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Abstract

High internalphase emulsions (HIPEs) show promise as vat photopolymerization additive
manufacturing (AM) resins for creating innovative lightweight porous materials. Despite their
potential, HIPEs often scatter light during the AM process, resulting in poorly defiddédws
resolution structures. However, the incorporation of light absorbers can significantly enhance
printing resolution. This studpvestigatedhe irclusionof light absorbers into thdlPE-based

resin and assessthe compatibility of these resins Wi commercial vat photopolymerization
additive manufacturing setufa.waterin-oil emulsion, stabilized by the surfactant (hypermer)
and formulated with 2thylhexylacrylate and isobormdcrylatevas used in this study. Light
absorbers, including hydrophobic betarotene and hydrophilic tartrazine molecules
dissolving in the organic and aqueous phases respectively, were incorporated. The use of beta
carotene and tartrazine together was foundcéffe in achieving the best 3D printing
resolution. Moreoer, the emulsion remained stabieoughout the printing process, resulting

in a porous polWIPE structure with open surface porosity.

Expanding the application of 3printed polyHIPE structures, their utility as templates for
electroless nickel plating to create highly porous metallic lattice structures with consistent wall
thicknessvas examinedThe electroless nickel plating process on polyHIREs optimized

and the effects of different atmospheres during the heating process to remove the polyHIPE
template from metallized 3Pprinted polyHIPE lattice structuresere explored Distinct
compounds were formed in various atmospheres, with fully oxidized rodeted polyHIPEs

in an air atmosphere and the formation of nickel phade (N&P) structures in argon and
reducing atmospheres alongside Ni metaltably, the porous structure of the polyHIREzs

retained in argon and reducing atmospheres, where the internal structure undergoes complete
carbonization. This studdemonstratedhe versatility of intricate polyHIPE structures as

templates for creating ultfporous metabased lattices.

Furthering the exploration, inherently porous polyHIPE lattices with three distinct porosities
(80%, 85%, and 87.5%) at various temperatures (500°C, 600°C, 700°C, and ®668C)
pyrolyzedto fabricate porous carbon structurése successful carbonization was confirmed
through Raman spectra and XRD analysis. Mechanical testing results indicated a higher



Young's modulus in carboHIPEs compared to polyHIPEs, with carboHIPE lattices
demonstrating a lower Young's modulus compared to monolithic carboHIPE Titgss.
comprehensive exploration contribdtealuable insights into the design and performance of

hierarchically porous carbon materials fabricated usingp8bted polyHIPE lattices.

In conclusion, this study establighthe potential of HIPEs as printing resins for creating
inherently porous intricate structures and utilizing them as templates for producing highly

porous complex metddased and carbon structures.
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CHAPTER 1

Introduction

1.1. Additive Manufacturing

Objects are fabricated utilizing diverse techniques and matetggending orthe intended
application. Traditional manufacturing processes, like casting or injection molding, result in
objects taking their ultimate form, whereas subtractive manufacturing approaches, including
milling and lathing, shape objects by eliminating miatierAn alternative manufacturing
technology to these wedstablished methods is additive manufactu idlyl), which was
initially introduced by Hideo Kodama in 1980, [2], [3].
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Figure 1. 1. Schematidiagramso f K o dtlarea &ypes ostereolithography apparatuses.
Photopatterning is controlled Ipg) a mask with light projected from the tdB) a mask with
light projected from the bottom, ¢€) a scanning fiber transmitter mounted on an XY plotter.
(j UV light,k mask,| solidified polymerlayersn liquid photoresinn build plate,o vat,

p shutterg optical fiber,r XY plotter,s optical len$ Adaptedwith permissiorfrom [4]
Copyright 1981 American Institute of Physics



Following this, in 1984, Charles Hull secured a patent for the pioneering 3D printing
technology, known as stereolithography (SI[2j) Additionally, despite the fact that Kodama's

patent application was unsuccessful, he is widely acknowledged as the inventor of additive
manufacturing. The stéaeemali thodr apddya neapdpsa r a
stereolithography patent are illustrated in Figurkeahd Figurel .2, respectively.

In brief, additive manufacturing, a layby-layer fabrication method, allows for the production

of threedimensional objects using computded design (CAD).
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Figure 1. 2. Schematidiagramso f Hul | 6 s 1984 s tPaotopatidrningih o gr ap
controlled by(A) a raster scanned spot sourcgB®y a masked collimated light sourd@l,

resin container; 22, WMurable liquid resin; 23, surface of the liquid resin; 26, programmable

source of UV light; 27, spot source of UV light; 29, elevator platform;@ihted three
dimensional object composed of layers such as 30a/b/c; 36, mask for collimated UV source

Adapted from referendé].

From these initial developments the field of additive manufacturing emerged, for example in
1988 fused filamerfabrication was developed by Scott Cruf6j and selecte laser sintering

was developed by Deckard and Beaman in the 89&l Nowadays, additive manufacturing
technologies are primarily categorized into seven groups according to ISO/ASTM 52900:2015

- Additive ManufacturingGeneral Principle§erminology. These categories, which include



sheet lamination (SHL), directed energy deposition (DED), binder jetting (BJT), material
jetting (MJT), powder bed fusion (PBF), material extrusion (MEX), and vat
photopolymerization (VPP), are illustrated in Talilé. Each submethod differs from the

others in terms of curing, the types of materials used in production, and the manufacturing
procesd2], [7].

All the methods mentioned in Tablel are described briefly, while vat photopolymerization

is explained in more detail since the scope of this thesis focuses on vat photopolymerization

additive manufacturing of inherently porous polymers.

Table 1.1. Additive manufacturing categories.

—  Sheet lamination

Directed energy
deposition

—  Binder jetting
Material jetting

— Powder bed fusion

Additive Manufacturing
Technologies
|
|

— Material extrusion

| | Vat
photopolymerization

1.11. Sheet Lamination

Sheet lamination additive manufacturing technique primarily utilizes paper material sheets to
create threelimensional object8], [9]. The sheet lamination method can be divided into two

subcategories: laminated object manufacturing and ultrasonic consolifition
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In this method, prenanufactured material sheets, cut using a laser cutter, are used to produce
the final par{8], [9]. Each material sheet forms one layer of the final part, making this process

faster than other additive manufacturing technid8gg9].

1.1.2. Directed Energy Deposition

Directed energy deposition enables the fabrication ehape items from wires or powders
layer by layefFigurel.3A) [10], [11]. Although directed energy deposition shares similarities
with powder bed fusion (PBF), it differs from PBF in terms of the process principle. In this
technique, the feeding material (wires or powder) and energy source are applied
simultaneously, whereas powder bed fusion, the order is powder followed by the energy
source[11], [12].

1.1.3. Binder Jetting

Binder jetting is used to create thrdenensional objects by consolidating powdé@fggure

1.3B) [13]. In this method, powder is initially spread across the building platform using aroller,
and then a binder liquid is deposited onto the powder particles via a print head as the second
step[13], [14]. After each layer is thermally cured with a heater, these steps are repeated until

the final product, specified before the fabrication process begins, is achiE¥gd14].

Finally, unbound powders are removed, and the resulting product is sintered in a furnace to
achieve the desired strength and dendi8}, [14]. However, it's worth noting that this pest
processing step may take longer than the actual production, potentially leading to a significant

increase in costd 4].

1.1.4. Material Jetting

Material jetting is also known as inkjet 3D printing, and it involves the deposition of liquid
photopolymers onto a base platform layer by layer using printh@adare 1.3B) [15].
Furthermore, UV light is employed to solidify these photopolymers, which means that curing
is achieved through UV light in this meth{ib].



Generally, while material jetting is commonly used for fabricating prototypes, it is also well
suited for manufacturing lightweight honeycomb structures, scaffolds, and lifestyle wearable
productg16], [17], [18].

1.15. Powder Bed Fusion

Powder bed fusion is one of the additive manufacturing technigues that employs a heat source
to consolidate metal or polymer powder, thereby creating {tlireensional objects (Figure
1.3C)[19], [20]. The heat source can be either a laser or an electron[Béhrdepending on

the heat source, powder bed fusion is referred to as laser powder bed fusiebB)P&F
electron beam powder bed fusion (RBB) [21], [22], [23].

This threedimensional fabrication method allows for the production of complex and uniquely
shaped components with superior mechanical propefii@s [20]. Consequently, it is

preferred over traditional manufacturing meth@b8], [20], [21].
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1.1.6. Material Extrusion

Material extrusion, also known as fused filament fabrication (FFF) or fused deposition
modeling (FDM), is anoftenusedadditive manufacturing techniques for thermoplastic
polymer object$26], [27]. Essentially, a fused deposition modeling printer includes either a
singlenozzle head or a mulextruder nozzle head which is computer numerically controlled
(CNC) [27]. If it contains multiple nozzles, one is used for the main material, while the others

can be used for additional modeling materials and/or supfits

In FDM technique (Figurd..3D), the production principle involves melting thermoplastic
polymer filaments and extruding them onto a base plate from heated n@a&il&he nozzle

head moves upward, or the base plate moves downward automatically to create the next layer
after each layer is formed. If the shear thinning inks are used rather than thermoplastics, the
method is called direct ink writing (DIW) (Figude3E). Furthermore, when the shear thinning

inks are biocompatible hydrogels, with inclusion of living cells, this technique is called

bioprinting.

1.1.7. Vat Photopolymerisation

Vat photopolymerization is another additive manufacturing technology that relies on the curing
of photosensitive resin using a laser or ultraviolet I[jght29], [30] (Figurel.3F). Essentially,

the lightsensitive liquid resin is cured in a vat until it completely solidifies.

It would be beneficial to review the 3D printing process and the photopolymerization principle
separately to gain adetailed understanding of the working principle of vat

photopolymerization.

The 3D printing process involves three main steps to fabricate tlmeensional objects: pre
processing, processing, and ppsbcessing2], [30]. The first step begins with the design of

a 3D model using computaided design softwaf@]. Once the design is completed, the 3D
model is converted into the standard triangulation language (STL) f¢2mdn the second

step, the STL modelis sliced, and if necessary, a base and/or supports are added using software
compatible with the 3D printer. The sliced model is then transferred to the 3D f2in{a0].

Before printing the object, printing parameters are set and optimized; afterward, the object is

created?2]. Finally, postprocessing involves removing the cured objects from the 3D printer



and washing them to clean off any residual ré&j30]. Additionally, if needed, posturing
may be applied30].

The photopolymerization process requires photopolymers that can be cured using ultraviolet
light and sometimes visible ligf], [29]. A light-sensitive photopolymer is placed in a vat,

and the polymerization reaction is initiated while the curing light is apdkéd After
completing the crosslinking of the photopolymer, a solidified object with the same shape and
dimensions as the 3D model previously transferred from the computer in STL format is
obtained?2], [31], [32].
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Figure 1. 4. Liquid photopolymer to polymerizatiomall circles, purple circles, and stars
symbolize monomers, oligomers, and photoinitiators, respectivetigpted from [2]
Copyright 2021.

Figurel.4 presents the photopolymerization process schematiBalbgoinitiators enable the
formation of chains between monomers and oligomers by releasing free radicals and reagents
when ultraviolet lightis applied to the liquid photosensitive ré&jn[32]. Therefore, objects

can be produced by repeating this reaction for each layer.

Vat photopolymerization can be categorized into three-catbgories based on curing
technologies: stereolithography (SLA), digital light processing (DLP), and continuous digital
light processing/continuous liquidterface productiofCDLP/CLIP)[2], [33].

In stereolithography, a laser is used to cure a {ggntsitive polymer that is placed in a
transparent tank2], [34]. The curing process is the typical photopolymerization process
explained above. On the 3D printer side, the build platform moves either down or up, depending
on whether the 3D printer is working in a tdpwn or bottoraup manner, respective|g4].

This process continues until the designed object is obtained.



Digital light processing differs from stereolithography only in terms of the curing technique.
While stereolithography uses a mirror to reflect the laser, digital light processing utilizes a
digital light projectof35]. In this technique a 2D binary image is projected, notably speeding
up the production process compared to stereolithography, which builds up the image pixel by
pixel.In 2019, computed axial lithography was reported and allowed for a single 3D object to
be rapidly produced in a rotating bath of resin via exposure to a dynamically changing light
field [36].

Continuous digital light processing/continuous liquid light processing method employs an
oxygenpermeable window and digital projection with LEDs for the curing prof&gs An

area is created by the oxygparmeable window, allowing the flow of photocurable polymer
between the window and the printed object. Consequently, this leads to an increase in the
resolution of the final object and a reduction in the rate of printaiigres. The CLIP
technology was recently improved by introducangyringe pump to inject the resin (iCLIP)

[38].

Materials for vat photopolymerization mustinclude a lightable, reactive, and creiakable
monomer or a blend of monomers and an initiator to initiate the photopolymerization reaction
[33]. There are various commercial resiypes available as starting materials for vat
photopolymerization, categorized as standard resin, structural resin, tough and durable resin,
elastic and flexible resin, ceramic and castable wax resin, and biocompatible resin, which can
be selected based on thpecific applicatiorf2]. Furthermore, photocurable resins can be
prepared by mixing monomers, a crosslinker, and a photoinitiator. The most commonly used
monomers for preparing starting materials for vat photopolymerization are acrylates and

methacrylate$33].

