analysed using inks that incorporated different catalyst

levels and the data is shown in Figure 4- 18.

AL D9.4 x30 2mm

Figure 4- 18. SEM images of printed woodpile structure cross-section from PMDI Mn340 formulation with catalyst

level: al) 1 wt. % DBTDL. a2) 0.5 wt. % DBTDL. a3) 0 wt. % DBTDL.

When the catalyst level halved from 1 wt. %, highlighted as the preferred loading from the
optimisation process to 0.5 wt. %, the spanning feature of the woodpile structure disappeared.
Without catalyst introduced in the formulation, the upper layers of the woodpile prints sagged

and merged into a single block. As the result, a dense print with no voids.
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To trace the origin of the water in the system, the inks prior to printing on REX were
characterised under a microscope. There were significant number of bubbles originally
entrained in the viscous inks (both in the NCO and OH side), and subsequent studies showed
that these could be removed by subjecting the inks to centrifugal mixing for 20 min (Figure 4-

19).

| OH side (4min) OH side (8min) OH side (12min)
> e “ A TNy .

500 um

NCO side (4min) NCO side (8min) NCO side (12min)

NCO side (16min) NCO side (20min)
7.; Ny T

500 um

Figure 4- 19. Microscopic images of OH and NCO inks after different dual centrifugal mixing (DAC) time prior to

loading to the REX system.
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However, when the mixed inks were transferred into and were stored in the REX system prior

to the process starting, an increased number of bubbles were noted to be present due to the

action of charging the feed hoppers (Figure 4- 20).

Figure 4- 20. Microscopic images of OH inks. al) before loading to the REX system. a2) after loading and rest in the

REX system. NCO inks. b1) before loading to the REX system. b2) after loading and rest in the REX system.
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To understand the cause of the voids embedded in the microstructures, the reaction exotherm

of the PMDI Mn340 formulation with different catalyst level was monitored and the data was

shown in Figure 4- 21.

—— PMDI Mn340_0 wt. % DBTDL
PMDI Mn340_0.5 wt. % DBTDL
— PMDI Mn340_1 wt. % DBTDL

Temperature (°C)

15. T T T T T T T T T T T 1

Time (Seconds)

Figure 4- 21. Reaction exotherm of PMDI Mn340 formulation with different catalyst level: 0 wt. %, 0.5 wt. % and 1wt.

% DBTDL.
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The temperature in the printed samples was observed to rise rapidly due to the exothermic PU
reaction °’. The highest peak temperature was shown in the 1% catalyst formulation, attributed
to the higher catalyst loading resulted in the fastest reaction Kinetics. The rate of reaction
exotherm (i.e. AT/At), where AT denotes the temperature difference between the peak
temperature of the PU after printed and the starting temperature when the PU was just extruded
from the static mixer, for 1% catalyst formulation was 2.2 times and 32.1 times higher than
the value of 0.5% and 0% catalyst formulations respectively, as shown in Table 4- 7.. This
suggested there had been more intense reaction between reagents for 1% catalyst formulation,
which releasing significant amount of heat over a short period of time.

Table 4- 7. Reaction exotherm for PMDI Mn340 formulation printed using different catalyst level. T1 and T2 are the

sample temperature at t1 and t2 respectively, whereas t: and tz are the starting point when the temperature increased

and the time when peak temperature was reached, respectively. The dotted line defined the range between t: and tz.

PMDI Mn340 T T, t t, (AT/AY)
formulations (C) (C) (s) (s) ('Cls)
0 wt. % DBTDL 23.11 29.58 6 55 0.1
0.5wt. % DBTDL 21.52 40.75 5 15 1.9
1wt. % DBTDL 19.47 53.38 3 11 4.2
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4.2 Discussion

4.2.1 Printability Analysis

This study had the objective of investigating the second group of REX formulations, i.e., those
that rely on faster reaction kinetics to deliver the filament fidelity. This reaction rate would be
the key assessing criterion to identify the target formulation by means of monitoring the

transitional ink rheology and characterising the reaction Kkinetics.

Transitional ink rheology measurements were shown to offer an insight on how quickly the
cross-linking network was formed. There are two metric that were used for the printability
evaluation in this study: (1) the transitional curve of tan 6 = (G”’ / G’) showed the growth rate
of dynamic moduli, and (2) the value of tan 6 defined whether the ink exhibited the viscoelastic
liquid or solid dominant ink flow behaviour. In looking at the transitional curve, the presence
of a tan § peak in the curve indicated a faster transition into a region of where the increase in
the storage modulus was greater than that of the loss modulus. This was attributed to a faster
cross-linked network development. This is a desirable transitional ink rheology
profile/property and was observed to be behaviour presented by the PMDI Mn340 formulation.
The transitional ink rheology and reaction kinetics characterisation also helped to identify the
optimum catalyst level. For the PMDI Mn340 formulation, 1.5 wt. % catalyst showed an
inferior transitional rheology profile and reaction speed when compared with 1 wt. % catalyst
loading (Table 4- 2). This can be explained by the fact that the polyurethane oligomers were
formed more rapidly with higher catalyst loading, and so the viscosity quickly increases in such
system. As a result the crosslinking reaction speed will be hindered due to this high viscosity,
as chains have low mobility and this reactive functionalities cannot find one another'?3, The
inks will start to behave as favoured viscoelastic solid behaviour when tan 6 < 1. Among the

three catalyst loadings investigated in this study, the 1 wt. % catalyst loading showed the lowest
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value of tan 6. This indicated that this printed mixture has highest tendency to flow as

viscoelastic solid as reaction progresses.

Additionally, the initial storage modulus of the formulation (at time t < 1 min) is another key

metric that was used to evaluate the printability of the formulation. This time window was
chosen to correlate the maximum residence time of the flow of material within the static mixer
section of the REX apparatus. The higher the value of initial storage modulus at the point when
filaments are deposited onto the print platform, the better the printing fidelity. These properties
were shown to be exhibited by the PMDI Mn340 formulation, in addition to the Mn340
formulation, the HDI formulation also fulfilled these evaluation metrics. However, the HDI
formulations suffered from the lowest viscosity and storage modulus (i.e., the viscosity of HDI
was 260 times lower than the value for PMDI Mn340 formulation at shear rate 20 s*) (Figure
4- 1). As the result, the HDI formulation would need to incorporate a significant amount of
rheology modifier to tune the printability, hence it was identified as not being an ideal REX

formulation.
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4.2.2 Process Optimisation

Optimisation Workflow Standardise process optimisation workflow is critically needed for
a good reproducible print to be fabricated via REX. Previous material extrusion processes (i.e.
fused deposition modelling (FDM)) optimisation workflow would often correlate the pre-
established filament information (i.e. filament size and melting temperature) with the printing
parameters (i.e. layer height, extrusion temperature) 2. Other material extrusion printing (i.e.
direct ink writing (DIW)) optimisation workflow often carefully tune the ink rheological

properties, and empirically link the extruded filament sizes with the printing parameters 121124,

Similar approach was undertaken in this study to design the standard process optimisation
workflow for the REX system, with additional further considerations being made for the impact
of in-situ mixing and reaction characteristics upon the process parameter. One key design
feature that need to be achieved is to avoid the static mixer nozzle clogging from the fast cross-
link network build up within the mixer before the filament leaves the end of the nozzle.
However, the in-situ reaction within the filament should afford stronger cross-linking network,
as reaction continues, after the filaments has been deposited onto the print platform. Optimised
reaction/crosslinking kinetic together with rheological properties of the feedstocks and ink,
provide a combination that would lead to a double reinforcing effect to assist layer stacking

and filament fidelity.

Therefore, the step 1 and 2 of the proposed workflows essentially identified the optimum
extrusion flowrate and can served the aforementioned needs to leverage the in-situ mixing and

reaction.

The experimentation demonstrated that a flowrate of Q=1 ml/min presented the largest
deviation to the pre-set values (Figure 4- 9). This was proposed to explain why the lowest

mixing intensity was achieved at this flowrate, and consequently led to slower reaction.
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Filaments printed at this flowrate exhibited higher sagging tendency, and the printing quality

eventually deteriorated.

The higher temperature of in the printed filaments at flowrate Q¢=3 ml/min , potentially could
reduce the viscosity (i.e. reduce density at higher temperatures) and storage modulus of the
both the “first” filament layers and the next layer printed on the top of this first layer %1, This
would result in relatively poorer filament fidelity of both the first and upper layer and
exacerbate the reduction in printing quality. Therefore, optimum flowrate was defined to be

Q¢=2 ml/min this was utilised for the remainder of the study.

