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Abstract

With additive manufacturing, it is now possible to repeatedly create 3D objects without the
need for molds or heavy machining. In comparison with other additive manufacturing
techniques, vat photopolymerization provides a fast and precise way of producing complex
shapes and objects. Photopolymerization 3D printing uses light exposure to solidify a resin
formulation and is typically limited to a single material. In recent years, researchers have
focused on using multi-material 3D printing to manufacture objects with heterogeneous
properties. A promising approach for vat photopolymerization 3D printing of multi-material
objects is the use of orthogonal photoreactions to tailor the network properties.
In this work, three different hybrid acrylate-epoxide systems were formulated to present the
possibility of preparing dual-curable resins for 3D printing, and tuning their properties using
dual-wavelength DLP 3D printing technology:

a) DOM:ECC =75:25, 25:75

b) Eb:ECC =25:75

c) PEGDA:ECC =50:50
The 3D printer used in this work, employs two different light engines, operating at 405 and 365
nm. At visible light irradiation, a radical photoinitiator was selectively activated, leading to the
curing of the acrylate component. Upon UV light exposure, a radical curing as well as cationic
ring opening process of the epoxide component was initiated, yielding an interpenetrating
network (IPN) with higher crosslinking density and stiffness. For the quantitative conversion
of the epoxide network, a thermal post-baking step was carried out at 120°C for 2 hours.
The cure kinetics of prepared hybrid acrylate-epoxide resins were investigated using the FTIR
spectroscopy and through the initial printing trials. Selective illumination with either light
source should shift material properties between the soft acrylate and rather stiff epoxide
network. This was verified for DOM:ECC and PEGDA:ECC systems, while the system
Eb:ECC displayed thermal instability and inability to print wavelength selective materials. The
system Eb:ECC was not subjected to further testing. Furthermore, to investigate mechanical
behavior of the printed samples, dynamical mechanical analysis and tensile test were carried

out.

Key words: DLP 3D printing, dual-curable resins, radical and cationic polymerization,

acrylate and epoxide, mechanical properties



Sazetak

Zahvaljujuci aditivnoj proizvodnji, moguce je stvarati trodimenzionalne objekte bez potrebe za
kalupima ili strojnom obradom. U usporedbi s drugim tehnikama aditivne proizvodnje, ,,foto-
polimerizacija“ omogucuje brz i precizan nacin proizvodnje predmeta geometrijski slozene
grade. U procesu foto-polimerizacije dolazi do o¢vrs¢ivanja smole pod utjecajem svjetlosti te
je uglavnom ograni¢en samo na jedan materijal (jednu vrstu smole). No, posljednjih godina
znatno je porastao interes za printanjem objekata koristeci viSe materijala (vise razli¢itih smola
istovremeno). Na taj na¢in mogli bi se printati predmeti heterogenih mehanickih svojstava bez
potrebe za fizickom zamjenom posuda u printeru. KoriStenje ortogonalnih foto-reakcija
pokazalo se kao jedan od najefikasnijih rjeSenja navedenog problema.
U ovom su radu formulirane tri hibridne akrilno-epoksidne smole kako bi se predstavila
mogucénost pripreme smola podloznih dualnom-o¢vr$éivanju, te mogucnost podeSavanja
njihovih mehanickih svojstava koriste¢i DLP 3D printer s dvije valne duljine:

a) DOM:ECC = 75:25, 25:75

b) Eb:ECC =25:75

c) PEGDA:ECC =50:50
3D printer, koristen u ovom radu, sadrzi dvije razli¢ite lampe koje rade na valnim duljinama od
405 i 365 nm. Pod utjecajem vidljive svijetlosti, aktivira se radikalni foto-inicijator, $to dovodi
do polimerizacije akrilatne komponente. Uslijed izlaganja UV svjetlosti, uz radikalnu
polimerizaciju, dolazi i do otvaranja epoksidnog prstena uslijed kationske inicijacije, pri ¢emu
nastaje IPN (engl. interpenetrating network) s veCom gustoCom umreZenja te, samim time, i
ve¢om CvrstoCom strukture. Za kvantitativnu konverziju epoksidne mreze provedena je i
termicka obrada printanih uzoraka na temperaturi od 120 °C tijekom 2 sata.
Kinetika polimerizacije pripremljenih hibridnih smola ispitana je FTIR spektroskopijom, te
putem inicijalnih probnih tiskova. Selektivnim obasjavanjem odredenom valnom duljinom
o¢ekuju se mehaniCka svojstva na prijelazu izmedu meke akrilatne i ¢vrste epoksidne mreze.
Ovo je potvrdeno za sustave DOM.ECC i PEGDA:ECC, dok je sustav Eb:ECC pokazao
toplinsku nestabilnost 1 nemogucénost ispisa materijala ¢ija mehanicka svojstva ovise o valnoj
duljini koriStene svjetlosti. Stoga sustav Eb:ECC nije podvrgnut daljnjim ispitivanjima. S ciljem
istrazivanja mehanickih svojstava printanih uzoraka, provedena je dinamicka mehanicka