In this thesis,waterin-oil high internal phase emulsions were used as resin for vat
photopolymerization additive manufacturing. These emulsions are created by mixing
monomers, a crosslinker, a photoinitiator, and water through the emulsion templating
technique. Sectiod.3 provides detailed information about the formation mechanisms and

fundamentals of high internal phase emulsions.
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1.2. Polymer Additive Manufacturing

Vat photopolymerization

Photosensitive resins

Polymers

for AM

uoIsny paq 1Apmog

Material jetting
saapamod opsejdouraay

Viscous polymer inks

Thermoplastic filaments

Material extrusion

Figure 1.5. Polymer materials, used foypical polymer AM techniques

Various forms of polymers are employed in the AM methods described above, including PBF,
MJT, MEX, and VPP. Feeding materials can be in the form of thermoplastic powders,

thermoplastic filaments, viscous inks, and photosensitive resins (Figyre

Thermoplasticpossess the distinctive ability to soften or melt under elevated temperatures and
solidify when cooled, granting them the flexibility to undergo reshaping and recycling
procedureqd39]. This class of materials is classified into two categories: amorphous and
semicrystalline, each defined by specific molecular arrangements. In the case of amorphous
thermoplastics, exemplified by polystyrene and polycarbonate, their molstletures lack

order and confer flexibility, transiting to a glassy state beyond the glass transition temperature
(Tg) [40]. In contrast, semicrystallirtermoplastics such as polyamides exhibit distinct T

and Ty points that correspond respectively to their crystalline and amorphous dgdHins
Notably, the viscosity of semicrystalline thermoplastics redutes heated past theipTas

they shift from solid to a more fluitike state[42]. The processing of powdered forms of
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thermoplastics and their composites can be achieved through the Powder Bed Fusion (PBF)
technique, encompassing methods like Selective Laser Sintering (SLS) andl@dtision

(MJF), which share similarities in their sintering mechanisms and materralqoisiteqd39].

Thermoplastic filaments and their composite variants are suitable for fabrication using the
Fused Deposition Modeling (FDM) technig8®]. In the standard FDM process, a filamentis
initially unwound through a feed pinch roller and directed into a heated liquefier. This heated
segment causes the lower part of the filament to soften or melt, and it is subsequently pushed
through the nozzleybthe intact, solid upper portion of the filament, which is simultaneously
introduced into the heated liquefier. The result of this process is the deposition of the liquefied

filament, referred to as the "printed road," which then cools and solidifiéedmutld platform.

Viscous polymer inks that are suitable candidates for the Direct Ink Writing (DIW) process
encompass two primary categories: reactive resins, including photocurable and thermally
curable resins, and polymer soluti¢88]. Particularly prominent within this realm are highly
viscous photocurable resins, extensively employed in DIW applicdd8hg44]. These resins
necessitate the integration of an external source of ultraviolet (UV) light within DIW systems
to facilitate their photacuring upon deposition, often termed as-&86isted DIW. Noteworthy
among the photocurable options are hydrogels sugelasin methacrylate (GelMA), capable

of undergoing chemical gelation when exposed to UV radiation. Beyond photosensitive
alternatives, thermally curable resins, exemplified by epoxy resin, which solidify through heat
induced processes, have been effatyiharnessef45]. Polymer solution inks, formed by
dissolving polymers in suitable solvents, present a versatile avenue for DIW, with their
viscosity amenable to adjustment by manipulating factors like polymer molecular weight and

volume/mass fractions.

Photosensitive resins, commonly used irP#d MJ techniques, react to radiation, forming
interconnected networks and solidifying permanentB®]. These resins consist of
photoinitiators, monomers, oligomers, and additives, each playing a crucial role. Monomers,
characterized by their small sizes and variable functional groups (e.g.;,nlentri-, tetra

functional), significantly influence cumg, crosdinking, and final propertieg36], [46].

The addition of additives improves resin performance. Inhibitors or retarders are used to
regulate factors like penetration depth and gelation, counteracting reflected light effects.
Common inhibitors include quinones, sterically hindered phenols, anéojd/fj. Sensitizers
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enhance the activity of photoinitiators, while solvents help modulate viscosity and facilitate

heat transfer during polymerizati¢d9].

1.2.1 Porous Polymers

A porous structure is generally described as a solid framework with notably abundant empty
space enclosed within a walefined boundarf48]. The pores become evident as enclosed air
spaces, exhibiting individual pore sizes that range from the nanoscale to the macroscale. Porous
structures combine large surface area, lightweight, and a high adsorption capability in

comparison to solid structes.

Porous polymers are a sehtegory of porous materials, preferred over other porous materials
due to their ease of machinabil[#9]. This subcategory attracts the attention of researchers
due to its controllable properties: welkfined porosities, high surface areas, unique structures,
design flexibility, ease of use, cesffectiveness compared to other materials, and suitability
for various applications including thermal insulation, electrochemical energy storage, tissue
engineering, contaminant removal, water treatment, and catg¥8js[49], [50], [51], [52],

[53].

After 1990, there has been an increasing interest in combining porous structures with polymer
material§49]. Polymers can be produced with a range of pore sizes, including microporous,
macroporous, and millimetaized pore$49], [54]. The choice of pore size depends on the

application area.

The conventional isitu foaming technique is widely applied to manufacture porous materials
like polymeric foams and spongpi]. Additionally, methods like sacrificial templating and
replica templating are employed to fabricate insulation pads and filtration f@&jmFor

porous ceramic structures, the-g@l method, combined with subsequent solvent exchange,
proves highly efficient48]. When shaping porous structures into straightforward bulk shapes,
molding is the mostommonly used manufacturing method. Precise control over porosity and
pore arrangement is crucial for achieving specific functions. These emerging challenges go
beyond the capabilities of traditional design and manufacturing approaches, hindering the
creaton of multi-scale and multfunctional porous networks within threkmensional (3D)

objects.
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Additive manufacturing offers a versatile and efficient method for fabricating intricately

designed 3D porous structures with minimal to no {postessing48].

1.2.2. Additive Manufacturing of Porous Polymers

With the advancement of natumespired multiscale porous structure design, -Bbinted
porous networks can naturally achieve multiple functionalif#&. This includes robust
mechanicalproperties and hierarchical pore arrangements for energy storage, as well as
nutrient transfer in tissug¢48]. While 3D-printed porous networks outperform counterparts in
various applications, the optimization of ink for 3D printing remains incomdks¢
Optimized ink design and rheological behavior are expected to enhance the performance of
multi-scale porous networkpi8]. This also opens doors for novel applications such as
triboelectricbased energy harvesting, solar energy storage, and carbon dioxide ¢&pture
Despite promising advancements, current applications likpr@ided batteries and bones are

in their early stages and requiredepth research to ensure letggm stability, especially in
challenging environmen{d8]. In-depth studies on degradation mechanisms and side effects,

particularly for 3Dprinted multiscale porous structures, could offer meaningful insights.

1.3.High Internal Phase Emulsions / Polymerized High Internal Phase
Emulsions (HIPEs / PolyHIPES)

PolyHIPEs are a type of porous polymers known as polymerized emuésiguiated high

internal phase emulsions (HIPEE}9]. Emulsions are classified as high internal phase
emulsions when the internal phase, dispersed within the continuous phase, exceeds 74% of the
total volume [49], [55], [56]. When preparing HIPEs, two immiscible liquids, the internal
phase and continuous phase, are mixed by gradually adding the internal phase to the continuous
phase. The internal phase is then removed through solidification of the emulsion, resulting in
a poous structure[57]. Figure 16 presents the production step of polyHIPEs. The
solidification process can be done through light, a reaksed polymerization, or hef&g].
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Copyright 2020.

1.3.1. High Internal Phase Emulsion Stabilization

PolyHIPEs are created from stable HIPEs formulated with stabilizing agents to reduce the
interfacial tension between the continuous phase and the internal[p@hg467], [59], [60]

If the interfacial tension is high, achieving the desired porous microstructure may be
challenging. To address this issue, surfactants or particles can be used as stabilizers, as

emulsions are thermodynamically unstaj@g].

Typically, surfactants, which have a wasaluble (hydrophilic) head and an -@ibluble
(hydrophobic) tail, are considered amphiphilic compounds, and are preferred as stabilizers.
[57], [60]. Surfactants ensure the formation of a continuous film around the inner phase, which

can either be the continuous phase in a weteil (W/O) emulsion or the internal phase in an
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oil-in-water (O/W) emulsion. This continuous film stabilizes the emulsion and reduces
interfacial tensioj57]. Figure 17A illustrates surfactarstabilized emulsions. Additionally,
surfactant types can be classified as anionic, cationieioron, or amphoteric, depending on
the charge of the watesoluble head57]. The amount of surfactant used to prepare the
emulsion affects its stability and the microstructure and properties of poly{BRPE$58].

When emulsions are stabilized using microparticles or nanoparfilelesd at the interface
between the continuous phase and the internal phase, they are referred to as Pickering
emulsiond57], [60]. [57]Oil-wetted particles stabilize watar-oil emulsions, while water

wetted particles stabilize eih-water emulsions, depending on the wetting properties of the
particles. The schematic diagram of partistabilized emulsions is shown in Figur@B. This
stabilization method is less effective than surfactant stabilization because particles tend to
disperse in the phase they are wetted by if they are not wetted by both [57TsED].

A. Surfactant-stabilised B. Particle-stabilised

O/W Emulsion W/O Emulsion O/W Emulsion ____W/OEmulsion
WATER

OIL
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Figure 1.7. (A) Surfactantstabilized angB) particle stabilized emulsions. Adapted frdsv]
Copyright 2020.
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1.32. Polymerization Mechanisms

PolyHIPEs are primarily synthesized from monomers such as styrenes, methacrylates, and
acrylates, using free radical polymerizat[d8], [57], [59], [62] Free radical polymerization

can be initiated by photoinitiators, thermal methods, or redox rea¢fiohsT'ypically, this is

a chaingrowth polymerization reaction where monomers are added one by one to a growing

polymer chain.

Another polymerization mechanism is stggwth polymerization, where polymerization
occurs through multifunctional monomers initially reacting to form dimers. These dimers then
further react to form higher molecular weight oligomers. Condensation pobatien
commonly follows this process. PolyHIPEs produced through condensation polymerization
have had limited succe$62]. Although this polymerization mechanism results in higher
density and fewer interconnections in porous structures, successful production of polyurethane
based PolyHIPEs has been reported in the literg62je [63].

Additionally, ring-opening polymerizationis a relatively recent method that can be employed
for the pol yapmelactoreandiactidebaséd HIPEF7].

1.3.3. Polymerized High Internal Phase Emulsion Morphology

The morphology of polyHIPEs includes pore size, pore shape, pore interconnectivity, and the
size of interconnecting holef60]. Pore interconnectivity is a significant morphological
property because it plays a crucial role in determining the applications of polyHBREs
Based on pore interconnectivity, polyHIPES are categorized into two typescefstructures

and closeetell structure$60]. The pore size of polyHIPEs typically falls within the range of
1-150 um[57].

The morphology of polyHIPEs can be controlled by adjusting the concentration of the
stabilizer, the amount of internal phase, and the mixing sfE&8d[60], [62]. Although the
degree of porosity is primarily controlled by the internal phase, the volume of the internal phase
may not always equal the percentage porosity measured after ¢oiring60], [62]. This
discrepancy is because polyHIPE objects can shrink during drying or swell when washed with

solvents[57]. Furthermore, the surfactant, acting as a stabilizer, plays a crucial role in
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determining the porous structure. The concentration of surfactant can determine whether

polyHIPEs will have an opecell structure or a closecell structurg62].

1.34. Rheological, Physical, and Mechanical Properties

Rheologically, HIPEs are viscous emulsions in which viscosity depends on the concentration
of the internal phase, the composition of the continuous phase, and mixind4peg¢87].
Viscosity is a critical factor as it influences the reproducibility of the fabrication and printing

quality.

Physically, the density of polyHIPEs is approximately 0.1 g/cm3, classifying them as low
density polymeric foamgl9], [57]. Higher porosity can be achieved in polyHIPEs to further
reduce their densities.

Mechanically, polyHIPEs can exhibit a range of mechanical properties through adjustments in
their porous morphology and compositidd], [57]. When porosity is increased, mechanical
properties tend to decrease. Furthermore, enhancing mechanical properties can be achieved by
increasing pore size and density.

1.4. Additive Manufacturing of PolyHIPEs

The recent interest lies in utilizing additive manufacturing to create inherently porous
structures. PolyHIPEs, due to their inherent porosity, facilitate the production of
ultralightweight structures for various applications, including tissue enginesrthgatalysis.

They can also serve as templates for fabricating ultralight and inherently porous metallic and

carbon structures.

Inherently porous polyHIPEs were fabricated via liglased additive manufacturing by 2
different research groups in 2013 for the first time, simultaneously. Susec et al. explored the
use of high internal phase emulsions (HIPEs) in lithogrampised additie manufacturing

using trimethylolpropane triacrylate (TMPTA) as the monomer and -#melbased
composition for higher toughness (Figur8A) [64]. In the study conducted by Johnson et

al., researchers investigated the use of achase=d HIPEsS irm micro-stereolithography
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( € SL Yup a@nd the research combined mistd er eol i t hography (e&SL
templating to create larggcale structures with precise micreoale porosity control,
integrating additive manufacturing with microstructuring (Figuté&B) [65]. Both
investigations demonstrated the effective use of llgdged additive manufacturing to
polymerize high internal phase emulsions, resulting in the fabrication of complex porous
structures that retain a morphology consistent with the bulk photopabaeien of HIPES.

This achievement highlighted the potential for manufacturing hierarchical materials through

this approach.