The layer height was optimised at 1 mm to accommodate the extruded filament, and to mitigate
the potential for the formation of gelled lumps near the nozzle tips caused when the layer height
was kept too low (Figure 4- 14). Such gelled lumps can form due to the imbalanced flowrate
at the top and bottom side of the filaments and become indistinguishable once the layer height

can accommodate this differential flowrate.
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4.2.3 Porous structure

A highly porous morphology was shown to exist at the microscale in the cross-sections of
printed PU woodpile structure filaments. The exothermic reaction is believed to be the main
cause of the voids in the cross-section. There is the side reaction between free isocyanate group
and water which forms CO, along the main reaction to form PU %2, Furthermore, when one
layer was printed, it is proposed that only intra-layer reaction occurs, whereas when subsequent
layers are stacked onto the previous ones, both the intra-layer and inter-layer reactions
progressed. These synergetic effect of reactions on the same plane and across the planes would
speed up the overall reactions in the system, partly due to the insulating effect of the top layer
reducing loss of exotherm temperature to the surroundings. Thus, a higher exotherm is
achieved. Consequently, these exothermic reactions advanced at greater speed at the mid-layers
(i.e., the second and third layer for a four-layer woodpile print), as heat dissipation from the
mid-layers were more challenging compared with the top layer which exposed to the ambient
environment. As the result, there were more voids seen in the mid-layers. In contrast, the single
layer filament was produced with no voids at the cross-section, owing to the better heat
dissipation. Furthermore, PMDI Mn340 formulation with no catalyst showed dense cross-
section in the four-layer woodpile prints. This was attributed to the slower reaction and less

heat was generated during the reaction.

Thus, during processing, these bubbles were potentially captured and grown around the filler
nanoparticles which it was proposed acted as nucleation centres. The combined effect of these
bubbles in the inks and printing at ambient environment without enclosed inert gas shielding

led to the porous cross-section in the prints at such fast kinetics.
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4.3 Conclusion

In this chapter, a standard workflow has been established for printability analysis and process
optimisation for any PU formulations fabricated via the REX system. PMDI Mn340
formulation was screened out and successfully printed with good reproducibility following on

the proposed guidance.

To highlight the fundamental difference between REX and other material extrusion 3D printing
technologies, specific considerations of the in-situ mixing, and reaction were considered: (1)
transitional ink rheology is the key characterisation tools in the printability analysis step, as it
offers great insight on how fast the cross-linking network develops. (2) In the printing
optimisation step, the optimum flowrate is the key parameter to evaluate, to identify the
favourable mixing intensity to afford the printing fidelity. To pursue the fast reaction kinetics
of PU, there is a trade-off in the printing quality at the micro-scale. The fast exothermic reaction

could lead to micro-voids in the cross-section.
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CHAPTER Five

5 Investigation the Effects of Feed Rheology on the Three
Types of Mixing Modes and Printed Polyurethane

Properties

In this chapter, cross-linked thermoset PU formulations were investigated, formed by
contacting a polymeric isocyanate (PMDI Mn340) with feedstocks containing multiple
hydroxyl functional groups that exhibit different rheological properties. The aim is to reveal
the significance of these properties on the mixing, reaction kinetics and the thermo-mechanical
properties of final PU printed from a REX process. To achieve this, three mixing modes were
designed by including into the separate feeds varying levels of fumed silica (FS) particles to
act as rheology modifiers. Rheological properties, such as the viscosity ratio and elasticity ratio
between two feeds, were investigated to assess their impacts on the level/type of mixing
achieved in the REX processes during filament production and the influence this had on the

properties of the printed parts.

5.1 Results

In REX 3D printing, the mixing efficiency and reaction kinetics are highly synergistic.
Furthermore, both are greatly influenced by the rheology of the two feeds. Thus, it was initially
demonstrated that three mixing modes (designated as MM1, MM2 and MM3) were obtained
when the two feeds exhibit different feed rheological properties. These mixing modes were
achieved when processing the following feeds through the REX static mixer. The isocyanate
(NCO) feed composed of a polymeric isocyanate and three different levels of FS particles (5
wt.% - MM1, 2.5 wt.% =MM2 and 1 wt.% = MM3) with a composite multi-ol feed containing

a polymeric diol soft segment, a low molecular weight diol (1,4 butanediol - 1,4BD), 5 wt.%
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FS and a polymerisation catalyst (1 wt.%). Figure 5- 1 shows the type of final flow regime that

was exhibited by the different mixing modes.
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Figure 5- 1. Rheological comparisons between MM1, MM2 and MM 3. a) A schematic of mixing process in the static
mixer for all mixing modes. b) A plot of viscosity as a function of shear rate for all the mixing modes. c) A plot of the
viscosity ratio (OH: NCO), elasticity ratio (OH: NCO) and particle content loadings that result in the three mixing

modes. d) A plot of G’ as a function of frequency for all mixing modes.

Mixing morphology of viscoelastic fluids have been well studied before, it was shown that one
of following morphologies will form: matrix/droplet?®, matrix/fibre 12®, co-continuous 7.
When viscoelastic fluids mixed through a static mixer, matrix/droplet morphology, also noted
as dispersed/continuous phase would formed 2812 |t suggested that when the two viscoelastic
feeds got in contact in REX static mixer, an interfacial reaction zone would likely be generated
between two phases (Figure 5- 1a), typical of the interfacial polymerisation found in PU
chemistry 525557 It has been proposed that the formation of the interfacial zone is heavily

influenced by the viscosity ratio, elasticity of the polymer 3, Therefore, the viscosity ratio and
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elasticity of the polymer would effectively determine the reaction rate, as these will also define
any diffusion limitation within the viscous PU materials oligomers.

Based on the feed rheological properties, for this study, feed formulations were designed by
adding various levels of FPs to generate the desired viscosities from both feeds, such that they
would deliver these three mixing modes with distinct interfacial mixing profiles. The
formulation for MM1 comprised NCO+5% SiO2 and OH+5% SiO., where both the viscosity
and G’ of the NCO ink was higher than that of the OH ink. Also, the viscosity of NCO feed
was the highest among the three MMs (Figure 5- 1b and 1d). The MM2 feed consisted of
NCO+2.5% SiO, and OH+5% SiO», such that similar rheological properties were presented
from both the NCO and OH feeds. Meanwhile, the MM3 feed were NCO+1% SiO. and
OH+5% SiO». Thus, the OH feed displayed a dominant viscosity and storage modulus of over
NCO feed. The difference between the two feeds’ viscosity and elasticity was the greatest

among the MMs.
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Thus, the feed rheological properties are key indicators which define whether (a) the desired
mixing mode that will be achieved and (b) the product feeds can be self-supportive when
deposited onto the print bed *2°. Hence, the effect adding FS particles had upon the rheological
properties of both the isocyanate and polyol feeds was examined and the data comparing the
change in viscosity as a function of shear rate and change in dynamic moduli as a function of

frequency are shown in Figure 5- 2.
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Figure 5- 2. Rheological properties of the feeds. Viscosity as a function of shear rate for a) NCO feeds, b) OH feeds.

Storage modulus and loss modulus as a function of frequency ¢) NCO feeds, d) OH feeds

The data showed that shear-thinning behaviour was observed with the feed mixtures that had
received additions of FS. By comparison, the neat reagents (i.e. isocyanate and polyol only)
exhibited an apparent viscosity that were independent of shear rate. Furthermore, it was noted
that the higher the FS content, the greater the viscosity the NCO and OH feeds exhibited (Figure
5- 2a and 2b). Furthermore, both the storage modulus (G') and loss modulus (G") increased

with the addition of silica particles (Figure 5- 2c and 2d).
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Both reagents displayed viscous liquid behaviour, with frequency-independent loss modulus
being observed to be larger than the storage modulus. In the case of the NCO feed, upon
addition of 1% FS, a “crossover” in the G' and G" values were exhibited (i.e. G’ began to
exhibit larger modulus values) at 1 Hz, where such a crossover is referred to as the gel point.
In this case, the gel point to have occurred when the feed starts to exhibit viscoelastic solid-
like behaviour, giving it the ability to sustain structural integrity upon deposition. Furthermore,
as the loading of FS was further increased, G' was noted to dominate over G" throughout the
full range of frequencies tested. These results indicate that both NCO+5% FS and NCO+2.5%
FS showed more elastic behaviour. As a plateau was reached in the storage modulus data of
both the NCO+5% FS and NCO+2.5% FS samples, this indicated a solid-like ink behaviour.
For the polyol feed material, OH+1% FS still presented as a viscous liquid, with lower G’ than
G” at all frequencies. Meanwhile, like isocyanate feed, OH+5% FS and OH+2.5% FS both
exhibited like elastic solid behaviour. The G’ values of samples with OH+5% FS loading was
significantly higher than that of both the samples with lower silica particle loadings and the
neat reagents. Thus it was concluded that both the NCO and OH feeds with higher FS loadings
were characterised by the superior viscoelastic and gel-like properties, which is essential in

preventing the distortion during printing process °.
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The effect of introducing FS into the feeds on the yield stress was also investigated, see Figure

5- 3a and 3b.
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Figure 5- 3. Oscillatory rheology data of investigated feeds. a) Isocyanates feeds and b) Polyol feeds.

This data showed that, for both the neat feeds without FS loading and those with 1% FS loading,
both NCO and OH feeds presented as viscous liquids, with G"” demonstrated to be higher than
G' regardless of the shear stress applied. By comparison, for the feeds with 2.5% and 5% FS,
the NCO and OH feeds exhibited elastic solid behaviour, when subjected to low shear stress.
Additionally, the G’ and G” data exhibited cross-over points as stress increased. After the cross-
over point, they, started to behave like a viscous liquid i.e., higher G” than G'. Furthermore, it
was observed that higher yield stresses were exhibited by the NCO feeds when compared to
the OH ink with same level of FS loading. This was attributed to better interaction/wetting

between the FS particles with the NCO matrix materials (Table 5- 1)

Table 5- 1. Yield stress of the inks obtained from oscillatory rheology test.