analiza te test naprezanje-istezanje.



Kljuéne rije¢i: DLP 3D printanje, dualno-o¢vrs¢uju¢e smole, radikalna i kationska

polimerizacija, akrilat i epoksid, mehanicka svojstva
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1. Introduction

Additive manufacturing (AM), also referred to as 3D printing, in addition to being able to
produce geometrically complex objects, also consumes significantly less material than
traditional manufacturing. Before manufacturing a final product, AM was mostly used to
quickly create a model of the object. However, advances in technology and materials used for
additive manufacturing have shifted the production of prototypes or models to direct
manufacturing of end products. It is frequently used technique in automotive, aerospace and
defense industry, but with the fast-growing demand for products customization and
personalization, AM is rapidly expanding to new areas such as medical, dental and consumer
electronics.[t21

Most of the initially developed AM techniques print an object with only a single material.
However, the demand for high complexity and enhanced functional performance of 3D printed
object has raised tremendous interest in development of multi-material additive manufacturing.
This can be achieved by integrating different materials together in one object, which results in
rapid manufacturing of objects with wide range of properties and functionalities, for instance
mechanical, electronical, chemical, or optical.®] One way to achieve this, is using the
orthogonal photo-chemistries that undergo independent cross-linking reactions (radical and
cationic). In this way, multiple polymers that are mixed in the same vat could be selectively
cured using different wavelengths of light without the need for physical change.®®! Figure 1.1.
depicts a pathway to fabricating multi-material structures by selectively employing different
wavelengths of light.

s | Soft network A. A. Stiff network
. ® .
~ g~ 405nm A. A f@: 365 nm
— e ® ———
® A A

Figure 1.1. Schematic presentation of the dual-curing system



2. Theoretical overview

2.1. Additive manufacturing

Additive manufacturing (AM) is a formalized term for what used to be called Rapid Prototyping
(RP) and what is today called 3D Printing. Rapid Prototyping is a process for rapidly creating
a system or a model of an object before final release or commercialization. The emphasis is on
the quick production process and that the output is a prototype from which further model and
eventually the final product will be derived. The basic principle of this technology is that a
model, initially generated using a three-dimensional Computer Aided Design (3D CAD)
system, can be fabricated directly without the need for process planning.™!

1 CAD

2 STL convert

3 File transfer to machine
4 Machine setup

5 Build

6 Remove

7 Post-process

8 Application

Figure 2.1. 8 stages of general additive manufacturing process [l
AM processes can be divided into 7 categories, each with its own processes, methods of
layering and equipment.

1. VAT Photopolymerization (VPP): a liquid photopolymer is contained in a vat and
processed by selectively delivering energy to cure specific regions of a part cross-
section

2. Powder Bed Fusion (PBF): utilizes a container filled with powder that is processed
selectively using an energy source, most commonly a scanning laser or electron
beam

3. Material Extrusion (MEX): deposition of a material by extruding it through a nozzle,
typically while scanning the nozzle in a pattern that produces a part cross-section

4. Material Jetting (MJT): selectively depositing droplets of feedstock material



5. Binder Jetting (BJT): a liquid bonding agent is printed onto a powder bed in order
to form part cross-section

6. Sheet Lamination (SHL): bonding sheets of material to form a part

7. Direct Energy Deposition (DED): processes that simultaneously deposit a material

and provide energy to process that material through a single deposition device

( Y
) T
4 = & , l (=)
‘ﬁﬂnf"' "‘ z L -
Material Jetting ﬂ_:ﬂ: :J@-J_I E . Powder Bed Fusion
Additive
= Manufacturing -
- |
< Ml Processes —_H—T
VAT Photo e
polymerization I Sheet Lamination

i o

Directed Energy
Deposition

Binder Jetting Material Extrusion

Figure 2.2. AM processes classified by Stucker et al. in the CRC Material Processing
Handbook!