In the following research, the folayer woodpile structured scaffolds were fabricated from
acrylatebased HIPEs via a singfghoton directwrite micro-stereolithography setup for bone
tissue engineering applications for the first time (Figu8€) [66]. This study also showed

that by varying ratios of EHA and IBOA monomers and overall porosity, the mechanical
properties of the PolyHIPEs could be tuned. Furthermore, same research group were
investigated hydroxyapatite (HA) containing acrytdesed HIPEsby using the same
technique (Figurel.8D) [67]. According to this research, the inclusion of HA particles

i mproved the polyHI PEs® mechanical characte
maximum stress at yield. Importantly, the inclusion of HA did not disrupt the phase separation
or the poros microstructure of the HIPE. Similarly, Malayeri et al. fabricated inherently
porous woodpile structure from acrylatased HIPEs by using a singd@oton directwrite
micro-stereolithography setup to structurally mimic the trabecular bone for osteogarcom
based 3D cell culture (Figure8E) [68]. The researchers mentioned that these polyHIPE
scaffolds were modified using acrylic acid plasma polymerization, displaying enhanced
biocompatibility over extended periods, and facilitating the proliferation of osteosarcoma cells
in a manner resembling Mvo conditions. This implied their potential uses in regenerative

medicine for replicating tissue structures and simulating tumor behavior.
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Figure 18. Examples of polyHIPE structures fabricated via lipased additive
manufacturing Additively manufactured polyHIPE structuries thefirst time (A) Adapted
with permissiorirom[64] Copyright 2013 WILEY¥VCH Verlag GmbH & Co. KGaAand(B)
Adaptedwith permission from[65] Copyright 2013 WILE¥VCH Verlag GmbH & Co.
KGaA. Additively manufactured woodpile polyHIPE structu(€$ Adaptedwith permission
from [66] Copyright 2013(D) Adaptedwith permissiorfrom [67] Copyright 2016 Elsevier,
(E) Adaptedfrom [68] Copyright 2016, an¢F) Adapted from[69] Copyright 2018.
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Interestingly, Sherborne et al. observed that challenges arise from the HIPEstgbkting
nature, resulting in lower resolution and the formation of a closed porosity 'skin’ layer on the
surface (Figurel.8F) [69]. Their study aimed to improve resolution and minimize skin
formation using acrylatbased HIPEs with a UV ligkdbsorber (UV234 or Tinuvin®234)
through lightbased additive manufacturing. The results demonstrated that the addition of this
absorber enhaes resolution, reduces skin formation, and promotes cell proliferation. It was
found that the incorporation of light absorbers holds potential for enhancing the resolution of
PolyHIPE structures, making them appropriate materials for tissue engineercejlandture
applications.

Thanks to recent advancements in additive manufacturing, several commercially available 3D
printer options have emerged, primarily relying on vat photopolymerization additive
manufacturing. Notably, the same two research groups that pioneered the gb¢ lodided

AM setups to produce polyHIPEs achieved another milesto8623by utilizing HIPEs on

commercial lightbased 3D printers simultaneously for the first time.

In the one of them, researchers developed a reactiveghehigh internal phase emulsion
using specific monomers (tjgexanediol diacrylate and tris(3-mercaptopropionyloxy)ethyl
isocyanurate) for lighbased additive manufacturing, resulting in hiyghporous and
customizable polyHIPE materials (Figur®A) [70]. The main objective of this formulation

was to enable shorter exposure times and reduce the amount of photoinitiators, all while
avoiding the use of harmful solvents for scalability. The addition of a selected thiol as-a chain
transfer agent improved tHéexibility of the acrylatebased system and reduced oxygen

inhibition.
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Electroless nickel-plating

Figure 1.9. Examples of intricate polyHIPE structures fabricated via Hggged additive
manufacturing(A) Adapted with permission frofY0] Copyright 2023, Mary Ann Liebert,
Inc., (B) Adapted from[71], and(C) Adapted from[72].

In the other study, Sengokmen Ozsoz et al. focused on optimizing agrglsed HIPES to use

in commercial vat photopolymerization additive manufacturing, which employs a 405 nm LED
source and DLP projector for higlesolution printing by using various anmnmds of beta
carotene (hydrophobic) and tartrazine (hydrophilic) as light absorbers (Ei§B)d71]. The
research emphasized a significant enhancement in improving the 3D printing resolution of
polyHIPEs for fabricating intricate porous polymer structures. This was achieved by utilizing
a blend of betatarotene and tartrazine as light absorbers. Momedhe study found that it is
practical to fabricate intricate inherently porous polymers using commercial stereolithography,

revealing a wide range of potential applications.

In addition, the same research group used their optimized HIPE resin to create inherently

porous lattice structures utilizing a different commercial 3D printer that works on the same
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principle (Figurel.9C) [72]. Then, they focused on using these polyHIPEs as templates for
electroless nickel plating to create ulparous metabased lattice structures with a consistent
wall thickness. The research aimed to optimize the electroless nickel plating process on
polyHIPEs and investigate the effects of different atmospheres during the heating process to
remove/carbonize the polyHIPE templates. The study demonstrated the potential of using
intricate polyHIPE structures as templates to produce-pliraus metabased Itices for

diverse applications.

Another additive manufacturing technique to fabricate polyHIPEs is extrsisad AM. Up

to 2016, the use of HIPEs as vat photopolymerization additive manufacturing resins were only
investigated. Their use as extrusibased additive manufacturing inkssgtudied by Sears et

al. for the firsttime in 2016 (Figufel0A) [73]. The researchers used methacrylate monomers
(DUDMA and PPGDMA) to prepare the emulsion ink.-Bbnted polyHIPE constructs were
created using extrusiamased additive manufacturing. The utilized emulsions exhibited a
tendencyfor shearthinning behavior, allowing them to be deposited laygdayer. UV
polymerization through the cu@+-dispense technique was applied to each layer, resultingin
complex scaffolds featuring internal lattice structures and microscale porosity. Udye st
emphasized the notable impact of viscosity and cure rate on the precision of the printing
process. The same research group investigated the use of HIPEs for multi material printing to
fabricate bone grafts by modifying their extrusioaised printer Kigure 1.10C) [74]. In the

study, propylene fumarate dimethacrylate (PFDMA) was utilized as the material for creating
bone grafts due to its compatibility with living tissues and its capability to facilitate bone
growth. A novel technigue was introduced to manufacture gaftes, involving a combination

of PFDMA polyHIPEs, known for their hierarchical porosity, and a robust outer layer made
from ei tcdapolactgne) (PZL) &f poly(lactic acid) (PLA). This innovative approach
was made possible by a muitiode printingsetup that integrated paste extrusion and
thermoplastic extrusion methods. This resulted in scaffolds with enhanced strength, thereby

promoting the vitality and proliferation of cells.
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Figure 1.10. Examples of polyHIPE structures fabricated via extrusibased additive
manufacturing(A) Adapted with permission froif73] 2016 WILEY-VCH Verlag GmbH &
Co. KGaA, (B) Adapted with permission fromi7r5] Copyright 2017 American Chemical
Society,(C) Adapted with permission frorfir4] Copyright 2017 I0OP Publishing LtdP)
Adapted with permission frorfir6] Copyright 2017 American Chemical Sociggnd (E)
Adapted from[77] Copyright 2020.

Particlestabilized HIPEs (Pickering HIPES) can also be considered as potential printing

resins/inks, just like surfactaistabilized HIPEs.

Extrusionbased additive manufacturing was utilized by Yang et al. to create inherently porous
cuboid scaffolds with a consistent macroporous structure from Pickering HIPEs for the first
time (Figure1.10B) [75]. These Pickering polyHIPE scaffolds, intended for drug delivery
applications, consisted of a polymer matrix incorporating pelgtic acid) (PLLA) and

p o | -gaprddactone) (PCL). The manufacturing process included the solvent evaporation of

3D printed Fckering HIPEs, which were stabilized with hydrophobically modified silica
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nanoparticles (18i02). Another study focused on the use of Pickering HIPEs in extrusion
based additive manufacturing was performed by Ghosh efFejure 1.10D) [76]. They

e mp | oy e-daprplactone) (FCLpased HIPEs stabilized with hydrophobically modified
nanoclay particles to print woodpile structure for bone tissue engineering applications-The 3D
printed scaffold's characteristics including morphology, medaéni properties,
biomineralization, drug release, and cell viability, were investigated. The findings suggest that
these scaffolds hold promise for bone tissue engineering and controlled drug delivery,

showcasing their versatility and potential for applieas in bone implants and other fields.

HIPEs can also be used as printing materials for functional purpasesteresting study
demonstrating this was carried out by Wenger et al., focusing on using efexjene
hydrogetfilled acrylatebased HIPEs in extrusidpmased additive manufacturing to fabricate
biocatalytic reactors Higure 1.10E) [77]. The prepared HIPEs as printing inks exhibited
excellent printability for intricate structures, eliminating the requirement for support material.
The research demonstrated the potential of HIPEs for enzgmigining bioinks in 3D
printing, thereby improwg the efficiency of biocatalytic reactors.

In conclusion, over the past decade, surfaesaabilized and particlstabilized HIPEs have
been employed as printing resins/inks in lipaised and extrusiemased additive
manufacturing to fabricate intricate inherently porous structures for a widge drpotential

applications. The studies conducted so far have shown significant advancements in this field.

1.5. Applications of polyHIPEs

There is an increasing body of research on polyHIPE materials that show that polyHIPEs could
be utilized in numerous potential applications. Indeed, the original patent from Unilever

highlighted air filters, catalyst supports and insulation materials @gcapons[78].

The recent studies demonstrated that the most widely studied polyHIPE applications involve
adsorption, absorption, and catalysis, followed by exploring polyHIPE scaffolds for tissue
engineering and controlled reled66]. There is also recent interest in utilizing polyHIPEs for

thermal and acoustic insulation purpof&3).
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15.1. Adsorption and Absorption

The recent emphasis has broadened the application spectrum of hydrophobic polyHIPEs
beyond their original use in absorptioglated contexts, extending from the absorption of
bodily fluids to the removal of pollutants from wa{é0]. Their hierarchical porous structure,
facilitating fluid passage with minimal resistance and adaptable surface chemistry, implies

promising opportunities for extensive industrial adoption and potential commercialization.

The domain of aqueous solution absorption remains a focal point, with both hydrophobic and
hydrogetinfused polyHIPEs under scrutiny for their efficacy in absorbing water and various
solutiong60]. Particularly noteworthy is the swellirdyiven expansion of voids in hydrogel
incorporating polyHIPE$79], leading to effective absorption of substantial amounts of water
and synthetic uringFigure 1.11A) [80]. Additionally, the utility of polyHIPEs in the
extraction/purification of aqueous solutid®4], [82], [83], [84], [85], [86], [87], [88], [89]

and the separation of wateil mixtures[90], [91], [92] has been substantiated. These
applications harness the inherent benefits of polyHIPES, encompassing their high capacity for
accommodating large quantities, consistent performance, and enduring stability. Investigations
into gas adsorption and permeabilityderscore the potential of polyHIPEs in capturing and
storing carbon dioxid¢93], [94]. Refinements in surface chemistry and the inclusion of
materials with substantial surface areas have bolstered the@0rption capabilitie®5].
Notably, the permeabilities of nitrogen gas exhibit variability influenced by factors like pore
diameter interconnections and surface chemistry, potentially holding implications for gas
permeability applicationf96], [97].

15.2. FlowThrough Reactions and Catalysis

Various polyHIPEs have been investigated for facilitating ftbwough reactions and catalytic

supports. The effectiveness of polyHIPESs in supporting catalysts was conditional upon various
factors, including the characteristics of the catalyst itselfjritegration onto polyHIPE

surfaces, and its availabilif$0]. For instance, a polyHIPE membrane containing Metal
Organic Framewor ks (MOF) exhibited notabl e s
of p-xylene(Figurel.11B) [98]. Hydrophobic polyHIPEs were employed as stationary phases

in chromatography99], catalyst supports for reduction reactidqd®0], and coatings for
electrochromatography separation colurfir@sl]. Additionally, polyHIPE catalysts featuring



26

acidibase sites exhibited promi s[@02,iwhilecat aly
polyHIPEs incorporating catalytic gold nanoparticles effectively facilitated the reductien of 4
nitrophenol[103]. These applications collectively underscore the remarkable adaptability and

efficiency of polyHIPEs across a wide spectrum of catalytic processes.

15.3. Release and Encapsulation

Applications related to absorption and adsorption frequently require the recovery of sorbates
to enable the reuse of sorbef@i]. In contrast, the utilization of polyHIPEs in controlled

release entails the integration of substances intended for release within the voids.

Noteworthy findings from release behavior investigations emphasize the profound influence of
the porous structure, exemplified by the liberation of watduble dyes from hydrogel
incorporating polyHIPEgFigure1.11C) [104], [105] The encapsulation of liquids is pivotal

in sectors like pharmaceuticals and cosmef&. Some polyHIPEs possess closzd
configurations, enabling straightforward removal of the internal pfE3e[106]. Recently,
elastomeric polyHIPEs characterized by their cleselll architecture have been engineered,
showcasing impressive water retention and resistance to comprgsjiomhese advances
have found applications in areas such as contraiéshse fertilizer and the storage of thermal

energy.
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Figure 1.11. Examples of the applications of polyHIPE®) Absorption, Adapted with
permission from[80] Copyright 2016 WILE¥VCH Verlag GmbH & Co. KGaA,(B)
Catalysis, Adaptedith permissiorirom [98] Copyright 2016 WILEY¥VCH Verlag GmbH &

Co. KGaA, (C) Release, Adaptedith permissiorfrom [109] Copyright 2010 Elsevier L{d
(D) Shape memory, Adapteasith permissiorfrom [107] Copyright 2015 Elsevier LtdE)
BeadsAdapted with permissioinom [108] Copyright 2015, Springer Science Business Media
Dordrecht

15.4. Tissue Engineering Scaffolds

Macroporous structures find significant relevance in diverse biomedical applications like 3D
cell culture, tissue engineering, and controlled rel¢&8f However, their adoption in the
biomedical sector necessitates meeting stringent criteria for material purity and
biocompatibility. A crucial challenge lies in eliminating residual external phase constituents
while preserving the porous structure. Tissmgineering utilizing polyHIPEs has witnessed

progressive evolution, particularly in the field of 3D cell culture scaffolds.
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Noteworthy advancements include polyestgt89], [110], [111], [112], [113], [114]
polymethacrylate hydrogelgl15], polyacrylateg67], and polyacrylamidg116], [117]
characterized by biocompatibility and cytocompatibility. Emerge®sgarclavenues involve
integrating bioactive nanoparticles, such as hydroxyapatite, to enhance the mechanical
attributes and bioactivity of polyHIPE®7], [109], [110], [111] Innovations in advanced
polymer chemistries and additive manufacturing techniques hold substantial promise for
fabricating intricate shapes tailored to tissue engineering n@dds [67], [73]. Another
interesting point is the development of injectable HIPEs that undetigadyreactions to yield
polyHIPEs, necessitating biocompatible components and physiological temperature
responsivened409], [114], [118], [119] The outlook for realizing commercial applications

of polyHIPEs in tissue engineering remains promising.