Inks Yield Stress (Pa)
NCO+5% SiO, 136.1
NCO+2.5% SiO» 38.4

OH+5% SiO- 81.4

OH+2.5% SiO» 5.6
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The literature also documents that the reaction kinetics will be influenced by the mixing mode

achieved, the kinetics of three MM systems were therefore monitored and compared as shown

in Figure 5- 4.
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Figure 5- 4. FT-IR spectra of samples after printing at 1 min (dash line) and 10 min (solid line) from three mixing
modes, schematic of hydrogen bonds within the PU structure. a) FT-IR spectra of PMDI Mn340, PU samples printed

from MM1, MM2 and MM3. Amplified spectra of b) Free and hydrogen bonded carbonyl peaks (C=0).

The FTIR data confirmed that significant cure levels were achieved within the first 10 minutes
of processing. As the PU reaction progressed from 1 to 10 minutes, significant reductions in
the characteristic FTIR peaks for the isocyanate group (~2250 cm™) were observed for all
samples (Figure 5- 4a). In all three mixing modes, a stretching hydrogen bonded N-H group
(~3300 cm™) was observed %9717 \whilst the C-H peak ~2865-2968 cm™ remained unaltered
throughout the reaction. Within this time region the FTIR peaks were attributed to free and
hydrogen bonded urethane carbonyl peak (C=0, ~1725 cm™ and ~1701 cm™ 17131 A more

intense H-bonded C=0 peak in contrast to free C=0 peak was displayed in MM3 (Figure 5-

4b).

132



Investigation the Effects of Feed Rheology on the Three Types of Mixing Modes and Printed Polyurethane
Properties

Additionally, the NCO peak for MM3 was noted to be smaller than those of MM1 and MM2

at 10 min, potentially indicating higher reaction conversion and this faster reaction kinetics

exhibited for MM3 (Figure 5- 5).
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Figure 5- 5. FT-IR spectra of PMDI Mn340, PU samples printed from MM1, MM2 and MM3. a) Amplified spectra of
Isocyanate peak (-NCO). b) Schematic of hard segment, soft segment and hydrogen bond within the printed PU

structure and aggregated hydrogen bonded urethane carbonyl group (C=0).

Table 5- 2. Reaction conversion of polyurethane samples printed utilising MM1, MM2 and MM3 at 1 min and 10 min.

Time Reaction Conversion
(min) (%)
MM1 MM?2 MM3
1 80 84 83
10 84 87 93
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The thermal decomposition properties of printed PUs were analysed and compared. This data

presented in Figure 5- 6.
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Figure 5- 6. @) TGA mass loss and b) differential thermogravimetric (DTG) analysis thermograms of PU samples

printed from three mixing modes.

The TGA thermograms (Figure 5- 6a) for all three samples were very similar, with the
exception that the MM1 exhibited an additional lower temperature decomposition step
commencing at 200 °C. This was attributed to impurities introduced on the surface of silica
particles 1¥1132 This conclusion was supported by the observation that the size of this weight
loss increased in MM1 as more silica particles were introduced. Meanwhile, two pronounced
peaks (DTG (I)max and DTG(I1)max) were observed in (Figure 5- 6b), indicating the potential
that microphase-separation had occurred in all three mixing modes printing. DTG (1)max was at
340-370 °C and DTG (Il)max located within 430-450 °C which corresponded to the
decomposition of the urethane bond in the hard segment and ether bond in the soft segment

respectively 58,119,133
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Both DTG (I)max and DTG(I1)max again showed graduation in the data with greater similarity
between MM2 and MM3 (Table 5- 3), suggested that the thermal stability of printed is

influenced by the type of mixing modes.

Table 5- 3. Thermal properties of PU samples printed from MM1, MM2 and MM3. Tse: Temperature at 5% weight
loss obtained from TGA mass loss thermogram. DTG (I)max and DTG(I1)max: lower and higher peak temperature in the

DTG theromogram, respectively.

Mixing Modes T, (C) DTG (1), (C) DTG (), ('C)
MM1 252.3 344.9 431.8
MM2 204.7 362.0 442.3
MM3 319.2 368.3 450.6

The DSC analysis for the PU printed samples also showed a trend in the data from MML1 to
MM3 with the Tq’s define to the 51.0 °C (MML1), 73.0 °C (MM2) and 80.5 °C (MM3), whilst

no melting endotherm was detected, indicating the printed samples are cross-linked (Figure 5-

7).
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Figure 5- 7. DSC curves of PU samples printed from three mixing modes.
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Meanwhile, typical reaction exotherms recorded for the three MMs are shown in Figure 5- 8.
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Figure 5- 8. Reaction exotherm for PU samples printed from MMs.
The temperature in the printed samples rose rapidly due to the exothermic PU reaction 2%, The
time where the exothermic reactions started was 14 s, 10 s and 8 seconds for MM1, MM2 and
MM3 respectively (Table 5- 4), with MM3 reaching the highest peak temperature. This was
ascribed to the highest reaction kinetics in MM3, suggesting that there had been more intimate

mixing of the reagents with this mode. The rate of reaction exotherm (AT /At) for MM3 is 1.8

times and 7 times higher than the value of MM1 and MM3, respectively.

Table 5- 4. Reaction exotherm for PU samples printed from MMs. T1 and T2 are the sample temperature at t1 and t2
respectively, whereas t1 and t. are the starting point when the temperature increased and the time when peak

temperature was reached, respectively. The dotted line defined the range between t1 and ta.

T1 T2 t1 t2 (AT/At)

(0) (0) © © (Cro)
MM1 22.99 36.07 14 37 0.6
MM?2 22.41 45.52 10 20 2.3
MM3 19.47 53.38 8 16 4.2
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The mechanical properties of three MMs were assessed and variation of the storage modulus

and tané as a function of temperature were presented in Figure 5- 9.
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Figure 5- 9. DMA temperature scan of PU samples from three mixing modes. a) Storage modulus. b) Tan delta.

The storage modulus of PU from MM3 (314.0 MPa) was higher than that of MM2 (266.8 MPa)
and MM1 (142 MPa) at 25 °C, suggesting the stiffest PU was obtained from MM3 (Figure 5-
9a), this supported the earlier conclusion that there was greater levels of crosslinking / cure in
this samples. All three samples showed single tané peaks, the temperature at which this occurs
corresponds to the T4 2 (Figure 5- 9b). The tans temperature increased from MM1 to MM3
which was the same trend observed in the DSC estimation of Tg. Furthermore, the MM3 tané
value was the lowest with the trend increasing through MM2 to MM1. This observation
suggested that higher degree of molecular motion exhibited in MM1, and more energy can be
absorbed and dissipated for the MM1 sample, again suggesting that there is less cross-linking

in this sample.
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The printability of the formulation was demonstrated by printing woodpile structures, which
essentially are 3D periodic structures showing “gap spanning” features (Figure 5- 10a) 120122,
The spanning feature in between the second the third layer was shown in the front view of the

printed sample (Figure 5- 10b)
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-

Figure 5- 10. Woodpile feature blocks printed using investigated PU formulation MML1. a) Design pattern. b) front-

b PRSI
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view and c) Top-view of the printed structure. d) microscopic images of the printed structure.

The printed woodpile structure showed both the structural integrity of the printed formulation
as the overhang on the top of second layer was free-standing (Figure 5- 10b), and high fidelity

to the CAD designs (Figure 5- 10a, 8c and 8d).
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Furthermore, the spatial resolution of the print was characterised based on the block feature
size (Figure 5- 11 and Figure 5- 12), where good consistency i.e. < 6% variance observed in
all measurements when compared with the model pre-set value see (Table 5- 5 and Table 5- 6).
Overall, the block features showed that the print was of good quality and exhibited good
reproducibility, where the resolution of the print was predominantly governed by the static

mixer nozzle size (ID=1mm).

Length = 1108.63 um Length =1199.51 nm

Length = 1113.83 pm
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Figure 5- 11.Woodpile feature block size measurements. a-1, a-2, a-3: three separate measurements of Wp1 and Wha. b-

1, b-2 and b-3: three separate measurements of Wi. (Wh1and Who2: the width of the block; WL: Line width; Di: Infill

distance).
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Figure 5- 12. Schematic of block feature (Wb1 and Wh2 = the width of the block; WL - Line width; Di = Infill distance,

i.e. the travel distance between in-plane adjacent filaments).
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Table 5- 5. Block feature size measurements.
Feature block 1st 2nd 3rd Average
size Measurement Measurement Measurement (mm)
(mm) (mm) (mm)

D, 3.034 3.101 3.167 3.101+0.054
W, 1.926 1.988 1.968 1.961+0.026
W, 1.108 1.113 1.199 1.14+0.042
W, 1.082 1.035 1.142 1.086+0.044

Table 5- 6. The woodpile feature block calculated percentage deviation of the feature.