2.1.1.Vat photopolymerization

In the polymerization process, a (photo)polymer, which is a light-curable resin, is stored in a
tank also known as vat. Upon irradiation by either visible or UV light, polymerization reaction
is triggered. This leads to formation of chains of polymers and crosslinks to form a solid resin.!
Photopolymers are composed of several types of ingredients: photoinitiators, reactive diluents
and monomers. When irradiated with light, photoinitiators undergo a chemical transformation
and become reactive with monomers. VAT photopolymerization can be divided into two main
categories:
1) Stereolithography (SLA) — photopolymerization occurs at the intersection of two laser
beams
2) Digital light processing (DLP) — an image of the object is being projected onto the resin
by a projector
There are two kinds of configurations when it comes to vat photopolymerization. One is called
the “bottom-up” and the other is the “top-down”. In the bottom-up configuration objects are



fabricated from a support beneath the resin’s liquid level and the subsequent layers are cured
by irradiation from above the previous layer. On the other hand, in the top-down configuration
every fabricated layer is underneath the previous layer, and the polymerization of the light-

sensitive material is performed by irradiation from underneath. [

2.1.2. Digital Light Processing (DLP)

Digital light processing represents a top-down configuration and, although it has the same
advantages as SLA technology, DLP provides higher printing speed by using scanning-free
projection lithography. The printing process starts as the build platform descends into a resin
filled vat, leaving space equal to the layer height in between the build platform and the bottom
of the tank. The main difference between SLA and DLP technology lays in the fact that DLP
printers use a digital light projector to flash an image of a layer across the entire resin, curing
all points simultaneously, whereas SLA process uses a laser which, through a series of mirrors,
focuses the light upwards through the bottom of the tank and cures a layer of resin. In both
cases, cured layer gets separated from the bottom of the vat and the build platform moves up to

let fresh resin flow beneath. The process repeats until the print is complete.

=)
v

L

Figure 2.3. General DLP 3D printer working mechanism



2.2. Photopolymerization

2.2.1. Radical photopolymerization

Free radical photopolymerization is widely used method to prepare polymeric materials where
unique features such as spatial resolution, precise control of the process and quick reaction rates
are desired. However, this method limits its applicability only to monomers that contain olefinic
double bond, for instance acrylates and methacrylates. Acrylates are usually soft and rubbery
materials which display low tensile strength and higher elongation values. The vinyl double
bond on acrylate monomer reacts readily in the presence of radicals, leading to fast rate of the

polymerization process, making them a very attractive compounds for industrial use.[”

0 R

RO—C
O

R,
RO—C——C=—CH, - » %cu,_é}
-
Acrylates: R, = H 1

Methacrylates: R, = CH,

Figure 2.4. Molecular structure of generalized acrylate and its corresponding polymer repeat
unit
The photoinduced radical polymerization occurs according to the typical radical polymerization
mechanism and involves three steps: initiation, propagation, and termination. Photochemical
initiation is usually achieved by subjecting suitable photoinitiators to light irradiation. The
absorption of light (photons) converts the absorbing molecules to their activated form which
rapidly disintegrate into radicals. These molecule fragments then initiate polymerization and/or
crosslinking reaction in a subsequent step. Reactive species, as in initiator fragments or
propagation chain ends are also termed active centers. Those active centers continue to add
monomers to form a growing polymer chain in the second step of the mechanism, called
propagation. The growth of the chain is stopped in a process called termination and can occur

either by combination or by disproportionation. 10l
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Figure 2.5. Chain polymerization mechanism
Free radical photoinitiators can be classified as unimolecular (Type 1) or bimolecular (Type II).
Unimolecular photoinitiators are a one-component systems where radicals are readily produced
through a homolytic bond cleavage (a Norrish type | photoreaction), resulting in two free-
radical active centers. Most of Type I photoinitiators are a- or 3-cleavable in a position relative
to the carbonyl group. Examples of this photoinitiator class are hydroxyalkylphenons,
benzylketals and phosphine oxides. Homolytic bond cleavage of the radical photoinitiator used
in this work, Phenylbis(2,4,6-trimethylbenzoyl) phosphine oxide (BAPO) is depicted in Figure
2.6. On the other hand, bimolecular photoinitiators are two-component systems that require
absorption of energy through light and a co-initiator that serves as a hydrogen or electron donor.
Examples of bimolecular initiators are benzophenone derivates and thioxanthones.[*1:2]
| o 0 o o] g _..0 | 0