15.5. Shape Memory Materials

Shape memory polymers find extensive application, particularly in the biomedical field,
offering the demand for minimally invasive implantat{d20]. These polymers commonly
incorporate areversible transition element to uphold temporary configurations and a restoration
element for reverting to their original forms. The reversible transition can be predicated on
temperature parameters like glass traos (Tg) or melting point (F,), while the restoration
mechanism may entail cresisking or higher transition temperatures. The growing repertoire

of intricate macromolecular structures within polyHIPEs presents an avenue for innovating
novel shape memgrsystems. lllustratively, shape memory polyHIPEs fabricated from
(meth)acrylates featuring crystallizable aliphatic side chains adopt temporary shapes at
elevated temperatures, regaining their original forms through elastomeric net\d@dqs

[122]. The emergence of shape memory hydrddleld polyHIPEs exhibiting swift recovery
kinetics, particularly when immersed in heated water, underscores the potential in this domain
(Figure1.11D) [107].

15.6. Membranes and Beads

PolyHIPEs provide the benefit of facilely fabricating monolithic forms, aided by methods like

doctor blading tailored for membrane ug&23]. Notably, polyHIPE beads incorporating
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photocatalytic TiQnanoparticles exhibited robust efficacy in wastewater treatment, sustaining

performance throughout successive cy¢kgure 1.1E) [108].

15.7. Porous Carbons and Porous Inorganics

The primary focus of porous carbons and inorganic substances derived from polyHIPEs has
been on adsorption applications, leveraging the extensive surface areas resulting frem micro
and meseporosity[60]. Carbons derived from polyHIPE precursors, such as styrene, DVB,
and VBC, offer hierarchical porosity that facilitates efficient substance tranfit
Processes like carbonization, hyjmeosslinking, porogen removal, and activation contribute

to their high surface areas and conductivity. Porous carbons derived from polyHIPEs have
demonstrated efficacy in dye adsorpt{d25], vapor adsorptiofil26], and supercapacitor
electrodeg127]. Moreover, porous Si(HIPE)s exhibited potential for biotechnological uses,

particularly in bacterial colonization applicatiofi®8].

15.8. The use of PolyHIPEs as templates to fabricate intricate ultrporous
metallic/carbon/ceramic structures

With the help of the latest developments in the use of HIPEs in additive manufacturing (AM),
polyHIPEs haveemerged as promising materials for fabricating intricate, ydtnaus
structures made of metals, carbon, or ceranilcss is a relatively new and opemded field

with vast potential for innovative applications and sustainability.

In this context, the use of HIPEs as printing resmshis thesishas been thoroughly
investigated and optimized to create inherently porous, intricate structures. Furthermore, their
potential in fabricating complex, ult@orous structures combining metals and carbon has also

been explored.

1.6. Aim and Objectives

The aim of this PhD thesis is to explore and optimize the use of High Internal Phase Emulsions
(HIPEs) as vat photopolymerization additive manufacturing (AM) resins to create intricate
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lightweight porous materials and to investigate their potential to fabricate inherently porous

metatbased and carbon structures. This is achieved by:

1. Investigating the incorporation of light absorbers, hydrophobic-batatene and
hydrophilic tartrazine molecules, into HIRtased resin to enhance printing resolution

in commercial vat photopolymerization additive manufacturing.

2. Assessingthe compatibility of HIPBEased resin with commercial 3D printers based on
vat photopolymerization, ensuring stability throughout the printing process and

achieving the porous polyHIPE structure with open surface porosity.

3. Optimizing the electroless nickel plating process on polyHIPEs and investigating the
effects of different atmospheres during the heating process to remove the polyHIPE

template from metallized 3rinted polyHIPE lattice structures

4. Investigating the pyrolysis of 80%, 85%, and 87.5% porous polyHIPE lattices at various

temperatures to fabricate porous carbon structures and evaluating their mechanical

properties.
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CHAPTER 2

Optimization of a High Internal Phase Emulsion (HIPE)

based resin for use in commercial vat photopolymerization

additive manufacturing

Beta-carotene
Tartrazine

High Internal Phase Emulsion SLA-based 3D Printer

Abstract

High internal phase emulsions (HIPES) are potential stereolithogtagded resins for
producing innovative lightweight porous materials; however, the use of these resins has only
been shown in bespoke stereolithography setups. These studies indicatd®Esatend to
scatter the light during structuring via stereolithography, and can produce poorly defined, and
low-resolution structures, but the inclusion of light absorbers can drastically increase the
printing resolution. In this study, we focused oa ihclusion of biocompatible light absorbers
within the resin and the compatibility of those resins with a commercial vat
photopolymerization additive manufacturing (or stereolithography) setup. A surfactant

(hypermer) stabilized watén-oil emulsion basg on 2ethylhexylacrylate and isobornyl
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acrylate was used. For the light absorbers, both hydrophobic¢asitene) and hydrophilic
(tartrazine) molecules were used, which dissolve in the organic phasegaedusphase,
respectively. It was found that using a combination of both-batatene and tartrazine
provided the best stereolithographgised 3D printing resolution. Additionally, the emulsion
was stable for the duration of the printing process and showedoagpolyHIPE structure
with open surface porosity. The formulation of these HiREed resins permits them to be

used in a wide range of applications since complex structures could be fabricated from HIPEs.

Keywords: PolyHIPE, Vat photopolymerization, Stereolithography, 3D printloght

absorber

2.1. Introduction

From the 1990s onwards, there has been an increased interest in the manufacture of porous
polymer structures because of their flexibility of design, and relatively easy andokiw
manufacturg¢49], [50], [51], [52], [53], [129] Primarily, research in porous polymers focused

on producing polymers with tunable physical properties,~deefined tunable porosities from
micrometer to millimeter size and high surface areas. This led to a variety of potential
applications, for examp]efilter materials, catalyst support, or scaffold materials in tissue
engineering and 3D cell cultui49], [54]. Porous polymers can also be used as templates for

the manufacturing of porous metals, ceramics, carbons, and comdSites

One versatile technique to produce porous polymers is emulsion templating where an emulsion
of a prepolymer or polymer solution continuous phase is combined with water as dispersed
phase. During the process the polymer sets, and the water is removeéaindadremaining
polymer network template formed by the emulsion. When using large amounts of internal
phase (over 74% of the total volume) and a suitable emulsifying surfactant, this process
produces High Internal Phase Emulsions (HIFES), [55], [56], [130] These are templates

to produce highly porous polymer structures (polyHIPES) with potentially interconnected

porosity [49]. PolyHIPEs can be shaped via traditional manufacturing techniques such as
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casting (molding) to make structures with low design complexity and flexibility, where post
processing can be applied to create comptaxcture$73], [131]. An interestingiovel route

to shape polyHIPEs is via combining emulsion templating with additive manufacturing. This
allows singlestep manufacturing of inherently porous and lightweight complex structures with
little to no postprocessing65], [66], [69].

Currently, additive manufacturing is emerging as an industrial manufacturing technique to
fabricate threalimensional objects directly from compuiaided design (CAD) files through
layer-by-layer manufacturing, originally invented in the 19800s[2]. Additive manufacturing

is a general term for a group of technologies, also known by the public as 3D p#uiilitgee
manufacturing technologies are mainly divided into seven categories according to the
terminology set out by ISO/ASTM 52900: 20[H, [7]. These categories are binder jetting,
directed energy deposition, material jetting, powder bed fusion, sheet lamination, material
extrusion, and vat photopolymerizatidviaterial extrusion (fused deposition modelling) and
vat photopolymerization (stereolithography) are used for the additive manufacturing of
polymer materials and have both been used to build porous polyHIPE 3D stri@®jy 6],

[67], [69], [74]. In these studies, bespoke emulsions were prepared by mixing water with
suitable monomers, surfactants, crosslinkers, and photoinitiators and were printed on
experimental iFhouse setups. However, to our knowledge, their printability in commercial

stereoithographybased 3D printers has not been demonstrated.

Even though additive manufacturing allows the manufacturing of complex polyHIPE
structures, HIPEbased resins tend to scatter light during structuring via stereolithod&gyhy
Therefore, this can cause the production of poorly defined;ré®w@lution structures.
Improving the resolution by using light absorbers has previously been reported by Choi and
Wicker in standard neporous stereolithography resifis32], and by Sherborne et al. in
emulsionrbased resing9]. Sherborne et al. used Tinuvin 234 as a light absorber to reduce the
resolution in a housbuilt stereolithography setp to 200 um for HIPEbased inks by reducing

the light scattering arising in the focal point. Additionally, it was observed that tfecewf

the structures without light absorbers was #ponous, which was attributed to surface skin
from the poorly cured polymer in the scattering region. The surface skin reduced the
functionality of the structures, especially in applications that deparsirface porosity (e.g.,

cell culture scaffolds).
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In this study, the use of high internal phase emulsions as potential 3D printing resins for
producing inherently porous structures with a commerxaaphotopolymerizatiothasedBD
printer(Kudo 3D Titan2 HR)was investigatedrhis setup integrates a 405 nm LED source

and a DLP projector to project higksolution images (up to 25 pum)on a 10.2 cm x 7.4 cm
build platform[133]. It iluminates the sample from the bottom through a transparent base and

a thin layer of uncured resin on théranslation platform (bottomp setup). In this bottorap

setup, there are 3 steps: a curing step, aqftifitep where the-platform translags to pull the

reacted resin from the transparent base, and a third step where the build platform moves back
to produce the next layer. This convoluted sequence of steps for each layer could have
significant consequences for emulsion stability and porgand this has been studied in detail

in this publication.

We aimed to investigate the effects of two light absorbers on mainly the printing resolution and
porous microstructure. Betzarotene and tartrazine were used, which are biocompatible light
absorbers, as highlighted in previous literat{it84]. Betacarotene is a hydrophobic
compound, while tartrazine is hydrophilic. Accordingly, betaiotene resides in the organic
phase, whereas tartrazine is retained in the aqueous phase. This study explores the overall
effects of hydrophobic and hydrophilight absorbers in these emulsions and determines

whether employing both together has any advantages over using each one separately.

2.2. Experimental

2.2.1. Materials

2-ethylhexyl acrylate (EHA), isobornyl acrylate (IBOA), trimethylolpropane triacrylate
(TMPTA), 2 different forms of photoinitiators; diphenyl (2,4t6methyl benzoyl)phosphine

oxide (in crystal form) and-RBydroxy-2-methyl propiophenone (in liquid forjybetacarotene
(synthetic, 093% (UV), p o wd¥® were,all punchéised fam t r a z i
Sigma Aldrich. The surfactant Hypermer B28®-M was kindly donated by Croda.
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2.22. Preparation of High Internal Phase Emulsions

37.30 wt% 2ethylhexyl acrylate (EHA), 37.30 wt% isobornyl acrylate (IBOA), 16.40 wt%
trimethylolpropane triacrylate (TMPTA) (crosslinker), and 9.00 wt% Hypermer £226/
(surfactant) were mixed to form the continuous organic phase. This mixture wag bgiate

a heat gun until the surfactant was dissolved at 50°C. Afterwards, photoinitiators were added
to the continuous phase at 2.5 wt% in crystal form and at 2.5 wt% in liquid form. The solution

was heated to 40°C for 5 minutes to dissolve the photatoiti which is in crystal form.

HIPEs containing betaarotene and tartrazine were fabricated by adding both to the continuous
phase before the addition of the photoinitiator. Bedeotene was added from 0.1 to 1.0 wt%
(of the continuous phase), and tartrazine was added from 0.1 wt%.4of the continuous
phase) in increments of 0.1 wt%gble2.1).

Finally, 80 vol.% of distilled water, dH2@the internal phase) was added to the continuous
phase to form an emulsion. The water was added dropwise while stirriegithigion at 300

rpm (SciQuipPro 40 stirrer).

Table 2.1. EHA, IBOA, TMPTA, hypermer, betaarotene, and tartrazine ratio (wt%)

Organic Phase Light absorbers
EHA | IBOA | TMPTA | Hypermer Beta- Tartrazine?
Samples (Wt %) (wt (Wt %) (Wt %) carotené' (Wt %)
%) (Wt %)
Pure 37.30 | 37.30 | 16.40 9.00 - -

Beta-carotene| 37.30 | 37.30 16.40 9.00 0.10to 1.00 -

Tartrazine 37.30 | 37.30 | 16.40 9.00 - 0.10to 0.40

Blend 37.30 | 37.30 | 16.40 9.00 0.40 1.00

aBetacarotene anthrtrazine concentration with respect to the organic phase
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2.23. 3D Printing of High Internal Phase Emulsions

PolyHIPE structures were 3D printed using a commercially available, desktop 3D printer
(Kudo 3D Titan2 HR). The 3D printer employed the vat polymerization technique and
combined stereolithography (SLA) and digital light projection (DLP) methods using @05
light source.

Computeraided design (CAD) was used to produce the structures for 3D printing (SolidWorks
2018). These were formatted as .stl files and then prepared for 3D printing and sliced using

Creation workshop (version 1.0.0.75).

2.24. 5x5 mm cylinders for the optimization of the light absorber content

Cylinder samples, 5 mm diameter x 5 mm height, were 3D printed and used to optimize the
amounts of light absorbers in the emulsion. These cylinders contained 233 layers with a base
and supports after slicin@rigure A2). Initially, the HIPE containing no betearotene or
tartrazine, further denoted as Apureo, was
parameters (exposure time, lifting speed, lifting height, etc.) were varied to achieve the best 3D
printing perbrmancegthe final parameters and overall print time are listedlable A1l and
TableAl18, respectively)After determining the most suitable 3D printing parameters for the
pure HIPE, HIPEs including betzarotene and tartrazine at varying concentratioare used

to 3D print the polyHIPE cylinder structures. Additionally, the 3D printing parameters were
modified slightly to achieve the best results when including the light absdiarkesA2-

A4 A18). Once 3D printing was completed, ttinders were washed with acetone to remove

nonpolymerized HIPE and then ailried.