Feature block size 1st Measurement 2nd Measurement 3rd Measurement
D: Deviation 1.13% 3.37% 5.57%
W, Deviation'" -1.77% 1.39% 0.37%
W Deviation -2.81% -2.37% 5.18%
Wi, Deviation v -0.40% -4.73% 5.12%

i. D Deviation=100 X (Di-Di_set)/Di_set (Note: Dy_set =3 mm)
ii. W, Deviation=100 X (Wi~ W_average)/ WL average

iil. Wy Deviation=100 X (Wh1- Wh1_average)! Wh1_average

iv. Wy, Deviation=100 X (Wh2- Wh2_average)! Wh2_average

5.2 Discussion

The effect of the addition of FS on the rheology properties of the feeds was the delivery of a
change from Newtonian to Shear thinning behaviour. This was attributed to the formation of
an inter-particle percolation network by the FS particles within the polymer matrix 39118
which was created by interaction between the polar groups on the FS particle surface 2. This
conclusion was supported by the observation of an increase in viscosity of both NCO and OH
feeds when FS particles were incorporated, which would be expected if such a network was
formed. Furthermore, the fact that the feeds exhibited shear thinning behavior was proposed to
result from the disassociation of the percolated network when the applied shear forces was

increased, such as in an extrusion process. Consequently, feeds can be readily extruded onto
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the print bed through the nozzle, and quickly reform the viscoelasticity to retain its shape. Thus,
it is highly desirable to introduce FS as an formulation additive, as the resulting shear thinning
feeds allow for easy processing in material extrusion 3D printing without the need of excessive

force 1977,

The observed transition from viscous liquid to viscoelastic solid through the incorporation of
FS, was also attributed to the FS particles forming a network within in the polymer matrix.
When compared with neat polymer, the FS filled polymer matrix was then better able to store
and dissipate energy when stress is applied, resulting in higher dynamic modulus (G’ and G")
values. The substantial increase in yield stress in the case of 5% FS loading was considered to
be favourable for extrusion 3D printing, as it should result in the printed structure retaining its
fidelity when undergoing multi-layer stacking. Thus, it was proposed that the rheology
behaviour of feeds with high G’ and yield stress, could help printed structures to retain their

shape upon extrusion and support the subsequent layer built on top %4,

The key differences between the three mixing modes were demonstrated in Figure 5- 1, which
compares both the viscosity and elasticity ratios (G’ ratio) between the OH and NCO feeds for
the different mixing modes. Clear ascending trends were observed for both ratios when going
from MML1 to MM3. The elasticity ratio for MM3 (80.04) being four orders of magnitude
higher than that of MM1 (0.06), whilst the viscosity ratio increase was a single order of
magnitude by comparison. The greater the difference in the two parameters then the more likely
the system is to favour deformation of dispersed domains into smaller drops (Figure 5- 1a) *'.
This will result in a larger interfacial reaction zone between the two phases, hence beneficial
for mitigating the diffusion limitation incurred by the interface. In the mixing modes achieved

in this study, MM1 is believed to be hindered most by the diffusion limitation with the smallest
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interfacial reaction zone among the three MMs. This was attributed to the fact that the MM1
feeds presented the highest viscosity and elasticity values. It also had the lowest viscosity:
elasticity ratio (OH:NCO), both of which combine to produce the largest dispersed domains of
the three modes. Furthermore, in PU chemistry, given the fast reaction kinetics, viscosity
quickly builds up with the formation of oligomers, which hinder the reaction speed. The

reaction becomes diffusion limited once oligomers form [29-31].

Introducing FS to modify the rheological behaviour of the feeds was shown to be beneficial,
as it altered feed behaviour from the Newtonian to shear-thinning and highly viscoelastic feeds
with sufficient yield stress to minimise the shape distortion during the layer stacking. The feeds
in MM1 showed highest yield stress for the NCO feeds, which would normally be considered
as the more ideal situation for extrusion 3D printing process 2#?’. Nevertheless, the MM1
product material, even with highest level of total FS loading (10%), fell behind MM2 (7.5%)
and MM3 (6%) in terms of the printed PU thermos-mechanical properties. In contrast, MM3’s
NCO feed showed viscoelastic liquid behaviour (G’< G”’) with no apparent yield stress, but it
was still successfully printed on REX and lead to best product material properties from the
three MMs. Thus, the filler loading needs to be optimised to deliver a feed with adequate
rheological properties for extrusion printing. However, the feeds rheology must also minimise

any hindrance to achieving a high degree of cross-linking network.

The viscosity and elasticity ratios between OH and NCO feeds have also been shown to be of
significance for successful REX 3D printing. The results in this study demonstrated that a
disparity in rheological properties between two feeds, heavily impacts on the mixing regime
and so the reaction kinetics achieved in the static mixer. Thus MM3, with the greatest

differences in the rheological properties between the NCO and OH feed, resulted in printing /
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printed material performance that surpassed the other two MMs, with respect to thermal
decomposition temperature, glass transition temperature, reaction exotherm and mechanical

properties.

In this study, the thermal stability of PUs was shown to principally be associated with the
crosslinking density within the structure. This hypothesis has also reported in the literature,
where the mobility of soft segment was reduced due to chemical crosslink in the hard segment,
and, as a result, the thermal stability of the polymer was improved %8, . This dominance of the
crosslinking explains the ascending order of DTG (I)max from MM1 to MM3. As the level of
exotherm indicated that the highest level of cure / cross-linking was presented in MM3 samples.
This is in accordance to the fact, the MM3 was concluded to be the least affected by diffusion

limitations among the three MMs.

The Ty of the PU is predominantly affected by the mobility of the polymer chains. Higher Tq
will be shown when the polymer chain has more freedom to move. As more urethane bonds
were formed in the structure, the free rotation of the long chain polyol will be restricted. The
more cross-linked structures will therefore be linked with increasing T4 *°, which is in the case
of MM3 which has been proposed to contain the highest level of cross-linking. Thus again
suggesting that the fastest reaction kinetics in MM3 could be beneficial for REX printing, in
contrast to the other MMs, since higher level of crosslinking was achieved at a shorter time.
The stronger cross-linking network formed in MM3 was also to improve the structure integrity
whilst printing. The mechanical results from the DMA analysis are also in line with the fact
there are more agglomerated hydrogen bonded hard segments presented in MM3, leading to
stronger crosslinking network. This can reduce the free movement of polymers chains, with an

increasing Tq and deliver better mechanical properties.
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5.3 Conclusion
This study highlighted the significant impact from rheology properties of the dual feeds, on the
reaction kinetics, mixing efficiencies and printed PU properties, via printing three mixing

modes with distinct ink rheological properties.

MM3 with the greater differences in the viscosity ratio and elasticity ratio between the two
feeds, outperformed the MM1 and MM2: (1) It demonstrated faster reaction kinetics and
greater reaction exotherm; (2) It contained stronger crosslinking network (evidencing from
aggregated H-bonded hard segment in the PU structure, higher thermal decomposition

temperatures and Tg) and (3) improved mechanical properties (G’ =314.0 MPa for MM3) in
contrastto (G’ =266.8 MPa and 142 MPa for MM2 and MM1 respectively). The enhancement
in material properties is owing to the fact, MM3 is least affected by diffusion limitation.

To sum up, this chapter shows the REX printed materials properties can be tuned on-demand

by adjusting the ink rheology properties. Ink rheology shall be optimised to find the best

combination of MMs, with prominent printing performance.
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CHAPTER SIX

6 Investigation the Reinforcing Effect from Amine-based
Functional Silica Nanoparticles on the Printed Polyurethane

Crosslink Network

Following Chapter 5, the effect of dual feed rheology on the REX printing has been revealed.
To further explore the effect of filler on the REX process, reactive functional silica
nanoparticles (FSPs) were incorporated in reinforcing polyurethane system printed via REX.
Two types of amine based FSPs were synthesised to show their potential as reactive fillers
which could enhance polyurethane material properties through a hybrid reinforcing effect

combining both physical and covalent crosslink network.
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The different crosslinked network is illustrated in Figure 6- 1. Both the amine FSPs (SiO2-NH:
and SiO2-NH2/CH3) and the commercial fumed silica (SiO2-PDMS) parties were then
incorporated into 3D printing PU composites via REX. The effect of different functional groups
on the dispersion of particles in matrix, feed rheology properties and thermo-mechanical
properties of printed PU are described and the concept of utilising FSPs as reactive fillers to
strengthen AM nanocomposites was demonstrated.
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Figure 6- 1. Schematic diagram of how isocyanate and polyol were processed using REX 3D printing to form PU. The
chemical structure of isocyanates and polyol used in the study and general PU reaction scheme are presented. The

covalent bonding formed between the FSP and the PU network is illustrated.
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6.1 Results

Particle Functionalisation: All functionalized silica nanoparticles (FSP) used in this study
(except for the commercially available SiO.-PDMS) were synthesised using a method reported
by Stober et al. 1. Tetraethyl orthosilicate was used to produce the core particles and the
corresponding functional group containing orthosilicates were used as silane coupling agents
to form the FSPs. Two types of FSPs were synthesised including amine only FSP (SiO2-NHz)
and three FSP variants containing a mixture of amine and alkyl functional groups (SiO»-
NH2/CH3-01, 02 and 03). The three variants of amine/alkyl FSPs were produced by varying
the ratio between amino and propyl silane coupling agents during the coupling process, with
the aim to define how differences in amine functional group loadings on the particle surface
would impact the ink rheology properties. The molar ratio of amine to propyl silane coupling
agents used were 1:1, 2:1 and 1:2 for SiO2-NH2/CHs-01, SiO2-NH2/CH3-02 and SiO-
NH2/CH3-03, respectively.