I__P_ . - .

| LA — o O

Figure 2.6. Homolytic bond cleavage for BAPO (Type | photoinitiator)*]
One major drawback of the radical photopolymerization process is an oxygen inhibition.
Molecular oxygen, present in air, inhibits free-radical polymerization in several ways. It can
react with excited state photoinitiator to quench the initiation reaction. In the same manner, it
can react with free radicals (R*) produced from photolysis and propagation species (Mn*) to
form peroxy radicals which are non-reactive towards acrylate double bonds.[*! Inhibition
mechanism is depicted in Figure 2.7. Another drawback of acrylates is shrinkage, a volumetric
decrease of the polymer unit. The process occurs by changing the relatively weak, long-
distance, intermolecular VVan der Waals bonds by stronger and shorter covalent bonds between

the carbon atoms of different monomers units. %]
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Figure 2.7. Oxygen inhibition in free-radical photopolymerizationt*#

2.2.2.Cationic photopolymerization

Cationic photoinduced polymerization was first discovered by Crivello et al.'81 when they
observed that UV irradiated onium salts generate strong acids, which were able to initiate
cationic polymerization. They also noticed that initiating species (cations) are chemically
reactive even in the absence of light. Furthermore, the propagation step is not inhibited by
oxygen which is a major drawback of radical photoinduced polymerization.'”1 On the
downside, cationic chain growth and crosslinking reactions are easily inhibited by trace amount
of water (moisture) or alcohols. Another drawback is the low solubility of the cationic
photoinitiators in nonpolar monomers and oligomers which limits the types of monomers that
can be polymerized by this method. Monomers suitable for cationic photopolymerization are
mainly epoxy compounds. These monomers exhibit good mechanical properties, low shrinkage,
chemical and heat resistance, and low toxicity.™*8!

Common cationic photoinitiators are onium salts such as triphenylsulfonium salts*%],
diazonium slats®®?, diaryliodonium salts®®! and ferrocenium salts®?l. The efficiency of the
onium salt depends to a large extent on their solubility in the resin, which depends on polarity
and surface charge. In general, solubility increases with increasing size of the anion. Therefore,
the solubility and reactivity in nonionic resins increases in the order: BFs+ < PFs” < AsFs™ <
SbFs.[221 For this reason, the antimony salts, like one used in this work (4-octyloxydiphenyl

iodonium hexafloroantimonate), are often used to induce cationic photopolymerization.
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Figure 2.8. Molecular structure of generalized aliphatic epoxide monomer and its

corresponding polymer repeating unit



Cationic photoinitiators are also called photoacid generators due to their reaction mechanism.
They are ionic compounds consisting of organic cation and inorganic anion. The purpose of the
cation is to absorb light, and the anion is responsible for the strength of the produced acid. A
general photolysis mechanism of diphenyliodonium salt is depicted in Figure 2.9. and the
cationic epoxy ring opening is presented in Figure 2.10. Upon UV irradiation, initiator
undergoes homolytic or heterolytic cleavage, generating reactive cations, radical cations, and
radicals. These highly reactive species further react with monomers to give rise to Bronsted
acids, which in turn initiate the polymerization.[?®24

Arl**MtX; + Ar®
{ Arl + ArtMtX,;

Figure 2.9. Simplified decomposition of onium salt with light!?°]

h
Ar It MtX; = [Aryl* MtX;]* } = HMtX,

Do + HMtX, — DotH H Mt X

|>O+—H HMtX, + nDO —> DOK(\/\O’)',,\/OH

Figure 2.10. Mechanism of the cationic ring-opening polymerization of epoxide monomers!?