2.25. Investigation of the 3D printing resolution

Various calibration objects were 3D printed using the HIPEs to determine the resolution that

could be achieved.

A calibration object including 5 mrhigh posts of 3 mm, 2 mm, 1 mm, and 0.5 mm diameters
was 3D printed from the pure HIPE and then from HIPEs that contained the optimized amounts
of betacarotene, tartrazine, and a blend (0.4% ‘oetavtene and 0.1% taaizine)(FigureA5

and Table\12-A15,A18).
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Additionally, cylinders, 5 mm diameter x 5 mm and 10 mm height, having 15°, 30°, and 45°
inclines were also 3D printed from the pure HIPE and the HIPE containing the optimized
amounts of beta@arotene, tartrazine, and a blend of tH&iguresA3, A4 and Tablef\5-A11,

A18).

2.26. Pyramid and Buckyball structures

3D designs of pyramid and buckyball structures were obtained from thingiver4&.88}n
[136]. These 3Bdesigned structures were fabricated from HIPEs containing a blend ef beta
carotene and tartrazine to demonstrate the usability of HIPEs as 3D printing materials for

producing complex geometric structu@sguresA6, A7 and TableA16-A18).

2.3. Characterization of HIPEs and polyHIPEs

2.3.1. UV/Vis Spectrometer

A Jenway 6305 spectrophotometer was used to measure the light absorbance of optimized
amounts of light absorbers at 405 nm using 10 mm disposable UV cuvettesaBatne was
dissolved in the organic phase (hydrophobic compound), while tartrazine wabrddsin the
aqueous phase (hydrophilic compound). Absorbances were measured against blank samples of

the organic and aqueous phases fordsatatene and tartrazine, respectively.

2.3.2. Scanning Electron Microscopy

A Tescan Vega3 Scanning Electron Microscopy (SEM) was used to image thesectes

and outer surface of 3printed polyHIPE samples. Before SEM imaging, samples were gold
coated to provide conductivity (Edwards S150B sputter codteapyeJ wassedfor measuring

pore diameters, implementing a method that involved initially adding 50 grids to the image.
This process facilitated precise quantification of pore sizes within the image. Subsequently,
100 pores were measured for each sample, with 2 pelested from each grith determine

an average. A statistical correction factor

the nonequatorial location of the pore diameter measureniésig, [138]
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2.3.3. Helium Pycnometry

The porosity of the polyHIPEs was determined using helium pycnometry. PolyHIPE cylinders,
5 mm diameter x 5 mm height, were 3D printed from pure HIPE and from HIPEs that contained
the optimized amounts of betarotene, tartrazine, and thlend (0.4% betaarotene and 0.1%
tartrazine) These cylinders were examined using an Accupyc 1340 Gas Pycnometer to
calculate their porosity. The device determined the density and volugpag ¢V/the samples.

Equation2.1 was used to calculate % porosity.Vis thevolume of the bulk cylinder sample.

.. .. .. BDUA (2.1)
Pnet i m‘%ﬁi EpT[n

Additionally, equivalent polyHIPE cylinders were also produced from-duxed HIPEs,
polymerized using a UV belt curer (GEW Mini Laboratory, GEW engineering UV) with a 100
W cm? UV bulb. Cylinders were cut from U¢ured polyHIPE samples using a 5 mm diameter
hollow punch. UVcured polyHIPE cylinders were produced from freshly prepared HIPEs and
leftover HIPEs (which remained in the printing tank after 3D printing) to demongtsééfect

of the twastep upanddown movement of the printing platform on porosity.

2.3.4. Statistical Analysis

All statistical analysis was undertaken in GraphPad Prism (version 8.4.3/v&nANOVA
with Tukeyds multiple comparison analysis
Differences were considered significant when p<0.0001. All experiments wezateg three

times, and the number of replicates (n) is mentioned in the figure legend.

2.4. Results

2.4.1. UV-Vis Spectrometer

We aimed to formulate a resin that had a similar amount of light absorbance in the organic

phase compared to the aqueous phase and to subsequertiyrke light absorbance within

W
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the respective phases via changing the concentration of the light absorberaftoéeme and
tartrazine) and observe any changes in shape fidelity and internal structure. To achieve this, the
optical absorption of the two different absorbers lsteoteneand tartrazine was measured,

and their absorptions were recorded at 405 nm for 8 different concentrations, between 2.5 pM
and 20 puM with 2.5 pM intervals. From the gradient of these plots, (i.e., the experimental
extinction coefficients at 405 nm) it céwe calculated that tartrazine is in general 6.23% more

absorbent at 405 nm than b&@rotene at the same molar concentration.

1—
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Figure 2.1. Extinction coefficient graph of beta carotene and tartrazine samples at 405 nm
(n=3)

Important to note is that both betarotene and tartrazine aratural products, which can have
batchto-batch variation (due to impurities) in their absorbance but also-diependent
variation, likely because of oxidation. For this reason, the extinction coefficient is regularly
checked Figure2.1) and the concentrations of the light absorbers are adjusted accordingly to
achieve consistent resulfsurthermore, the molecular structures and absorbance spectra of

betacarotene and tadzine can be checked in Figuré.A
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2.4.2. Optimization of light absorber content and examination of 3D Printing resolution

Cylinder samples which were fabricated with different amounts of light absorbers, the diamete
and height values, and the aspect ratio graph of 3D printed 5x5 mm cylinders were presented

in Figure2.2.

The important figures to analyze were their diameter, height, and aspect ratio values, which are
summarized inFigure 2.2. The shape fidelity of the print wilikely beinfluencedby a

few distinctand competing processes. As aforementioned, emulsead resins can scatter

the light, which will translate into a larger object size both in the transversal and lateral
directions of the printed stubs. The printed porous objects also exhibited shrinkage during the
drying process after printingrigureA8 and TableA19), which is a result of the water removal.
Higher shrinkage will likely occur with undaeured objects because of lower cris&ing

density. The results are highlightedrigure2.2. The results indicate that the inclusion of both
betacarotene and tartrazine influences the height, width, and aspect ratio of the printed
structures. The printed cylinders included 1 mm spacer struts to easily disconnect the cylinder
from the baseKigureA?2). This allows for oveicuring to occur in the-girection, and this is
observed in the cylinder cured without any light absorber (p&igl(e A8). The aspect ratio
varies norlinearly with increasing betaarotene, indicating that the shape fidelity depends on

a few competing factors as aforementioned. For both light absorbers, there was a maximum
amount that could be added to the emulsion bedare properties decreased. 1.0 wt % beta
carotene sample did not result in a successful print for-dsetatene, while 0.4 wt % of
tartrazine addition resulted in a deteriorating structure.

Table 22. Diameter (mm), height (mm), and aspect ratio values

Samples Diameter (mm) Height (mm) Aspect Ratio
Pure 473+0.11 4.95 +0.02 0.96 + 0.02
0.2B 4.90 £ 0.04 4.84 +£0.10 1.01+0.01
0.4B 4.89 £ 0.04 4.93 +0.05 0.99 +0.00
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0.6 B 4.73 +£0.06 4.94 +0.06 0.96 £ 0.02
0.8B 4.53 +0.08 4.37 £0.01 1.04 +0.02
01T 4.54 +0.04 468 £0.11 0.97 +0.03
02T 4.20 +0.02 4.50 +0.19 0.93+0.04
Blend 4.53 +£0.09 4.60 £ 0.05 0.99 +0.03
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Figure 2.2. (A) 3D printed 5x5 mm cylindergB) Diameter and height values of the 3D
printed 5x5 mm cylindergC) The aspect ratio of the 3D printed 5x5 mm cylinders. (n=3)

Overall, the 0.4 % betearotene allowed the manufacturing of structures that were closest to
3D design. The cylinder samples containing 0.4%-baratene have a diameter of 4189.04
mm and a height of 4.980.05mm (n=3) while the 3D model of the cylinder is Sxfn height.
Also, the object with the aspect ratio closest to 1 is the 0.4 %daetdene structure. THe2

% betacarotene structure is near second best with an aspectratiowas 1.01 + 0.01 and diameter



42

of 4.90 + 0.04 mm and a height of 4.84 + 0.10 mm. We also investigated the addition of
tartrazine to the aqueous phase of the HIPE. In this series, the 0.1% tartrazine provided the best
results (aspect ratiois 0.97 £ 0.03). Additionally, the combinafitwth was investigated by
combining the best ones from each category. Interestingly, the blend samples exhibited shape
fidelity with an aspect ratio of 0.99 + 0.03 even though both their diameter (4.53 £ 0.09 mm)
and height (4.60 £ 0.05 mm) were lowerrlibe pure and betearotene samples. The observed
shrinkage might indicate a lower crel&sking density in the polymer phase due to absorbance

and is mainly observed in the emulsions that include tartraZima€2.2).

| e el i <l

pure 04 B 01T blend

Figure 2.3. (A) 3D printed cylinders having 5 mm and 10 mm height, and 15°, 30°, and 45°
inclines from pure HIPE(B) 3D printed cylinders having 5 mm and 10 mm height, and 15°,
30°, and 45° inclines from HIPE that contained 0.4 %4oetatene(C) 3D printed cylinders
having 5 mm and 10 mm height, and 15°, 30°, and 45° inclines from HIPE that contained blend
(0.4 % betacarotene and 0.1 % tartrazin@)) 3D printed cylinders having 5 mm height, and

15° and 30° inclines from HIPE that contained 0.1 % tartraZigge Calibration object
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including 5 mm high posts of 3 mm, 2 mm, 1 mm, and 0.5 mm diameters which was 3D printed
from pure HIPE and HIPEs that contained 0.4 % oatatene, 0.1 % tartrazine, and blend (0.4

% betacarotene and 0.1 % tartrazine), respectiv@ty.3D printed pyramid structure from
HIPE that contained blend (0.4 % bet@rotene and 0.1 % tartrazing@}.) 3D printed buckyball
structure from HIPE that contained blend (0.4 % feateotene and 0.1 % tartrazine).

A second test was how well overhangs are recreated in polyHIPE 3D printing. For this purpose,
various cylinder structures having 5 mm and 10 mm height, and 15°, 30°, and 45° inclines were
printed and presentediigure2.3. As a result, although these cylinder structures were created
from pure, betecarotene, and blend categories, only the cylinders having 5 mm height and 15°

and 30° inclines were obtained in the tartrazine category.

The 3Dprinted structures were examined in terms of resolution, and the best resolution was
obtained from the blend light absorber category. All 6 cylinders were 3D printed without any
distortion and ovecuring in the structure. On the other hand, pure/W®E cylinders
presented the least optimal results due to their distortedpooved structure with a prominent
layered appearance arising from the printing prodagsn though the cylinders containing 0.4

% betacarotene showed similarity with purelpdIPE cylinders, they presented more uniform
structures except for the sample having 10 mm height and 45° incline. However, the layered
structure caused by printing was noticeable, though to a lesser extent compared to the pure
cylinders. Unlike pure an@.4 % betacarotene, the cylinders that contained 0.4 % -beta
carotene and the blend did not show any distorted or layered structure. Finally, only 2 cylinders
having 5 mm height and 15° and 45° incline were 3D printed from the HIPEs containing 0.1
% tartraine although they were as uniform as the cylinders containing blend. As the height
and incline of the cylinders increased, the attachment of the printed objects to the printing
platform decreased, and the cylinders dropped from the printing platformgdiren 3D

printing process. For this reason, the other cylinders failed.

Figure2.3E presents a series of 3D printed calibration objects, including 5 mm high posts of 3
mm, 2 mm, 1 mm, and 0.5 mm diameters. The 0.5 mm width post could only be seen in the
calibration object of pure polyHIPE, and it could not be printed with the otfibis is likely

due to the tendency of scatterimgluced overcuring in pure HIPE. Even though the over
curing of HIPEs is a problem when fabricating more complex designs, it may be advantageous
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when fabricating the fine detailExcept for the 0.5 mm post, the posts could be 3D printed
from HIPEs containing 0.4% betarotene and the blend, while the 1 mm width post was
incomplete in 0.1 % tartrazin€he pyramid structure containing inclined and thin edges (1.10
mm in the design file) and the buckyball structure including thin small spheroids (2 mm in the
design file) connected by thin lines (0.90 mm in the design file) were 3D printed as proof of

the usability of HIPEs to fabricate more complied structure¢Figure 2.3FG).

2.4.3. Comparison of the porous structures of thepolyHIPEs containing different
amounts of light absorbers

The layered microstructure caused by the 3D printing process of the polyHIPEs is presentedin
Figure2 4A-D. Layers and the interconnectivity between layers could be seen clearly. 6 layers
from each category were measured, and the layer thicknesses were 30.35 + 0.55 pum, 29.65 +
0.65um, 29.40 £ 0.75 um, and 29.70 + 0.70 um for pure, 0.4 %daetdaene, 0.1% tandzine,

and blend, respectivel¥igure2.4K). These results also matched tHayer thickness (30 um)

that was created by the slicing of the 3@dwl, and consequently théranslation step of the

z-stage.

After analyzing the effects of light absorbers on the resolution, we focused on investigating
their effects on the pore structusence the degree of porosity and pore size are crucial
properties in these materials, which directly affect the application area. PolyHIPEs that
contained 0.4 % betearotene, 0.1 % tartrazine, the blend, and pure polyHIPE were
investigated in terms of thdegree of porosity and pore size. Also, to fully understand the
influence of the printing process on the internal structéithe@polyHIPES, the pore size and
porosity within 3Dprinted structures were examined. The data were compared with the
measured pore size and porosity in a fresh batch eturéd polyHIPEs and with a sample
taken out of the resin tank after the printprgcess was completed (Wddred leftover). These

data are summarized fable 2.3 and Figure 2.4 and Figure 25 and provide the following

interesting insight into the printing process.