The introduction of amine and alkyl groups onto the surface of bare silica nanoparticles was

confirmed by TGA (Figure 6- 2a), FT-IR (Figure 6- 2b) and further quantified by elemental

analysis.
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Figure 6- 2. Particle characterisations. a) TGA thermograms and b) FT-IR spectra of silica particles (SiO2, SiO2-NH2

and three variants of SiO2-NH2/CHj).
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TGA analysis showed that there were two decomposition stages exhibited. An initial weight
loss was observed in all particles below 200 °C, which was attributed to the release of surface
absorbed water and solvents 2>!%, The synthesised FSPs data contained higher weight loss at
this stage when compared to the commercial SiO>. Meanwhile, the weight loss at higher
temperature (>200 °C) was ascribed to the elimination of organo-functional groups bound onto
the surface 2°. The observation that the weight loss on the single functional group SiO2-NH;
was more well-defined was attributed to the fact that only one functional group was present.
On average the total weight loses (>200 °C) were 27.1 wt. % for SiO2-NH; and 15.34 wt. % for
SiO2-NH2/CH3z which compared to 8.18 wt. % for the commercial SiO; (Table 6- 1). These
differences indicate that the functional groups have been grafted successfully onto the surfaces

of the synthesised silica particle.

Table 6- 1. Weight loss data of SiOz, SiO2-NH2z and SiO2-NH2/CHs obtained from TGA.

Weight loss Weight loss Weight loss
(<200°C, wt. %) (200-400°C, wt. %)  (400-700°C, wt. %)
SiO» 5.00 3.25 4.93
SiO2-NH: 7.46 3.70 23.40
Si02-NH2/CH3-01 8.02 5.90 12.09
SiO2-NH2/CH3-02 8.34 4.12 9.25
SiO2-NH2/CH3-03 8.30 5.26 10.08
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The surface chemistry of silica particles was studied using FT-IR spectroscopy (Figure 6- 2b,
Figure 6- 3 and Figure 6- 4). The spectra thus obtained exhibited strong absorbance bands at
~1100 cm™*, which corresponds to the Si-O-Si stretching?®, demonstrating the formation of the

silica core. The absorption at 3400 cm™ was attributed to the surface located hydroxyl groups

(-OH).

Si-O

{ "
= . \7
s O

\ e
3 L
= 'y !
S A
= |\ S

' " N
5 C-H i 1V
C . ')
o | e SiO, \ep/
=

-

- Si0,-NH,/CH,-01 !
Si0,-NH,/CH,-02
Si0,-NH,/CH,-03

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

Figure 6- 3. Full FT-IR spectra of SiO2 and synthesised SiO2-NH2/CHzs (01, 02 and 03).
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Most notably, there were new vibration bands also evident in the spectra of the FSPs that were
not present in the spectra of the commercially sourced SiO,-PDMS sample (Figure 6- 4b and
Figure 6- 4d). A weak C-H stretching absorption at ~2970 cm™2>13% jn the spectra for all FSP
(Figure 6- 4a and Figure 6- 4c). Additionally, another weak absorption band at ~1600 cm™ was
associated with N-H bending were exhibited in the spectra of all the FSP. Thus, the presence

of these stretching bands (C-H and N-H) indicate that the amine and alkyl groups have been

grafted successfully onto the particle surface.
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Figure 6- 4. FT-IR spectra of particles (SiOz, SiO2-NHzand SiO2-NH2/CHzs). a) N-H and b) C-H region of SiOz vs SiOz-

NH2 vs SiO2-NH2/CHs. ¢) N-H and d) C-H region of SiO2 vs SiO2-NH2/CHz-01 vs SiO2-NH2/CH3-02 vs SiO2-NH2/CHs-
03.
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The chemical composition of functional groups on the SiO.-NH2/CHsz was quantitatively
investigated by elemental analysis and this data is summarised in Table 6- 2. Briefly, the weight
percent of carbon, hydrogen and nitrogen were determined experimentally for each sample.
These percentages were then attributed to mol% by stoichiometric calculation based on the
nitrogen content. Accordingly, the amine: propyl ratio was determined to be 1:1.19, 2.41:1 and
1:2.1 for SiO2-NH2/CHs-01, SiO2-NH2/CH3-02 and SiO2-NH2/CHs-03, respectively. Again,
the elemental analysis results provided further proof that the functional groups have been

grafted onto SiO; particles.

Table 6- 2. Summary of the results of the elementary analysis of SiO2-NH2/CHs particles.

SiO2-NH2/CH3-01 SiO2-NH2/CH3-02 SiO2-NH2/CH3-03

Amine (mmol.g?) 2.89 2.27 2.52
Propy!l (mmol.g?) 2.42 0.94 1.20
Amine:Propyl 1:1.19 2.41:1 1:2.1
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Particle and Particle-Filled Feed Composite Morphology: The effect of particle
surface functionality on the particle dispersion was investigated via both the TEM and optical
microscopy of the composite feeds, i.e., the isocyanates and diol reagents after inclusion of the
particles and high shear mixing. The TEM images (see Figure 6- 5) revealed strong
agglomeration for feeds containing the SiO>-NH: particles. This suggested that the SiO.-NH>
particles have higher tendency to aggregate and form clusters even in the absence of any

polymeric matrix.

% 200 dm

Figure 6- 5. TEM images of the different silica nanoparticles. a) SiO2-PDMS, b) SiO2-NHzand c¢) SiO2-NH2/CH3-03.
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The optical microscopy images (Figure 6- 6) confirmed that SiO2-NH2 exhibited poor
dispersion of particles, which resulted in a higher optical contrast between the polymer matrix

and the particles aggregates.

| 500 ym 500 pm 500 pm

Figure 6- 6. Optical Microscopy images of OH feeds with different silica nanoparticles. a) SiO2-PDMS, b) SiO2-NH2

and c) SiO2-NH2/CHs-03.

Meanwhile, the feeds containing particles with PDMS and mixed —NHz/alkyl functional groups
exhibited better dispersion in the OH matrix and so the individual particles were consequently

less distinguishable within the polymer network.
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Of the three variants of amine/alkyl FSPs, the SiO>-NH2/CH3-03 particles exhibited the least

aggregation and were well dispersed in the OH feeds (Figure 6- 7 and Figure 6- 8).
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Figure 6- 8. Microscopic images of OH inks using different amine/alkyl FSPs. a) SiO2-NH2/CHz-01. b) SiO2-NH2/CHs-

02. ¢) SiO2-NH2/CH3-03.

154



Investigation the Reinforcing Effect from Amine-based Functional Silica Nanoparticles on the Printed
Polyurethane Crosslink Network

Rheological Properties: The effect that adding both synthesised FSPs and commercial
silica particles had on the rheological properties of polyol feeds was also examined. The results
detailing the comparison of the changes in (a) viscosity as a function of shear rate and (b)
dynamic moduli as a function of frequency are shown in Figure 6- 9.

shear-thinning behaviour was observed for all ink mixtures containing the silica particles,
whilst the polyol sample without inclusion of silica nanoparticles exhibited an apparent
viscosity that was independent of shear rate. The OH ink with SiO,-PDMS exhibited the
highest viscosity, when compared to those with FSP incorporated. Furthermore, the -OH feeds
with alkyl groups FSP’s (SiO2-NH2/CH3-03) showed higher viscosity compared to feeds

containing FSP with only amine groups (SiO2-NH>) grafted onto the surface (Figure 6- 9a).
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Figure 6- 9. Rheological properties of the OH feeds with three different silica particles (SiO2-PDMS, SiO2-NH2 and
SiO2-NH2/CHs-03). a) Viscosity as a function of shear rate, b) Storage modulus and loss modulus as a function of

frequency

The viscoelastic profiles of feeds are shown in Figure 6- 9b. Both the polyol feeds without
particles and feeds containing SiO2-NH> displayed viscous liquid behaviour, with the
frequency-independent loss modulus (G’’) being observed to be larger than the storage
modulus (G’). When particles were added into the neat -OH feeds, both the G’ and G*’ of feeds
increased. Interestingly, -OH feeds with SiO2-NH2/CH3-03 exhibited higher G’ than G’ except

at the frequency over 7 Hz, where a crossover such that G’ became greater than G’ occurred.
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Thus, the OH feeds with SiO2-NH2/CHs-03 showed a more elastic behaviour than the feeds
with SiO2-NH>. When loaded with SiO»-PDMS, the G’ of the ink was noted to dominate over
G" throughout the full range of frequencies tested for OH feeds. These results indicate OH
feeds with SiO2-PDMS demonstrated a solid-like behaviour.