2.2.3. Post-curing process

During photocuring, some parts of the polymer may remain unreacted. This may lead to the
limited ability of the remaining unreacted components to diffuse into the polymer. The final
limitation of curing often results from parameters such as temperature and viscosity, which
affect the molecular mobility of chains and particles.[?”! Once the resin begins to cure, the
viscosity of the system increases and limits the space for the initiator to find a reactive bond to
interact with. One way to overcome this drawback is the use of the thermal post-cure.
Incorporating the thermal cure after the initial photocuring can provide sufficient energy to the
system to allow the finishing of the curing and stabilization of the material. This is often used
in the cationic photopolymerizing systems. As previously mentioned, cations are long active

and continue to exist even after the removal of the light source.[?®!



2.2.4. Interpenetrating Polymer Network (IPN)

An interpenetrating polymer network (IPN) is a class of polymeric system with no covalent
bonds between two or more networks, which are at least partially interlocked on a molecular
scale. This means that the obtained network cannot be separated unless chemical bonds are
broken. The two or more networks can be visualized as entangled in such a way that they are
concatenated and cannot be pulled apart, even though they are not chemically bonded.? IPNs
have different and often superior properties compared to the respective homopolymers, which
is due to stabilized bulk and surface morphologies created by the interlaced networks. A good
method to obtain an IPN is a dual-curing process which implies two curing reactions taking
place simultaneously or sequentially. In the sequential method, an IPN is formed in two
consecutive steps, where initially a homonetwork of the first polymer is formed through cross-
linking. This network is than swollen with the second monomer to form an IPN through in-situ
polymerization. The second method consists of forming two independent networks
simultaneously. This is achieved by polymerization and cross-linking of two monomers by non-

interfering reactions.*"!

a) Sequential IPN formation
o o

"I"l:ln':'
O

Network I Monomer IT Monomer II is swollen
in Network I

O g

b) Simultaneous IPN formation
m] O o
O g nu =
O 0O g o

Polymerization

——

Monomer I + monomer IT IPN

Figure 2.11. Synthes route for a) Sequential IPN and b) Simultaneous IPNE!
IPNs have many applications due to their easy manufacturing process and advanced mechanical
properties. They can be used as sound- and vibration-damping materials over a broad
temperature and frequency range, in impact resistant materials, toughened plastics, membranes,
ion-exchange resins, pH-sensitive systems, electrical insulation, coating and encapsulants,
adhesives, bearers of medicines and biomedical purposes, and others.!
IPNs are synthesized from a blend of two multifunctional monomers that polymerize through

two different routes, most often radical and cationic polymerization. The main practical



advantages of this approach are environmentally friendly character of the process (no volatile
organic compounds released, operative at room temperature, energy saving), the high
polymerization rates attained under relatively intense light irradiation, and the easy triggering
of the reaction (light on/off).[
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2.3. Characterization methods
2.3.1. Fourier Transformation Infrared Spectroscopy (FTIR)

Fourer-transform infrared spectroscopy (FTIR) is an analytical technique that makes use of
infrared light that the material absorbs. Since infrared electromagnetic radiation absorption
results in a variety of molecular excitations and stronger molecular vibrations, FTIR is a type
of vibrational spectroscopy. Each molecule has unique vibrations that are affected by the
quantity of the vibrating molecular components and the strength of the bonds that hold them
together. This fact offers a wide range of analytical possibilities for infrared spectroscopy since
it makes it feasible to identify the functional groups that the molecule consists of. A sample will
absorb light when the incident infrared radiation matches the energy of a specific molecular
vibration when it is placed in an infrared spectrophotometer and exposed to continuously
varying infrared radiation wavelengths. As a result of the fact that each molecule has a unique
infrared spectrum, infrared spectroscopy is used to identify chemicals, especially organic
ones.®¥ Figure 2.12. presents main functional groups and approximate wavelengths where they

are located in the FTIR spectrum.