Table 23. Pore size (um), porosity (%), and layer thickness (um)
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Samples Pore Size (um) Porosity (%) Layer Thickness
(um)
Pure 13.97 +3.13 70.59 + 2.62 30.35 +0.55
g 0.4B 15.27 +3.31 70.70+1.14 29.65 + 0.65
c
g 01T 18.75 +5.76 64.17 + 4.58 29.40 + 0.75
o™
Blend 18.36 + 2.60 67.47 + 2.09 29.70 + 0.70
Pure 37.05+ 3.85 82.50 + 0.57 n/a
=
(2]
2 0.4B 29.15+ 4.35 80.58 + 2.06 n/a
©
3 01T 32.25+ 3.86 81.29 + 2.10 n/a
3
Blend 40.82+ 6.18 80.77 + 1.69 n/a
_ Pure 21.39 + 2.56 76.65 + 1.40 n/a
= 0.4B 14.87 +2.73 70.20 + 3.03 n/a
3
5 01T 20.15+2.71 62.79 + 3.80 n/a
(&]
>
> Blend 16.14 + 2.30 76.86 + 4.14 n/a

Focusing on the pore size within the-pbnted objects first, the pore sizes of the pure, 0.4 %
betacarotene, 0.1 % tartrazine, and the blend samples were 13.97 £ 3.13 um, 15.27 + 3.31 um,
18.75 £5.76 um, and 18.36 + 2.60 um, respectively, indicatiaghie pure polyHIPE sample

had the smallest pores while the 0.1 % tartrazine sample had the largest pore size. On the other
hand, the similarity in the pore sizes of 0.1 % tartrazine sample and the blend sample has been
observed. Secondly, pure and 0.4do#tacarotene samples showed more uniform pores than

0.1 % tartrazine samples based on their standard deviations as this could beTab&iB,

whereas the blend exhibited more uniform pores.
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Figure 2.4. Layer-by-layer structure of 3D printed polyHIPE sampl@s), pure polyHIPE(B)
polyHIPE containing 0.4 % betzarotene(C) polyHIPE containing 0.1 % tartrazinéD)
polyHIPE containing blend (0.4 % betarotene and 0.1 % tartrazine). Porous microstructure
of 3D printed polyHIPE sample&) pure polyHIPE,(F) polyHIPE containing 0.4 % beta
carotene(G) polyHIPE containing 0.1 % tartrazin@]) polyHIPE containing blend (0.4 %
betacarotene and 0.1 % tartrazin@). Pore size vs Samples graph, *: significant difference
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(p<0.0001). (Comparisorof the degree of porosity of Udured fresh, 3Eprinted, and UV

cured leftover samples. (K) Layer thickness vs Samples graph. (n=3)

According to the statistical analysisgure2.4l), the pore size of the 0.1 % tartrazine and the
blend samples were compared with the pure and 0.4 %chetéene samples, and it was found
that there was a statistically significant difference between them. On the other hand, thereis no

statistically sgnificant difference between the pure and 0.4 % -oatatene samples, and

between 0.1 % tartrazine and the blend samples.

Figure 25. Porous microstructure of W¢ured polyHIPE samples from fresh HIPES) pure
polyHIPE, (B) polyHIPE containing 0.4 % betzarotene(C) polyHIPE containing 0.1 %
tartrazine(D) polyHIPE containing blend (0.4 % betarotene and 0.1 % tartrazine) and from
leftover HIPEs, (E) pure polyHIPE, (F) polyHIPE containing 0.4 % betzarotene(G)
polyHIPE containing 0.1 % tartrazin@]) polyHIPE containing blend (0.4 % betarotene
and 0.1 % tartrazine). (n=3)

The porosity of the 3fprinted samples also showed a similar difference between the pure and
betacarotenecontaining samples compared to the tartrazioetaining samples. The porosity
drops to ~70% in the first group, while in the second group it damp8%%. Important to note

Is that this drop in porosity implies that the 3D HIPE emulsions do not produce polyHIPEs but
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rather lower porosity polyMIPEs (for Medium Internal Phase Emulsions). To discard the
potential effect of closed surface porosity of the printed objects on the measurement, the

porosity was raneasured on 3printed samples with their surface layers rentba@d no

difference was observed.

Figure 26. Porous microstructure of U¥ured polyHIPE samples after 1 dé&) pure
polyHIPE, (B) polyHIPE containing 0.4 % betzarotene(C) polyHIPE containing 0.1 %
tartrazine(D) polyHIPE containing blend (0.4 % betarotene and 0.1 % tartrazine), after 3
days (E) pure polyHIPE, (F) polyHIPE containing 0.4 % betzarotene,(G) polyHIPE
containing 0.1 % tartraziné;1) polyHIPE containing blend (0.4 % betarotene and 0.1 %
tartrazine), and after 7 dayi pure polyHIPE(J) polyHIPE containing 0.4 % betzarotene,
(K) polyHIPE containing 0.1 % tartrazing,) polyHIPE containing blend (0.4 % betarotene

and 0.1 % tartrazine). (n=3)

These results can be further compared to the results obtained fgreured

polyHIPEs/MIPEs fabricated from fresh HIPEs and the emulsion that was left over in the resin
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tank after printing. The results can be summarized as follows: the leftover resin produced
polyMIPEs with very similar pore size and porosity compared to th@r@Red objects (in
between 1820 um and 62Z7/6% depending on the formulation), while the {dWfred fresh
polyHIPEs exhibited larger pore sizes (in betweemdBQum and 8682% depending on the
formulation). These differences can be explained by the different conditions the emulsions are
exposed to during printing versus standard¢iving. During 3D pinting, the emulsion gets
agitated by the uspnddown movement of the printing platform during the pafitand curing

steps causing a reduction in the pore size during curing.

Table 24. Pore sizes (um) in day 1, day 3, and day 7

Pore Size (um)

SEniplEe Day 1 Day 3 Day 7
Pure 36.90 + 5.01 33.96 + 5.50 32.86 + 4.67
0.4B 29.55 +5.09 33.44 £5.22 35.76 + 6.88
01T 32.43 +5.68 34.79 £ 5.88 42.59 + 6.94
Blend 40.28 £ 7.11 39.23 £7.82 34.26 +6.28

Also, interesting to note is that the tartrazoentaining samples showed a higher reductionin
porosity than the others. The addition of tartrazine decreased the porosity in addition to the up
anddown movement of the printing platform. Based on thesdirfigs, a 7day emulsion
stability test was performed, and the results are presented in Fig. 6 and Table 4. Even though
the pore sizes of 0.4 % betarotene polyHIPEs and 0.1 % tartrazine polyHIPEs increased as
time increased, the blend and pure polyHIBBewed a slight decrease in their pore sizes as
time increased.
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2.4.4. Surface Porosity

The outer surface of the cylinders was imaged via SEM to investigateffects of light
absorbers on the surface porosity. The pure and 0.4 %chettéene samples showed almost
closed surfaces, whereas 0.1 % tartrazine and the blend samples provided porous surfaces. This
indicated that oHsoluble (continuous phase) awdtersoluble (internal phase) light absorbers

have different effects on surface porosity and that only absorbers soluble in the internal phase
ensure open surface porosity. This indicates that by including the light absorbers in the aqueous
phase, the aguous phase also absorbs the scattered light, which then reduces the occurrence of
the poorly polymerized polymer boundary layer that gives rise to the polymer surface skin.

500 pm 500 pm 500 pm 500 pm
e s Eerrer— AseESsmRI RTINS

100 pm - W R ST Vum;mi Ny L 100,

Figure 2.7. The porosity of the outer surface of the 3D printed san{plgl) pure polyHIPE,
(B, F) polyHIPE contains 0.4 % beta carotef@, G) polyHIPE contains 0.1 % tartrazin®,

H) polyHIPE contains 0.4 % beta carotene and 0.1 % tartrazine. (n=3)

2.5. Discussion

Current literature indicates that there is a noted increasing interest in the use of porous
materials, particularly polyHIPES, in various applicatip@]. Even though polyHIPEs are

frequently proposed as materials for 3D cell culture and tissue engineering applications, they
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are also usable in different industrial applications by controlling their porous morphology, and
physical and mechanical propertip®¥], [59], [62], [129], [139], [140] For the further
adaptation of the polyHIPE technology in various industrial applications, these materials
should also be able to be manufactured in a broad range edefeed shapes. For this reason,
manufacturingolyHIPEs via vat photopolymerization would be a convenient way since this

process allows highesolution fabrication.

Pure HIPEs were ovearured while fabricating cylinders with 5 mm and 10 mm heights and
15°, 30°, and 45° inclines. The reason for this em@ing is light scattering during the 3D
printing process, as has been reported in the literfitddd, [142] Light scattering could be
reduced by including light absorbers within the resin, thus enabling the manufacture of objects
with improved resolution via vat photopolymerization. For examiplejvin Carboprotect and
Tinuvin 234 have been used as light absorbers to improve the resolution of 3D printed

polyHIPESs, as reported by Susec et al. and Sherborne et al., respdéd\Ne|§9].

We achieved the best resolution using the blend light absorber (0.4 %dvetane and 0.1 %
tartrazine)As highlighted in Table 1, between 0.1 and 1 wt% of {oetatene and 0.1 and 0.4
wt% of tartrazine were used in the formulations (relative to the organic phase weight, this
equates to 0.02 and 0.2 wt% of betaotene and 0.02 and 0.08 wt% of tartrazalative to

the total weight, i.e., organic and aqueous phase). Tartrazine dissolves in the aqueous phase
while betacarotene dissolves in the orgaplase andiven the water/polymer volume is 4:1.
Betacarotene and tartrazine have almost identical médeameights (this gives the molar
concentration of tartrazine in water at 0.1 wt. % (vs. organic phase weight) is 0.47 mM while
the concentration of betzarotene in the organic phase at 0.1 wt% (vs. organic phase weight)
is 1.87 mM).Since light absorption is a volume effect, and the penetration depth is dependent
on the amount of light absorber in the total irradiated volume, the molar % of beta
carotene/tartrazine per total volume can be used. In addition to these, while tarixhibite e

a 6.23x highe absorption compared to betarotene at the same molar concentration, the
observed optimal ratio of 4.1 for their concentrations in the formulations may be influenced by
additional factors such as their distribution between the organic and aqueousgpitbgesr

molecular interactions within the emulsion.

The use oblend light absorbeallowed the 3D printing of a pyramid structure havimgjined
edges and buckyball structureKigure2.3). Thus, we have manufactured the most complex
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structures to date obtained from HIPEs via stereolithogréglsed additive manufacturing
thanks to the inclusion of the blend light absorber. Additionally, these structures could be
manufactured with both internal and surface porosity, but interestthglpore size within the
printed structures was smaller than a structure directhcUiéd from a fresh HIPE (180 um
compared to 3@0 um,Figure2.5 andTable2.2), and the total porosity decreased by ~10%.
This was likely due to a few different conditis the emulsion is exposed to during printing.
Indeed, the print platform moves in a concertedogdown movement during printing to pull

off the printed layer from the resin tank and move back to thelsger thickness of 30 um

for the next photop@merization cycle. This restricts the pore size within the scaffolds to be
smaller than 30 um since the emulsion droplets need to fit in between the resin tank and the
printed structure on the printing platform. Additionally, the agitation associatedtiagth
movement of the printing platform induces increased mixing and smaller pores throughout the
resin, as indicated by the similar pore size observed in the leftover resin after printing. The
overall stability of the resins at room temperature is at [2astys, with only a slight change

in pore size observed during this periéigure2.6 andTable2.3).

An important additional factor is the appearance of a closed polymer layer on the surface of
the 3D printed structures that contain no light absorber. This has been previously reported by
Sherborne et aJ69] and is due to a poorly polymerized surface layer that collapses as surface
skin onto the 3Bprinted objects after washing. This study reportedthé&234 (Tinuvin 234)
produces an open surface pore structure. Similarly, our work indicated that the inclusion of
tartrazine enables an open surface pore strudtigare2.7G-H) while the inclusion of beta
carotene results in a closed surfdéigre2.7). This tunability of closed/open surface porosity

by the inclusion of different light absorbers is likéhyeresting for various applications; for

example, in tissue engineering, open surface porosity is preferred to enable cell ingrowth.

2.6.Conclusions

To conclude, firstly, this study demonstrated that using the blend eEbebéene and tartrazine
as a light absorber considerably improves the 3D printing resolution for producing porous
polymer structures. Thus, it allows the fabrication of more comgbeixdetailed objects from

HIPEs via stereolithographyased additive manufacturing. The blend of 0.4 wt% -beta
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carotene and 0.1 wt% tartrazine relative to the organic phase has been shown to preserve both
the surface porosity and internal porosity of the@ihted objectsThe pore size was reduced

in the 3Dprinted objects compared to the tdvred fresh polyHIPES, from ~340 to 1520

um. The overall porosity was also reduced, and thep@BBted porous polymers can be
classified as polyMIPEs rather than polyHIPEs. This wtilidistrated that 3D printing of
intricate structures of porous polymers is possible witmmercial stereolithography setups,

which opens the route towards using this technologw floost of applications.
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CHAPTER 3

Investigating the Potential of Electroless Nickel Plating for
Fabricating Ultra -Porous Metal-based Lattice Structures

Using PolyHIPE Templates

Electroless nickel-plating

Abstract

The use of polymerized high internal phase emulsions (polyHIPES) as templates for electroless
nickel plating is a promising method for producing uip@ous metallic lattice structures with
consistent wall thickness. These structures have desirable pesfgrch as low density, high
specific strength, resilience, and absorbency, making them suitable for various applications
including battery electrodes, catalyst supports, and acoustic or vibration damping. This study
aimed to optimize and investigate #lectroless nickel plating process on polyHIPESs. Initially,

a surfactant (hypermer) stabilized watefoil emulsion based on-@thylhexylacrylate and
isobornylacrylate was used as a 3D printing resin to create polyHIPE structures. Then, the
electrolessnickel plating process was optimized using polyHIPE discs. The study also
examined the effects of air, argon, and reducing atmospheres during the heating process to
remove the polyHIPE template using metallized@ihted polyHIPE lattice structures. The

findings indicated that different atmospheres led to the formation of distinct compounds. While
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nickel-coated polyHIPEs were fully oxidized in an air atmosphere, nickel phosphiegl@) (Ni
structures occurred in argon and reducing atmospheres along Ni metal. Moreover, in argon and
reducing atmospheres, the porous structure of the polyHIPEs was retained as the internal
structure was completely carbonized. Overall, the study demonstratentticate polyHIPE
structures can be used as templates to createpdtras metabased lattices for a wide range

of applications.