In Chapter 5, it was proposed that three different mixing modes (MM) of the feeds could be
achieved in the REX system, based on the relative ink rheological properties of both the NCO
and OH feeds. This report detailed that these different MM types were achieved by introducing
varying level of commercial PDMS functionalised silica particles into the -OH and -NCO feed
feeds, to control their relative viscosities. The final product properties delivered from the
materials produced from the REX system were shown to be highly dependent upon the specific
MM achieved within a specific formulation. Furthermore, the MM in which the viscosity of
the —OH ink was greater than that of the NCO feed was shown to lead to the best product

qualities.
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Thus, in this study it was fundamentally important to gauge any influence that the surface
functionality of the synthesized FSPs had upon the MMs achieved in the REX system. The data
in Figure 6- 10 and Table 6- 3 defined that both formulations containing FSPs (SiO2-NH. and
SiO2-NH2/CH3-03) exhibited MM2 profile, in contrast to the more favourable MM3 profile
afforded by the formulation with SiO2-PDMS. Of the FSP formulations, the SiO>-NH/CHz-03
presented higher viscosity and storage modulus ratio than formulation with SiO.-NHz, thus its

mixing mode was becoming more MM3 like.
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Figure 6- 10. Rheological comparisons between three investigated formulations in terms of mixing modes (MMs). a) A
plot of viscosity as a function of shear rate for all formulations. b) A plot of G’ as a function of frequency for all mixing

modes.

Table 6- 3. Viscosity ratio (OH: NCO) and storage modulus ratio (OH:NCO) comparison between the three investigated

formulations.

Formulations SiO,-PDMS SiO2-NH; SiO2-NH2/CHs-03
Viscosity ratio 9.86 0.46 0.82
Storage modulus Ratio 80.04 1.87 5.06
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Meanwhile, amongst the series of FSP with alkyl groups, the viscosity of OH feeds followed
the order: SiO2-NH2/CH3-02 < SiO2-NH2/CH3-01 < SiO2-NH2/CHs-03 (Figure 6- 11a),
defining that as the alkyl group content increased so the viscosity increased, which reflected

the great level of dispersion achieved as the —CHz content increases.
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Figure 6- 11. Rheological properties of the OH feeds with functional silica particles (three versions of SiO2-NH2/CHjs).

a) Viscosity as a function of shear rate. b) Storage modulus and loss modulus as a function of frequency.

Furthermore, within the FSP with alkyl groups, feeds with SiO2-NH2/CH3-03 demonstrated
more elastic gel-like behaviour when compared to feeds with SiO2-NH2/CH3-01 and SiO»-
NH2/CH3-02 (Figure 6- 11b), i.e. it is the FSP ink that is nearest that of MM3 mixing mode
behaviour. Hence, SiO2>-NH2/CHz3-03 was used in subsequent printing and comparison with

SiO2-NH2/CHs ink studies.
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The effect on the yield stress of incorporation of the silica particles into the feeds was

investigated and this data is shown in Figure 6- 12.
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Figure 6- 12. Oscillatory rheology data of -OH feeds. a) OH feeds with FSP (three version of SiO2-NH2/CHs), b) -OH
feeds with three different silica particles (SiO2-PDMS, SiO2-NHz and SiO2-NH2/CHzs-03).

The feeds without particles, 5% FSP (SiO2-NH2/CHs-01 and SiO2-NH2/CH3-02) loading
presented as viscous liquids, with higher G’ than G’, regardless of the shear stress applied.
Feeds with 5% FSP (SiO2-NH2/CHz3-03 and SiO>-NH) and 5% SiO,-PDMS incorporated,
exhibited elastic solid behaviour, when subjected to low shear stress. Additionally, the G’ and
G’’ data exhibited cross-over points as the stress increased. After this cross-over point, these
feeds, started to behave like a viscous liquid, i.e., higher G” than G'. Furthermore, it was
observed that yield stresses exhibited by the OH feeds with 5% SiO>-PDMS were over 100 and
600 times higher those with 5% SiO2-NHz and 5% SiO>-NH>/CH3-03, respectively (Table 6-
4).

Table 6- 4. Yield stress of the inks obtained from oscillatory rheology test.

Ink Yield Stress (Pa)
OH+5% SiO,-PDMS 81.37
OH+5% SiO2+NH; 0.74
OH+5% SiO+NH,/CH3-03 0.13
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Reaction Kinetics: The reaction kinetics of PU filaments printed using formulations with

different particles were monitored and compared via FTIR spectroscopic analysis and this data

is shown in Figure 6- 13.
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Figure 6- 13. FTIR spectra of PMDI Mn340, PU samples using three different silica particles (SiO2-PDMS, SiO2-NH2

and SiO2-NH2/CH3-03) after printing at 1 minute (dash line) and 10 minutes (solid line).

As the PU network formation progressed, a reduction of the peak at ~2250 cm™ was observed,
which was attributed to the isocyanate stretch (-NCO) (Figure 6- 13), it was evident in all PUs

printed using three different silica particles at the start of the reaction?”116:117,
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As the reaction progressed from 1 to 10 minutes, the intensity of -NCO absorbance band
reduced. The reaction kinetics for all formulations were shown to be similar (Table 6- 5), based

on the calculation described in Methodology using the data summarised in Table 6- 6.

Table 6- 5. Reaction conversion of PU samples using three different silica particles (SiO2-PDMS, SiO2-NH2 and SiO2-

NH2/CHs-03) at 1 minute and 10 minutes.

Time Reaction Conversion

(min) Si0,-PDMS SiO2-NH; Si02-NH,/CH3-03
1 85% 82% 83%
10 95% 85% 89%

Table 6- 6. Peak data obtained from Perkin Elmer Spectrum for isocyanate and reference peak at different reaction

times.
Time (min) Ancoc AcH(
PMDI Mn340 0 77.97 4.94
Si02-PDMS io ;12';3 ij?é
Si02-NH; io i?g 1821
Si02-NH2/CH3-03 io 1233 223

Other absorption bands were attributed in the following way; (a) ~3300 cm™ - stretching of a
hydrogen bonded N-H group, **17117 2865 - 2968 cm™ - symmetrical and non-symmetrical
stretching of C-H group 1711 which remained unaltered throughout the reaction, and (c) 1725

cm™ and 1701 cm™ — “free” and hydrogen bonded carbonyl peak, respectively (Figure 6- 14a)

117,131
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This latter region has been employed in the investigation of the structure property relationship
in synthetic PUs by revealing the degree of hydrogen bonding evident in the material 117137138,
More intense hydrogen bonded C=0 absorbances than “free” C=0O bands were displayed in all
samples printed from SiO.-PDMS (Figure 6- 14b), SiO2-NH: (Figure 6- 14c) and SiO»-
NH2/CH3-03 (Figure 6- 14d). This difference was more pronounced in samples printed from
SiO2-PDMS, in comparison with the samples printed using the other two FSPs where increased

hydrogen bonding was anticipated to improve the stiffness of the PU, as the result of

agglomeration of hard segments*®14,

Si0,-NH,/CH,-03

Transmittance (%)
Transmittance (%)

T ¥ T T T T 1
1 BIOO 1 7150 1 7I00 1 6150 1800 1775 1750 1725 1700 1675 1650
Wavelength (cm™) Wavelength (cm™)
C d
SI0,-NH, Si0,-NH,/CH,-03

S 93

8 3

= =

s S

k= €

@ [7)

< (=

2 g
k= -

T T T T T T 1 T T T
1800 1775 1750 1725 1700 1675 1650 18b0 17175 17l50 17]25 17l00 16175 16I50

Wavelength (cm™) Wavelenath (cm™)

Figure 6- 14. FT-IR spectrum of PMDI Mn340 and polyurethane samples printed from formulations with (SiO2-PDMS,
SiO2-NH2 and SiO2-NH2/CHs). a) C=0O carbonyl region. Amplified C=0 region for samples printed from b) SiO-

PDMS. ¢) SiO2-NHoa. d) SiO2-NH2/CHa.

162



Investigation the Reinforcing Effect from Amine-based Functional Silica Nanoparticles on the Printed
Polyurethane Crosslink Network

With the FSP containing materials, a more pronounced hydrogen bonded N-H stretching peak

was presented for the SiO2-NH2/CH3-03 formulation, when compared to the other two FSP

formulations (Figure 6- 15a). Additionally, an amide Ill band (C-N stretching and N-H

bending) was presented in all samples at 1223 cm™ (Figure 6- 15b) 2, indicating a N-H in the

hydrogen bonded state and formation of a urethane-urea network 138142,

a
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W

PMDI Mn340

Transmittance (%)

T T
3300 3200

Wavelength (cm™)

T
3500 3400

1
3100

b

Si0,-NH,/CH,-03

Si0,-NH,

Transmittance (%)

PMDI Mn340

T T 1
1225 1200 1175

Wavelength (cm™)

T T
1275 1250

Figure 6- 15. FT-IR spectrum of PMDI Mn340 and polyurethane samples printed from formulations with (SiO2-PDMS,

SiO2-NHz and SiO2-NH2/CHgs). a) H-bonded N-H stretching. b) Amide 111 peak (C-N stretching and N-H bending).
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Thermal Properties: The thermal properties of printed PUs were analysed and comparison

between the three formulations is presented in Figure 6- 16.

a ) ----Si02-PDMS b os- Si02-PDMS
=2z - = Si02-NH2 —— Si02-NH2
_ —— Si02-NH2-CH3-03 —— Si02-NH2/CH3-03
3 804 N 0.6 1
g 60+ 2 9
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g 404 E 0.2
I ©
204 = 0.0
T T T T T T T 1 -0,2 T T T T T 1
100 200 300 400 500 600 700 800 100 200 300 400 500 600
Temperature (°C) Temperature (°C)

Figure 6- 16. a) TGA curves and b) differential thermogravimetric (DTG) analysis curves of PU samples printed using

three different silica particles (SiO2-PDMS, SiO2-NH2 and SiO2-NH2/CH3-03).