N=C=N
N=C=5§
N=C=0 CCl C
CONH C=N C=N CF C-Br
NH OH c=C c=C i paenaiy
4000 3200 2800 2300 2100 1800 1500 COC
C-H C=0 - organometallic
T 5 A
4000 3000 2000 1000 0

Figure 2.12. List of main IR spectroscopy bands
Radiation source, interferometer, and detector represent the three basic components of a Fourier
transform spectrometer. The incident infrared radiation, containing all IR wavelengths (10000
— 10 cm™), is split into two beams by the interferometer, both following their own optical paths
before coming together and passing through the sample. Electrical signals are converted into
optical signals by detectors. A schematic presentation of the working mechanism of the FTIR

system is presented in the Figure 2.13.
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Figure 2.13. A schematic diagram of FTIR system

2.3.2.Tensile test

Mechanical properties of a material are defined as those properties that indicate the behavior of
the material subjected to some form of the stress. The most basic and frequently applied test of
a material’s mechanical properties is determination of its behavior under stress-strain
conditions, known as tensile testing. With the use of this testing procedure, it is possible to
determine yield strength, ultimate tensile strength, ductility, and Young's modulus.
The tensile test method gives an insight into the overall behavior of the polymer, from the initial,
elastic stretching to fracture, including the fracture itself. The test tube of a standardized shape
is stretched along the main longitudinal axis at a constant speed until it breaks, or until the force
(F) or the elongation (Al), reaches a predetermined value.
As a result of the measurement, a stress-strain curve is obtained, which is a graphic
representation of the stress on the y-axis against the strain on the x-axis. The shape of the curve
and the characteristic areas depend on the type of material, the temperature, and the velocity.
Therefore, it is important that the measurements are carried out under defined conditions.
The stress, o is defined by the force (F) applied on a unit of the cross-section of the test tube. It
is expressed in units of pressure - N/mm? or MPa.

o = FlIAoc [Nmm?]
Deformation or elongation (¢) is a measure of the change in the length of the test tube (L) in
relation to the initial length of the test tube (Lo). It is a dimensionless quantity.

¢ = (L-Lo)/Lo [%]

12
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Figure 2.14. Exemplary stress-strain curve
Region A (Fig. 2.14.) represents the elastic region of the curve. In this region, stress is directly
proportional to the strain. The yield point (B) represents the maximum on the curve. It marks
the transition from the linear to the non-linear area, where the material begins to deform
irreversibly. The "cold yield" region (C-D) undergoes a large elongation at nearly constant

stress, while in region D-E, the stress increases until the fracture of the testing tube.3

Figure 2.15. depicts three typical stress-strain curves for different polymers. A brittle polymer's
curve is linear until it fractures at an elongation of approximately 1-2 %. Brittle polymers are
characterized by a large amount of stress, but almost no elongation before the fracture. They
resist deformation but are fragile due to a lack of toughness. Tough polymers, on the other hand,
have a slightly lower modulus of elasticity than brittle polymers, making them less strong but
far more flexible. They have a sharp yield point followed by high elongation under practically
constant load. As their modulus of elasticity is high, they resist deformation for a while, but
when they are exposed to a sufficiently high stress, they deform. The ability to deform keeps
them from breaking. Elastomers possess radically different mechanical properties comparing
to previous two types of polymers. Due to their low modulus of elasticity, they are easily
stretched. They can regain the original form after the applied stress is removed. The main

characteristic of elastomers is high elongations, up to 1000%. !
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Figure 2.15. Exemplary stress—strain curves for various polymers

2.3.3. Dynamical mechanical analysis

Dynamic Mechanical Analysis (DMA) is a frequently used technique for characterizing the
properties of a material as a function of temperature, time, frequency, stress, atmosphere, or a
combination of these parameters. It is the method of applying a stress or strain to a sample
and analyzing the response to acquire phase angle and deformation data. DMA sample of
known geometry is subjected to sinusoidal deformation. A controlled stress or a controlled
strain can be applied to the sample. As the result, the sample will deform proportionally to its
stiffness. The sinusoidal wave is generated by a force motor and transmitted to the sample
through a drive shaft. Figure 2.16. presents a diagram of an oscillating stress applied to a

sample and a corresponding strain.
Phase Angle
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Figure 2.16. Dynamic load response of viscoelastic materials
DMA determines stiffness and damping, which are expressed as modulus and tan J. There are
two moduli, as in in-phase component - the storage modulus (£°), and as an out-of-phase
component - the loss modulus (£°’). The storage modulus is a measure of the sample’s