Keywords:PolyHIPE, 3D printing, stereolithography, emulsion templating, electroless nickel
plating

3.1. Introduction

Porous structures have gained significant importance in various fields due to their unique
properties, characteristics, and potential applicatiOnghe basis of mimicking the structure

of naturallyoccurring porous materials, various porous structures have been created, such as
foams, honeycombs, and lattice structyde®3], [144], [145], [146]

Foams, honeycombs, and | attices are cellul a
commonly used to describe porous materials before the emergence of the lattice $14idture

[148]. Lattices offer numerous superior qualities, such as being lightweight, highly durable,
capable of absorbing energy, dissipating heat, and minimizing vibration, aspect which have

been thoroughly investigatgti49].

Lattices have been used in a wide range of industrial applications, including aerospace,
automotive, construction, and biomedical engineering due to their excegiiopattie§149],

[150], [151] These structures can be designed and optimized for specific properties, such as
stiffness, strength, energy absorption, and thermal insulation, making them versatile materials
for various application§l52], [153], [154], [155], [156], [157], [158]Architected lattice
materials, which are produced by mimicking the crystal microstructure of metals and alloys on

the macroscale, are promising candidates for industrial applicqlib8k [160], [161] They
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are made of periodic configurations of nodes and struts usable as macroscopic mechanical

mimics of bonds and atoms in crystal structyfe3], [144]

The properties of a lattice material are governed by both the distribution of voids and solids as
well as the solid ingrediefit62], [163] Various ultralight materials have beeneated in recent

years using a variety of techniques such as polymer foams, metallic foams, ultralight nickel
microlattices, and aerogel$46], [154], [164], [165], [166], [167], [168], [169]As their

density rises, ordered cellular lattice materials become more rigid and diiradle

Metallic microlattices have a wide range of potential uses in thermal insulation, battery
electrodes, catalyst supports, and acoustic, vibration, or shock energy ddrBpjnfL58],

[164]. They possess desirable characteristics such as low density, high specific strength,
resilience, and absorbandd6], [154], [164], [170], [171], [172]Furthermoremetallic lattice
structures can be fabricated using various manufacturing techniques, directly from the metal
material via investment casting, deformation forming, woven andwawen metal textiles

and powder bed fusidd 73]. In addition, they can be fabricated from additive manufactured
polymer templates that are metalliagd electre or electroless deposition and subsequently

removed to achieve the final metallic struct{t46].

To produce metal latticasonporous polymer templates are normallsed. Recently, we
developed a polymer resin thiatinherently porous via using emulsion templating and we
reported its use as a resin for vat photopolymeriz4@6h [71]. In particular, polymerized

high internal phase emulsions (polyHIPES), porous polymers produced by a straightforward
emulsion templating process, were u$éd]. In this process two immiscible liquids (in our
case a hydrophobic methacrylate phase and water) are mixed stabilized by surfactants or
colloidal particles to form @ontinuous (external) phase and internal (droplet) phase. If the
internal phase is more than 74% of the total volume, then the emulsion is classified as a high
internal phase emulsion (HIPE9], [55], [56], [130] PolyHIPEs are made from HIPEs by
further polymerizing the external phase and removing the internal ptis¢57]. Surfactant
stabilized PolyHIPEs typically yield high surface area materials with highly interconnected
pores, with adjustable and walefined porosities. In addition to being employed as polymer
based tissue engineering scaffolds, catalytic supporti$tersf polyHIPESs can also be used as
templates to create porous metals, ceramics, carbons, and comptit¢s0], [51], [52],

[53], [54], [129], [174]
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Traditional manufacturing methods of polyHIPEs such as casting (molding) can only produce
geometrically simple designs, and do not offer flexibility in the production of the polyHIPEs
[73], [131]. On the other hand, inherently porous and intricate lightweight structures including
lattice structures can be fabricated via the combination of emulsion templating with additive
manufacturing within a single sté5], [66], [69], [71] Among additive manufacturing (AM)
techniques, vat photopolymerization has the advantage of fabricating the 3D intricate structures
directly from the design file with minimum effort. In this AM technique, commercial
photocurable resins or emulsiased regs are used as 3D printing materi@g [33], [65],

[66], [67], [69], [71], [175]

Via this route PolyHIPEs can be used as templates for producing metallic lattice structures
using electroless nickel plating, which is a eeffective and simple technique for fabricating
complex shapes with uniform wall thicknedst6], [157], [160], [170] Electroless nickel

plating is a widely used process for depositing a nighelsphorus alloy coating {24%
phosphorus content) onto a substrate without the need for an external electrical power source
[176], [177] This plating technique involves a chemical reaction between the substrate and the
plating solution, which resultsin a uniform coating with precise thickness. Electroless plating
can be particularly useful in the production of metallic microlatticesyevtiee precise control

of wall thickness is critical to their mechanical properties and functionality.

To deposit a metal coating onto a polymer surface using electroless plating, metal nanoparticle
catalysts like Pd, Ag, or Au need to be adsorbed on the surface initially. This process activates
the metal cations in the plating solution, which reduce intbahnratoms and deposition onto

the activated surface. Polymer surfaces are usually inert, however-Beairaent is needed

to introduce functional groups and enhance adhesion between the surface and the catalyst. This
improves the affinity between thatalyst and the surface, promoting uniform and adherent
metal deposition during electroless plat{dad3].

In this study, the usef additively manufactured polyHIPEs strut structures as templates for
electroless nickel plating and their further heat treatment in different atmospheres such as air,
argon, and reducing atmospheres was investigated for the first time. The heat treatiment i

is intended to remove the polyHIPE polymer substrate, while the argon and reducing
atmospheres aim to carbonize the polyHIFEe first step involved 3D printing polyHIPE

discs using a commercial stereolithograjifased 3D printer (Elegoo Mars 3 Praid
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optimizing the electroless nickel plating process by varying the coating time. Then, inherently
porous lattice structures were 3D printed from high internal phase emulsions aneto@icel.
The effects of various atmospheres during the heating procesisediinal nickel lattice

structure were explored.

3.2. Experimental

3.2.1. Materials

2-ethylhexyl acrylate (EHA), isobornyl acrylate (IBOA), trimethylolpropane triacrylate
(TMPTA), a photoinitiator; diphenyl (2,4,&imethyl benzoylphosphine oxidefhydroxy-2-

methyl propiophenone (blend),et a car otene (synthetic, O093%
(dye cont e-frimeth®§siydpropyl mBethacrylatéTMPSM), tin (Il) chloride

(SnCh), palladium (ll) chloride (PdG), boric acid (HBOs), and ~37% hydrochloric acid

(HCI) were all purchased from Sigma Aldrich. The surfactant Hypermer {52461 was

donated by Croda. Electroless nickel plating solutions (Part Aand Part B) were purchased from
Caswell UK.

3.2.2. Preparation of High Internal Phase Emulsions

39.70 wt% 2ethylhexyl acrylate (EHA), 39.70 wt% isobornyl acrylate (IBOA), 15.90 wt%
trimethylolpropane triacrylate (TMPTA) (crosslinker), and 4.70 wt% Hypermer £226/
(surfactant) were mixed to form the continuous organic phesiel€3.1). The surfactant was
dissolved in the mixture by heating it until it was completely dissolved at 50°C.cAedéene

and tartrazine which were optimized in our previous work were added at 0.02 wt% and 0.06
wt% with respect to the continuous organic phasspectivelyto act as light absorbelal].

The photoinitiator was then added to the continuous phase at 5 wt%. Finally, 80 vol.% of
distilled water, dHO, as the internal phase was added dropwise while stirring the mixture at

300 rpm to form an emulsion using a SciQ&m 40 stirrer.

Table 31. EHA, IBOA, TMPTA, hypermer, betaarotene, and tartrazine ratio (wt%)
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Organic phase Light absorbers
EHA IBOA TMPTA Hypermer | Beta- Tartrazine?®
(wt%6) (wt%) (wt%) (wiog) | carotene (wt%)
(Wt%)
39.70 39.70 15.90 4.70 0.02 0.06

aBetacarotene and tartrazine concentration with respect to the organic phase

3.2.3. 3D printing of polyHIPE discs and lattice structures

PolyHIPE structures were 3D printed using a stereolithogrglsgd commercial 3D printer
(Elegoo Mars 3pro). This 3D printer uses a 4K monochrome LCD screen with a resolution of
4098 x 2560 pixels and an XY resolution of 35 pm. The printer also featetep-an-board

lens with integrated UV LED lights paired with a Fresnel lens to deliver an even beam of 405

nm as a light sourdd.79].

Computeraided design (CAD) was used to preparanm diameter x 2.5 mm height disc
(SolidWorks 2018) Eigure3.1A). The cubic vertex centroid lattice structure (to be mentioned

as Alattice structureo or Al attice@l8 n the
Autodesk Fusion 360 was used to add a base to the lattice strieyume8.5A). Both designs

were formatted as .stl files and then sliced using CHITUBOX Basic.

10 mm diameter x 2.5 mm height discs d@mm x 18 mm x 20 mnattice structures
including20 mm x 20 mm x 3 mrof the base were 3D printed with a layer thickness of 30

pum (Figure3.1A andFigure3.5B, Q). The internal pore size of the 3inted polyHIPEs was

14.36 + 5.78 pmKigure3.1B). The 3D printing parameters including exposure time, bottom
layer count, and bottom exposure time etc. were preseniBabile3.2. To ensure a proper
attachment of the structures to the printing platform, the bottoardaghould have a higher
exposure time than the general exposure time. The exposure time was optimized for each
design to prevent overcuring. The overall 3D printing duration was ~20 minutes for 30 discs

whereas 18 lattices were 3D printed in ~3 hoursni@ loatch.
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After 3D printing was completed, 3D printed structures were washed with methanol to remove
any materials eluting from the polyHIPE (e.g. uncured resin), and then dried in an ov&d at 65

for 24 hours.

Figure 3.1. (A) 3D printed polyHIPE disc and the 3D model of the disc(@)gborous internal
structure of the 3D printed polyHIPE.

Table 32. 3D printing parameters used to produce discs and lattices

Layer Bottom Exposure Bottom Transition Bottom lift
height layer time (sec) exposure | layer count | distance/Lifting
(um) count time (sec) distance (mm)
H Disc | Lattice
30 5 10 8 40 5 5
Bottom lift Lifting speed | Bottom retract Rest time Rest time after
speed (mm/min) speed/ Retract | before/after retract (sec)
(mm/min) speed (mm/min) lift (sec)
60 70 50 0 0.5
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3.24. Metallization of 3D printed polyHIPE discs and lattice structures

The nicketplating protocol including prreatments that was published by Sun et al. was used
by optimizing it for polyHIPEY178]. All steps as a schematic diagram were illustrated in
Figure3.2.

Before the metallization process, surface functionalization is needed to make the polyHIPEs
hydrophilic and surface activation is required to enable the deposition of nickel to the substrate.
Firstly, polyHIPEs were immersed in(&imethoxysilyl)propyl methacrylate silane (TMPSM)
at40°C for 15 min to enhance their hydrophilicity and then dried in an ov@sf@tuntil they

were fully dried (72 hours for discs aneé48 hours for latticesSecondly, the silaneeated
polyHIPEs were immersed in SnGhnd RICl; solutions at 40°C for 20 min and 10 min,
respectively. SnGlsolution was prepared mixing 0.8 wt% SpQl00 ml dHO, and 5 drops

HCI. To prepare 100 ml Pd&$olution, 0.06 wt% PdGJ 2 wt% HBOs, 100 ml dHO and 8

drops HCI were mixed. The pH of the Sp@hd PdCl solutions wad.2 and 1.7respectively.

100 ml SnCGland PdC solutions were uset treatt polyHIPE discs and 3 polyHIPE lattices

to prevent any contamination.

Finally, an electroless nickel plating solution was prepared using Caswell solutions at the
following concentrations, 5 vol.% Part A, 15 vol.% Part B, and 80 vol.%dH31]. Surface
activated polyHIPE discs were then immersed in the electroless nickel plating solution at 90°C
for 5 min, 15 min, 30 min, and 1 h. For the polyHIPE lattices, 30 min plating time was applied.

The concentrations used to prepare the solutions wesemntied infable3.3.

Table 33. Concentrations of prereatment and electroless nickel plating solutions.

Silane SnCl, solution PdCl, solution Electroless nickel
plating solution
(Caswell)

TMPSM | SnCl, | HCI dH,O0 | PdCl, H3BO; HCI dH,0 Part dH,0
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100% 0.8 5 100 ml| 0.06 2 8 100 ml 5 15 80

0, 0,
wt% drops wt% drops vol% | voloe | voloe

e > Metallized
PolyHIPE V. & polyHIPE
disc Silane SnCl: solution PdCl: solution  Ni-plating solution  disc

Figure 3.2. Schematic diagram of the electroless nickel plating process.

3.25 Incineration or Carbonization of the polyHIPE Template

The PolyHIPE templates used to produce metallized polyHIPE lattice structures were
incinerated or carbonized in a higgmperature overkfite tube furnace, Elite Furnaces, YK
Different atmospheres, such as air, argon (Ar), and reducing (@Be)Hwere used to study

the incineration or carbonization mechanism of PolyHIPEs under various conditions. The
temperature wasicreased to 700°C with a heating rate of 10°C/min. After reaching 700°C,

the materials were held for a dwell time of 1 hour.