Table 6- 7. DTG analysis curves of PU samples printed using three different silica particles (SiO2-PDMS, SiO2-NH:
and SiO2-NH2/CHs-03). Tsew: Temperature at 5% weight loss obtained from TGA graph. DTG (I)max and DTG

(Imax: lower and higher peak temperature in the DTG curve, respectively

Samples Ts (°C) DTG (I (°C) DTG (Il)max (°C)
SiO,-PDMS 302.2 3515 4425
SiO,-NH,/CH;-03 271.7 374.4 450.3
SiO,-NH, 148.5 340.8 430.2

The onset temperatures of thermal decomposition (Tse) for the samples followed the order
SiO2-NH; < SiO2-NH2/CH3-03 = SiO2-PDMS, with the latter two samples presented very
similar data. Substantial weight loss starting from 100 °C was observed in the SiO>-NH2sample
only, and was attributed to material associated via hydrogen bonding to the surface of silica
particles as a result of the high amine group density 132 All samples exhibited two
pronounced peaks (DTG (I)max and DTG (Il)max) (Figure 6- 16b), indicating microphase-
separation development in the case of all PU samples. DTG (I)max was at 340 - 375 °C and

DTG (I)max located within 430 - 450 °C. These peaks were corresponding to the decomposition
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of the urethane bond in the hard segment and ether bond in the soft segment respectively

58119133 Both DTG (I)max and DTG (I)max follows the same order from SiO2-NH; < SiO;-

PDMS = SiO2-NH,/CHz-03. Again, SiO.-PDMS and SiO2-NH>/CHz3-03 displayed very similar

profiles.

Meanwhile, comparison of glass transition temperatures for PU materials printed from three
formulations (Figure 6- 17) showed that higher glass transition temperatures (Tg) exhibited by

the samples printed from SiO>-PDMS (80.5 °C) and SiO2-NH2/CH3-03 (74.8 °C) when

compared to the samples with SiO2-NH; (53.7 °C).

——SIONH,
——Si0,-NH,/CH,-03
Si0,PDMS L

Endo up

50 25 0 25 50 75 100 125 150

Temperature (°C)

Figure 6- 17. DSC curves of PU samples printed using three different silica particles (SiO2-PDMS, SiO2-NH2 and SiO»-

NH2/CHz-03).
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Mechanical Properties: The mechanical properties of three formulations were analysed,

and the observed variation of the storage modulus is presented in Figure 6- 18.
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Figure 6- 18. DMA temperature scan of PU samples using three different silica particles (SiO2-PDMS, SiO2-NH: and

SiO2-NH2/CH3-03).

The storage modulus of PU from SiO2-PDMS (314.0 MPa) was again higher but very similar
to than that of samples with SiO2-NH2/CH3-03 (258.0 MPa) and both were significantly higher
than that of the SiO2-NH (7.6 MPa) included PU’s at 25 °C. This suggested that the stiffest
PU’s were obtained using SiO2-PDMS and SiO2-NH2/CH3s-03. This substantial difference in

storage modulus was also noted to persist when samples were heated from 25 °C to 150 °C.
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Single filament printing profile:

The single filament printing profile characterised data collected via optical microscopy,
showed that the width of the printing single filament for formulations with SiO2-NH2 was 97%
and 25% larger than the width of filament from formation with SiO.-PDMS and SiO»-

NH2/CHz-03, respectively (Figure 6- 19).

Length=1575.98 um

R=125

Figure 6- 19. Single filament profile under microscope. a) SiO2-PDMS, b) SiO2-NH2 and c) SiO2-NH2/CH3s-03.
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6.2 Discussion

Effects of functional groups on dispersion and ink rheology: The agglomeration of
the 100% SiO2-NH> was ascribed to the bridging between the amino-functionalising agents
(APTES) on adjacent silica nanoparticles 4. There were several reactions that were proposed
to occur when APTES was added into the bare silica particles during particle functionalisation.
This commences with hydrolysis, which is followed by a competition between grafting onto
the particle surface and homo-condensation 44, Thus, as APTES contains three ethoxy groups,
when the ratio between APTES/bare silica particles exceeds a limit, it is highly likely that some
of the APTES will form an organic network via homo-condensation. Once this network
structure becomes significant it can connect the silica particles via “bridging” the void between
them so resulting in aggregation. Furthermore, owing to the SiO2-NH> networks hydrophilic
nature (-NHz2 and —OH on the particle surface), it will be inherently more susceptible to bridging
aggregation when mixing with non-polar polyol matrix, when compared with the alkyl

containing silica nanoparticles which are more hydrophobic in nature ¢

The variations in the nanoparticle/matrix interaction resulted in the rheological property
differences in the mixed polyol inks. The highest level of viscosity, dynamic moduli and yield
stress was exhibited in polyol inks containing the SiO,-PDMS particles and was attributed to
good dispersion, wetting of the particles in the matrix resulting in minimum agglomeration
resulting in MM3 mixing being achieved. Meanwhile, the rheology properties of the inks with
Si02-NH2/CHs-03 were more akin to that of the SiO2-PDMS when compared to inks with SiO--
NH2/CH3-01 and SiO2-NH2/CH3-02, whilst having exhibited MM2 type behaviour. This
ranking was ascribed to the increasing hydrophobic nature of the particles as greater alkyl
groups contents were applied ¥’. It was also proposed that the alkyl groups from the silane agent

(PTES) also served as a spacer between silica particles, i.e., imparting some steric stabilisation,

168



Investigation the Reinforcing Effect from Amine-based Functional Silica Nanoparticles on the Printed
Polyurethane Crosslink Network

to mitigate the interaction between nanoparticles and hence the agglomeration during
preparation. Overall, this data demonstrated that achieving the correct level of dispersion and
particle; matrix interaction could deliver the materials properties from an MM2 system that

matched those exhibited by materials from the optimum MM3 type mixing.
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Effects of reactive fillers on the printing performances: The introduction of three
types of silica nanoparticles into the ink, successfully tuned the ink rheology to deliver the
shear-thinning, gel-like properties, which are critical for material extrusion process. From the
rheological characterisation, inks with SiO>-PDMS were found to exhibit superior viscoelastic
properties and yield stress than the inks with SiO2-NH2 and SiO2-NH2/CH3-03, thus were less
susceptible to distortion during extrusion printing process. Hence, the printed filament would

be more likely to sustain its shape upon deposition onto the substrate.

Thus, the initial hypothesis was that the introduction of amine groups onto the surface of the
particles would enhance the PU material properties through the urea bonding. However, the
formulations with the SiO2-NH2 particles significantly under-performed relative to those
containing commercial (SiO2-PDMS) particles, both in terms of reaction kinetics and thermo-
mechanical properties. This was attributed to the agglomeration of SiO2-NH; particles, i.e.
when the agglomeration hindered the reaction between matrix reagents and particle functional
groups by blocking the reaction path between the isocyanate and amine groups. As a result,
formulations with SiO2-NH> subsequently contained a weaker cross-linking network in the
final structure. Hence, PU printed articles using SiO2-NHa, exhibited lower thermal stability,

glass transition temperature and storage modulus.

Meanwhile FSP’s containing a mix of surface amine and alkyl groups (SiO2-NH2/CH3-03),
were shown to improve the dispersion of the particles within the matrix because the inclusion
of alkyl groups significantly reduced the particle agglomeration. However, the inks with SiO»-
NH2/CHz3-03 were found to exhibit lower viscosity, storage modulus, yield stress and poorer
particle dispersion when compared to inks featuring SiO2-PDMS. This observation was linked

to the observation that the formulations with SiO>-NH2/CH3-03 adopted the less favourable
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MM2 profile, in comparison with the MM3 profile exhibited in formulation with SiO2-PDMS.
The latter has been shown in prior studies to be the mixing mode that resulted in the best
materials properties from the extrudate. Thus, it was concluded that the presence of functional
groups did have an influence of the REX processing because of the presence of inter-particle
interactions within the feeds. Consequently, it was predicted that the samples printed using

Si02-NH2/CH3-03 would present inferior material properties to the samples using SiO.-PDMS.