elasticity. The tan d is the ratio of loss to storage and is commonly referred to as damping. It is
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a measure of a material’s stiffness and energy dissipation. Figure 2.17. depicts an exemplary
DMA thermogram of an amorphous thermoplastic polymer, with different states of the polymer
behavior, as well as g transition temperature, Tg and glass transition temperature, Tg.
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Figure 2.17. Exemplary DMA thermogram of an amorphous thermoplastic polymer
Polymer thermal transitions can be described using either free volume changes or relaxation
times. The free volume of a molecule is defined as the space it has for internal movement and
can be simply described via crankshaft model that considers the molecule to be a sequence of
jointed, mobile segments with certain degree of free movements. As the free volume of the
chain segment increases, so does its potential to move in different directions. This increased
mobility in either side chains or small groups of backbone atoms results in improved molecular
compliance. These movements have been categorized as # and y transitions based on their
motion type. The initial changes that occur while moving from very low temperatures, where
the molecule is tightly compressed, to higher temperatures are solid-state transitions. The free
volume increases as the material warms and expands, enabling both localized bond movements
(bending and stretching) and side chain movements, known as gamma transition, T,. It is the
first transition after the solid state where the first movements of atoms are noticed. As the
temperature and free volume continue to rise, the entire side chain, and localized groups of four
to eight backbone atoms begin to have adequate area to move, and the material begins to
develop toughness due to increased movement of the side chains. This transition is known as
the beta transition Tp. Tg or glass transition occurs when the chains in the amorphous regions

begin to coordinate large-scale motions, the amorphous regions have begun to melt. Since Tq
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only arises in amorphous materials, there would be no Tgq in a pure crystalline substance. The
material is driven through the T+ and Ty by continued heating. T+ occurs in crystalline or semi-
crystalline polymers and is a slippage of the crystallites past each other, whereas Ty is a
movement of coordinated segments in the amorphous phase that relates to a reduced viscosity.
Since the cross-links prevent chain slippage, there is no melting transition in cured thermosets.
The thermoset sample begins to burn and degrade at high temperatures, which is an irreversible
process. %]
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3. Experimental part
3.1. Materials

In this work three different acrylate resins were used in combination with the epoxide resin, to
formulate dual-curable resins for DLP 3D printing. Used acrylate resins were as follows:
Domopol 106 UV (HELIOS TBLUS d.o.0.), Ebecryl 8413 (Allnex) and polyethylene glycol
diacrylate (Sigma-Aldrich). Used epoxide resin was 3,4-epoxycyclohexylmethyl-3,4-
epoxycyclohexane carboxylate (Sigma-Aldrich). Radical photoinitiator used in this work was
Phenylbis(2,4,6-trimethylbenzoyl) phosphine oxide (Schmid Rhyner) and cationic
photoinitiator was 4-octyloxydiphenyl-iodonium hexafluoroantimonate (Ambeed, Inc.). 1-(2,4-
Xylylazo)-2-naphthol (TCI) was used as a photoabsorber. Table 3.1. provides an overview of

the used chemicals., their structure, short symbol, use in this work, as well as CAS number.
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Table 3.1. Overview of the used chemicals

Name

Domopol 106 UV

Ebecryl 8413

Polyethylene glycol

diacrylate

3,4-epoxycyclohexylmethyl-
3,4-epoxycyclohexane

carboxylate

Phenylbis(2,4,6-
trimethylbenzoyl) phosphine

oxide
4-octyloxydiphenyl-

iodonium

hexafluoroantimonate

1-(2,4-Xylylazo)-2-naphthol

Structure
Acrylate modified polyester resin

Aliphatic urethane diacrylate
0
_CH
oo oP o
O n
(o)
O)‘LO/\CD
o} (o}

JA
| =
=0
=
Tm,/

Short

symbol

DOM

Eb

PEGDA

ECC

BAPO

lodonium

Sudan 11

Use

Acrylate crosslinker

Acrylate crosslinker

Diluent and acrylate

crosslinker

Epoxide crosslinker

Radical

photoinitiator

Cationic

photoinitiator

Photoapsorber

CAS

26570-48-9

2386-87-0

162881-26-7

121239-75-6

3118-97-6
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3.2. Synthesis

Three systems were prepared in this work. DOM:ECC was prepared in two formulations, 75:25
and 25:75, as a continuation of previously explored system DOM:ECC = 50:50F7], Results of
the mechanical testing will display how the change in concentration of the feed monomers
impacts the final mechanical properties of the material. Furthermore, two additional systems
were prepared to study the possibility of preparing new formulations susceptible to the dual-
curing mechanism. Eb:ECC was prepared in ratio of 25:75, whereas PEGDA:ECC was

prepared in an equimolar ratio of 50:50.