3.3. Characterization

3.3.1. Mercury Intrusion Porosimetry

The porosity of the polyHIPE discs was measured using a menaugsion porosimeter
(AutoPore V, Micrometrics) before the metallization process. The highest applied pressure and

the contact angle of mercury were 60000 psi (414 MPa) and 130°, respectively.
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3.32. Attenuated Total ReflectanceFourier Transform Infrared (ATR -FTIR)
Spectroscopy

PolyHIPE discs were cut into 300 pum thickness pieces for the ATR analysis once they were
silanetreated PerkinElmer FTIR Spectrometer FrontierATR measurements were obtained
from 550 to 4000 cft wavenumber at transmittance mode with a resolution of'4 @nd 32

scans per sample.

3.33. X-Ray Diffraction (XRD)

X-Ray diffraction was used to analyze the crystallographic and phase structure of the
metallized polyHIPEs discs and lattice structures. XRD was carried out using a PANalytical
Aeris, operating at the reduced fluorescence measurement method (Cu tubeD8OK\/4°
divergence slit,a 0.15 mm Ni filter, 0.02 Rad soller slits). The data were collected at diffraction
angles (2s) from 0° to 100° with a step size of 0.02°.

3.34. Scanning Electron Microscopy / Energy Dispersive Ray Analysis (SEM / EDX)

A FEI Inspect F SEM was used to investigate the internal structure of thaeiahized and

metallized polyHIPEs and the surface of the metallized polyHIPEs. To increase the
conductivity of the internal structure of the polyHIPEs, samples were-gpatedbefore

iImaging. An accelerating voltage of 5 kV was used for imaging. Pore sizes and nickel
thicknesses were measured using | mageld. Addi
was applied to the pore size measurements to compensate for thestinddren of the

diameter caused by uneven sectiorfitg].

Elemental analysis of the Sn and Pd treated and metallized samples was done using SEM
(Inspect F, FEI) with an energy dispersamalyzemwith 20 kV power.

3.35. Thermogravimetric Analysis (TGA)

The thermal behavior of the nanetallized and metallized polyHIPEsSY mg and~12 mg,
respectively) was determined using thermogravimetric analysis (TGA, Pyris 1, PerkinElmer).
Samples were heated in a nitrogen atmosphere from 30°C to 1000°C at a heating rate of
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20°C/min. The weight loss % and increasing temperature relationship of the samples were

recorded to identify the thermal characteristic of the polyHIPE samples.

3.36. Mechanical Testing

Compression testing was performed to evaluate the mechanical properties of the metallized
polyHIPE discs (10 mm diameter x 2.5 mm height). A Mecmesin Multitesd¥Z fechanical

testing machine equipped witl2&ON loadcell was used at a rate of 1. mm/min. The data were
obtained using Vector Pro software. The stiffness was determined from the initial linear slope
of the stresstrain plot (n=6).

3.4. Results and Discussion

34.1. Pretreatment of polyHIPEs

FTIR/ATR spectra of the polyHIPEs before and after the silane treatment were presented in
Figure3.3A. Five new peaks were observed to appear at 815 840 cm' 1084 cm', 1296

cmt, and 1637 cm. The peak at 815 chwas allocated to the bending vibration eHCwhile

the peak at 940 ctrwas designated to the stretching vibration e©GiH) [183]. Additionally,

the peak at 1084 chand 1296 crdwere attributed to the stretching vibration 6f3; and the

peak at 1637 crhwas ascribed to the stretching vibration of J483], [184] The occurrence

of the new peaks indicated tha{t8imethoxysilyl)propyl methacrylate silane was attached

successfully on the polyHIPE surface.
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Figure 3.3. (A) FTIR/ATR graph of the silan&reated polyHIPEYB) EDX analysis of the Sn

and Pdtreated polyHIPEs, andC) TGA analysis of the nometallized and metallized
polyHIPEs.

Figure 33B showed the EDX analysis of the polyHIPE samples that twveeded with silane,

SnCk, and PdCl. The presence of C and O peaks was attributpdl{dHIPE The successful
attachment of the silane was confirmed by the appearance of the Si peak. Moreover, the
detection of Sn and Pd peaks in the EDX spectrum indicated that Sn€IPdC] were
effectively attached to the surface of polyHIPEs.

The TGA analysis of both the nanetallized and metallized polyHIPEs was showirigure

3.3C. The analysis indicated that the degradation of polyHIPE was completed at 500°C, and
the decomposition occurred between 500WD°C. The residual ash content was
approximately 2%. Overall, the TGA graph, showed that the polyHIPE was completely
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incinerated at 700°C, which is significantly lower than the melting point of the nickel (1453°C)
[154]. Due to this reason, the metallized lattice structures were heated up to 700°C to remove
the polyHIPE template.

3.4.2. Metallization of polyHIPE discs

Digital images of polyHIPE discs that were metallized for 5 min, 15 min, 30 min, and 1 h were
shown inFigure3.4A-D, respectively, and their corresponding SEM micrographs of the bottom
of each sample were presentedFigure 3.4E-H. As expected, they exhibited a metallic
appearance. Even though a 5 min metallized sa(Rplere3.4E) appeared porous, however,

at 1 h the sample had no visible poroskyglre3.4H).

The EDX analysis presentedrigure3.4l, along with the XRD analysis shownkigure3.4J,
provided further evidence of successful nickel plating. The presence of peaks for Nickel (Ni),
Phosphorus (P), and Oxygen (O) was observed in all the sample categories during EDX
analysis. The Ni and P peaks were indicative of successful nickel coatiiig,the O peak

could be due to the possible oxidation of the metallized samples.

XRD analysis reveals that Ni (111) peaks wer
[178]. However, a small broad feature attributed to the polyHIPE was only detected in the 5
min metallized sample at 2d=17U. These findi
achieved as the metallization duration increased. The crystallite size atatedcby the

Scherrer equation and the degree of crystallinity of the 5 min, 15 min, 30 min, and 1 h
metallized samples were 41.3 nm, 20.7 nm, 41.2 nm, 11.7 nm and 49.66%, 78.17%, 84.53%,
89.80%, respectively.
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Figure 34. Metallized polyHIPE discs and their SEM micrograplds,E) 5 min, (B, F) 15
min, (C, G) 30 min, andD, H) 1 h.(l) EDX and(J) XRD analysis of the metallized polyHIPE

discs.

Furthermore, crossection SEM micrographs of metallized samples for various time durations
(5 min, 15 min, 30 min, and 1h) were presentdgigure3.5A-D. These micrographs showed

the nickel layer on the surfaces of the samples. However, as the nickel layer was not thick
enough to be seen, higher magnification SEM images of the samples for each time duration,
along with corresponding EDX mapping analysistt exhibited the presence of Ni, were
illustrated inFigure3.5E-H, I-L.

The thickness of a nickel layer deposited on polyHIPEsases with deposition time between
1.66 £ 0.54 pum for 5 mins and 10.20 + 0.98 um for 1 hour depositainié3.4). The overall
porosity of the nickel coated samples was around 50%, while thenetailized polyHIPE had

a higher overall porosity of 74.96%. This indicates that nickel deposition process does deposit
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a thin film on the surface of the macrostructure, instead of conformally coating the internal
structure of the polyHIPEs. Indeed, this is mainly confirmed by the SEM-sexg®ons and

EDX mapping presented iFigure 3.5 andindicates that the growing nickel coating reduces
the surface porosity of the polyHIPEs and increasingly acts as a barrier for fluid or gas flow in
the internal structure by sealing off the surface parks.results of the EDX mapping analysis
shows that still some nickel diffusion agced into the internal structure because of the surface
porosity Figure3.51-L). This finding supports the idea that when pores are sufficiently large
and interconnected, metal diffusion can occur, resulting in fully metallized pores. Previous
literature indicated the possibility of metallizing the internal structure of polyHIRits iz

EDX mapping results of this study provided further evidence to support thiglgga[186]

300 um

Figure 3.5. Crosssection SEM images of the metallized polyHIPE di¢8$,5 min,(B) 15
min, (C) 30 min, and(D) 1 h in lower magnification. Crossection SEM images of the
metallized polyHIPE discs and their corresponding EDX analfsjg) 5 min,(F, J) 15 min,
(G, K) 30 min, andH, L) 1 h in higher magnification.
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In addition to these, the weight change (%) of the metallized samples increased in between 9.88
+ 7.09% for 5 mins deposition to 37.76 + 8.20% for 1 hour deposition and this increase leads
to an overall increase in densifyable3.4 presents the density and stiffness under compression

of the printed disks with the increasing niclgthting time. As expected, the density of the
metallized samples increased with the plating time. Themetallized polyHIPE had a density

of 1.08 g/cmi, while the metallizedamples had densities ranging from 1.18 g/fon 5 mins

to 1.47 g/cmfor 1 hour deposition.

The nonmetallized polyHIPE disc had stiffness of 1.12 + 0.31 MPa, whereas the stiffness of
the 5 min metallized sample increased to 5.04 + 2.11 MPa. After this initial increase the
stiffness of the disks did not change significantly with thicker nickatiog (from 4.60 = 1.20

MPa for 15 mins to 3.87 + 0.75 MPa for 1 hour coating). This indicates strongly that only the
outer surface of the polyHIPE disc is coated (as a nickel shell to the polyHIPE disc) and there

is very limited coating of the internal l$lIPE structure.

Table 34. Porosity (%), Ni layer thickness (um), weight change (%), density @/@and

Stiffness (MPa) values of the nonetallized and metallized polyHIPE discs.

Samples Porosity | Ni thickness | Weight Density | Stiffness
(%) (um) change (%) (g/cn?) (MPa)
polyHIPE 74.96 n/a n/a 1.08 1.12+£0.31
5 min metallized | 52.77 1.66 £0.54 9.88+7.09 |1.18 5.04+211
15 min metallized | 47.72 3.20+£0.54 19.44 +9.33 | 1.20 4.60 £ 1.20
30 min metallized | 51.05 4.20+1.24 28.32+3.94 | 1.35 4.20+1.44
1 hmetallized 49.63 10.20+0.98 |37.76 £8.20 | 1.47 3.87+£0.75
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3.4.3. Metallization of polyHIPE lattice structures

Figure 3.6. (A) 3D design of the lattice structyr@, C) 3D printed lattice structure from
different perspective$D-F) nickel-plated lattice structure from different perspectives, and the

lattice structure after the removal of the polyHIPE template if@)e&ir, (H) argon, and])
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reducing atmospheres. (Lattice size in B, C, D, E, and F is 18 x 18 x 20 mm and scale bars in
G, H, and | are 10 mm).

Figure 3.6A-C illustrated the 3D design of the lattice structure and the 3D printed lattice
structure from different perspectives, respectively. The lattice structure had a void size of 1.34
+ 0.26 mm and a strut thickness of 0.27 £ 0.05 mm. It was observed thatgran8&l design

and structure were similar to each other in terms of printing resol&iigure 3.6D-F showed

the metallized lattice structure from different perspectives, revealing a uniform nickel plating
without any deformation in the structure. Thighiights that electroless nickel plating provides

a uniform coating on intricate structures.

The lattice structures were heated in air, argon, and reducing atmospheres to either remove the
polyHIPE template via incineration (in air) or to carbonize the polyHIPE (in argon or reducing
atmospheres) after metallization, and the results were preseftigdre3.6G-1. As expected,

some shrinkage occurred in the lattices after the heating of the polyHIPE template. It was
observed that different atmospheres caused similar shrinkages. Specifically, the air, argon, and
reducing atmospheres caused 86.111% 1/0l.%, 85.81 + 4.10 vol.%, and 86.15 * 4.15 vol.%
shrinkages in the structure, respectively. The lattice structures heated in the air had more
consistent shrinkage than those heated in argon and reducing atmospheres, as indicated by their

standard deviations in shrinkage.

SEM micrographs of the lattice structures heated in air, argon, and reducing atmospheres were
presented ifrigure3.7, respectivelyFigure3.7A, D, and Gshowed images taken from the top

of the lattice structures, while the cressctionimages were presentedrigure3.7B, E, and

H. Finally, one representative strut for each category at higher magnification was exhibited in
Figure3.7C, F, and.l The average strut thickness after heating was 0.16 + 0.03 mm, 0.22 +
0.05 mm, and 0.19 + 0.04 mm for the airgon, and reducing atmospheres, respectively. On
the other hand, the strut thickness of the metallized lattice structure was 0.29 + 0.08 mm. After
the removal of the polyHIPE template, the struts of the lattices shrank by an average of 44.83%,

24.14%, ad 34.48% in air, argon, and reducing atmospheres, respectively.
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3 mm

3 mm

Figure 3.7. (A, D, G) The SEM micrographs from the tqj®, E, H) the crosssection, andC,
F, 1) the strut in higher magnification of the lattice structures heated in air, argon, and reducing

atmospheres, respectively.

The results indicated that the choice of atmosphere during the heating process had a significant
effect on the shrinkage of the metallic polyHIPE lattice structures. Incineration in air led to a
complete combustion and consistent shrinkage in both theostagcture and struts due to the
presence of oxygen, leading to more uniform and consistent shrinkage. In contrast,
carbonization in argon or reducing atmospheres led to less shrinkage in the struts but significant
shrinkage in the macrostructure. Howevir,inert or reducing atmospheres, there was no
combustion, and we observed still an internal porous carbon scaffold within the struts. In air

atmosphere, the nickel struts are completely empty. Interestingly, the macrostructure still
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shrank isotropically, without destroying the 3D strut structure. Also, it is interesting to observe

from the SEM figuresKigure3.7 C, F, and)lis that all three nickel coatings are highly porous.

Figure 3.8. (A) EDX analysis of the lattice surfaces g&j EDX analysis of the strut from the
crosssection of the latticegC) XRD analysis of the lattices an@®) the zoomedn XRD

analysis graph.

Figure3.8 displayed the EDX and XRD analyses of the lattice structures after he@tinge

3.8A and Bshowed the EDX analysis performed on the surface of the lattice structures and the
struts, respectively. The presence of nickel (Ni) peaks in all three conditions confirmed the
effective nickel plating on both the lattice surface and the struts. Theagksngsssibly
demonstrated the feasibility of uniformly coating intricate polyHIPE structures using the

electroless plating technique. Moreover, the formation of phosphorus (P) and sodium (Na)

























































































































