However, comparable material properties (i.e., thermal stability, mechanical properties) were
demonstrated by the samples produced using both SiO2-NH2/CHz-03 and SiO2-PDMS.
Furthermore, samples using SiO>-NH2/CHs-03 exhibited additional cross-linking between the
hard segments. This observation suggested a stronger/more dense cross-linking network had
been formed due to the self-assembly of the hard segments via the presence of both covalent
urea bonding and hydrogen bonding. Thus together, the inclusion of both alkyl and amine
groups onto the particles resulted in both improved particle dispersion (diluting amine number
and including steric stabilisation), and a considerable improvement in material properties for a
FSP composite material (stemming from covalent particles-matrix bonding being established).
This marked property enhancement was attributed to the hybrid-reinforcing effect of using FSP
as reactive filler providing a stronger intramolecular network. The use of a reactive filler was
found to overcome issues related to the type of mixing mode that was achieved. Thus, it was
demonstrated that a dual network offered by alkyl/amine FSP, successfully improved the
crosslinking network in the polyurethane composite structure, consequently leading to property

reinforcement when produced by additive manufacturing techniques.
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6.3 Conclusion

In this chapter, amine functionalised FSPs have been successfully used to serve as reactive
fillers to reinforce PU nanocomposite printed via REX. Furthermore, it has been shown that
optimising the functionality on the particles can have significant beneficial influence upon the
feed ink processability and final composite material properties. To achieve this, amine, and
mixed amine / alkyl FSPs (SiO2-NHzand SiO.-NH2/CHs 01 to 03 respectively) were
synthesised and the resultant processability and final composite material properties obtain from
REX processing compared to the results from non-reactive (i.e., “inert”) commercial silica
particle (SiO2-PDMS). The inclusion of alkyl groups on the particle surface at a specific ratio,
i.e., sample SiO2-NH2/CHjs -03 with an amine: alkyl ratio of 1:2, was demonstrated to produce
a reinforced PU composite which significantly outperformed the amine only (i.e., SiO2-NH>)
composites. It exhibited (1) faster reaction kinetics due to a good dispersion of particles within
the ink, (2) more covalent and H-bonded hard segments and as a result (3) higher thermal
stability and mechanical properties (e.g., a 34-fold increase in G’ at 25 °C). Furthermore, the
PU composite with SiO2-NH2/CH3 -03 presented comparable printing performance to the
completely “inert” SiO2-PDMS reinforced samples. These results demonstrated that both the
mixing mode achieved during processing and the degree of covalent matrix: particle bonding
can beneficially influent the final device properties. Additionally, these results demonstrated
that good particle/matrix interactions can overcome composite performance issues related to
mixing mode issues related to the ink viscosities. Thus, this study has shown that the concept
of introducing dual-network particle reinforcing filler to strengthen the matrix materials, opens

a new route for developing advanced nanoparticle reinforcement composite systems.
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CHAPTER SEVEN

7 Conclusion and Future Work

7.1 Conclusion

This work presents a systematic study of processing of polyurethane (PU) via the reactive
extrusion 3D printing process (REX). It filled the knowledge gap on how we assess the
feasibility of processing fast curing PU formulations via REX. It started by establishing a
standard workflow for printability screening for different PU formulations. With the workflow,
PMDI Mn340 was selected among the other PU formulations, due to the faster reaction
kinetics. It is the second group of “ideal REX formulations™ capitalising the faster reaction
kinetics, instead of the superior rheological properties and remains the focus for this study. It
expands the processing window (i.e., lowering the rheology property requirements for feed
materials) for material extrusion processes, which opens opportunities to explore other

formulations.

In this workflow, transitional ink rheology was demonstrated as the key characterisation for
printability screening, to identify the speed of the cross-linking network development. The
proposed workflow for process optimisation demonstrated the capability of printing PU
structures with good fidelity and dimensional accuracy, despite the porous micro-voids in the

cross-section caused by the fast exothermic PU reaction.

To pursue a deeper insight into the effect of feed rheology on the printed PU functionalities,
the focus was placed in understanding the effect of non-reactive rheology filler in the system
(specifically on mixing, reaction, and printed product qualities). It uncovered the crucial but
unknown relationship between the rheology, mixing and reaction in the REX system. Three

mixing modes were designed and printed in such a way, with same dual feed materials but
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distinctive rheological properties. The mixing mode (MM3) with the most distinctive
rheological differences (i.e., viscosity ratio and elasticity ratio) between the two feeds, showed
the faster reaction Kkinetics, stronger cross-linking network, superior mechanical properties in
contrast to the other two mixing modes. Thus, future study when exploring other formulations
(besides PU) need to tune the feed rheology, to afford the desirable mixing modes between

dual feeds, and consequently achieved the tuned on-demand printed material functionalities.

A further exploration of the filler types used in PU processing via REX continued and use
amine based functional filler as reinforcing agent sparked a great interest. To our knowledge,
this is the first study to introduce the FSPs as a reactive filler into PU system using an AM
processing methodology to reinforce the PU nanocomposite material properties. Through
careful design of both functional groups loadings and surface functional group type/density,
the resultant novel FSP reinforced PU system showed comparable printing performance to a
system using commercial silica particles. Furthermore, the resultant PU polymer was shown to
have clear influence on the material property exhibited by the final printed material. The
interaction between the filler and matrix resulting in improvements from using the reactive
filler, as it was shown to overcome issues related to the mixing mode behaviour exhibited by

the specific combination of inks used.
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7.2 Future Work

This study has established a framework can be applied for the future studies on REX, especially
for fast-curing PU formulations and prepared a baseline on achieving the tunable PU printing
qualities through tailoring the feed filler types (both non-reactive/reactive filler). However,

there are still other area can be explored:

7.2.1 Functional Parts with Fully Dense Structure

Porous structure could be beneficial as elastomeric foaming applications. However, due to the
fast reaction kinetics and rapid exothermic reaction, full dense cross-section of the printed PU
was challenging to achieve in the current REX set-up, as outlined in Chapter 4. There are three
ways to approach this in the future. One could be incorporating moisture scavenger in the
formulation, to reduce the side reaction between water and isocyanate. The other approach
could be designing an inert gas shielding around the REX dosing unit, to mitigate the side
reaction between isocyanate and the environmental moisture. Lastly, the PU formulations could
be tailored further to afford a much faster and favourable reaction between the isocyanate and

polyol than the side reaction between isocyanate and water.

7.2.2 Expanded Feed Processing Windows for Material Extrusion (Lower
Rheology Feed Formulations)
This fundamental study of feed rheology is crucial if more sophisticated designs are printed via
REX in the future. Free-form structure without the need of support can be produced via REX
using feeds with low filler contents (feed yield stress lower than 100 Pa), which expands the
feed processing windows previously reported where good printing results can be attained with
feed yield stress values over 300 Pa 2’. The unparalleled feature of the REX enables the
exploration of more feed formulations previously unattainable from other material extrusion

AM processes.
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In additional, thermoset polyurethane and polyurethane-urea formulations were explored in
this study. Due to the versatility of PU applications, other functional PU products (e.g.,
thermoplastic PU elastomer) remained to be explored via REX system. Also, silica particles
with higher reactive functional group loadings or different morphology could also be

incorporated to the matrix, and enable better functionality produced via REX system.

7.2.3 Parts with Functional Gradient Properties

Parts with functional gradient properties have gained huge interest as it opens a new era to
fabricate a structure with different functionality (e.g., rigid on one end and soft on another end).
It is envisioned that following the guidance on the ink rheology properties, a much wider range
of chemistries can be printed using REX to produce functional gradient materials (FGMs) by
selectively tuning the mixing ratio between the feeds, in replicating the heterogeneous
functionalities and anisotropic properties exhibited in the biological materials®. For REX
system, the unique mixing capabilities enables more explorations can be done in this regard.
Non-reactive feed materials with different properties (e.g., rheology) can be mixed at different

ratio during the printing process to create the functional gradient products.

7.2.4 Scale-Up REX Printer

REX essentially offers the new route in synthesising reactive formulations with tunable
material properties distributed spatially and potentially in scale. Based on this study of the fast-
curing PU formulation, it can be envisioned there could be opportunity in scaling up the REX
process for the manufacturing industry, where PU foams were widely used as insulation panel
in the building. REX process can be quickly adapted to the on-going development of 3D
printing house, selectively printing the insulation on-demand. This could further add-on the
benefits such as the short development time and lower material/labour cost compared to
conventional housing manufacturing. To achieve this, the mixing apparatus between the dual

feed could be envisioned to adapted onto an industry robot arm and moving gantry.
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7.2.5 Expanding the Applications of FSPs to Other AM Processes

Thus, future investigation of the application of functional nanoparticle as reinforcement filler
in AM will need to investigate the balance and level of functional groups loading for specific
composites, to ensure the system exhibits maximum processability and materials properties via
the particle-matrix interactions. Additionally, the optimum balance between mixing mode and
crosslink density will need to be identified to obtain the best reinforcing performance. This,
because the final materials properties are a synergistic effect between the additional bonding
offered by the functional groups and the particle dispersion defined by the feed rheology and
so mixing mode that the systems adopt. To maximise the benefit of the FSP concept, the
inclusion of other surface groups, both functional and “inert” (i.e., not reactive) to both improve
the FSP dispersion and establish covalent links with other matrix chemistries merit further
study. Finally, there is potential for the application of FSPs beyond the REX system and to
transfer their use into other 3D printing technologies to improve the properties of AM polymer

composites devices.
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