3.2.1. DOM:ECC

To prepare the resin for 3D printing, DOM (p = 1.10 g mL™?) and ECC (p = 1.17 g mL™*) were
added into a plastic cup with both radical and cationic photoinitiators. DOM:ECC was prepared
in two formulations, 75:25 (%v) and 25:75 (%v), in order to understand how the feed monomer
concentration impacts the final mechanical properties. This is a continuation of previously
explored system with equimolar concentrations of monomers, DOM:ECC = 50:50 (%v).F"]
Therefore, concentrations of both photoinitiators were kept constant and only concentrations of
acrylate and epoxide were varied. BAPO, a representative of radical photoinitiators which are
used to initiate the reaction between monomers containing carbon-carbon double bond, was
added in concentration of 3 %wt to the weight of the acrylate. lodonium salt, a representative
of cationic photoinitiators (photoacid generators) which decompose to produce strong acids
needed to initiate epoxide ring opening, was added in concentration of 10 %wt to the weight of
the epoxide. Additionally, 0.01 %wt (of the combined weight of acrylate and epoxide) of Sudan
Il was added into the mixture. Sudan 1l is a photoapsorber used to increase the resolution during
the printing process. Prepared formulations were then mixed in Vertex mixer at full power for
3x60 s. Tables 3.2. and 3.3. present two DOM:ECC formulation, as well as the exemplary

calculation.
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Table 3.2. Preparation of the resin DOM:ECC = 75:25, and calculation example using 20 mL

of monomers

Component Volume % Weight %
DOM 75 73.82
ECC 25 26.18
Weight % of DOM
BAPO 3
Weight % of ECC
lod 10
Weight % of DOM and ECC combined
Sudan 0.01

m(DOM) = V(DOM) = p(DOM) = 15mL 1.1 gmL 1 = 16.50 g
m(ECC) =V(ECC) * p(ECC) =5mL*117gmL ™1 =585g

V(DOM) =75 %v * 20 mL = 15 mL
V(ECC) = 25%v * 20mL = 5mL

m(BAPO) =3 %wt *16.5g =0.49¢g
m(lod) = 10 %wt x5.85g = 0.58 g
m(Sudan) = 0.01 %wt * (16.5 g + 5.85 g) = 2.24 mg

Table 3.3. Preparation of the resin DOM:ECC = 25:75, and calculation example using 20 mL

of monomers

Component Volume % Weight %
DOM 25 23.86
ECC 75 76.14
Weight % of DOM
BAPO 3
Weight % of ECC
lod 10
Weight % of DOM and ECC combined
Sudan 0.01
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V(DOM) = 25 %v * 20 mL = 5 mlL
V(ECC) =75%v *20mL = 15mlL
m(DOM) = V(DOM) x p(DOM) =5mL*1.1gmL™ 1 =550g
m(ECC) = V(ECC) * p(ECC) =15mL *1.17 gmL ' =17.55g
m(BAPO) =3 %wt*559g=0.16 g
m(lod) = 10 %wt x 17.55g = 1.75 g
m(Sudan) = 0.01 %wt * (5.5 g +17.55 g) = 2.31mg

3.2.2. En:ECC

In order to obtain more flexible material, Domopol 106 UV was replaced by a urethane-based
elastomer capped with acrylate functional groups, Ebecryl 8413 (p = 1.04 g mL™?). It is a highly
viscous resin (35 000 mPas at 60 °C) consisting of an aliphatic urethane diacrylate diluted with
33 %wt isobornyl acrylate (IBOA). Real structure of Ebecryl 8413 is unknown, however due
to the presence of N-H and C=0 groups, hydrogen bonding can occur.*®l It was found in
literature when polymerized, systems containing Ebecryl 8413 show very high flexibility and
elongation at break[®® %1, However, after initial printing trials, this system was abandoned
because the wavelength of the employed light appeared to have no significant impact on the
mechanical properties of the final material. This will be further discussed in the Results and
discussion section.

25 %wt of Ebecryl 8413 was mixed with 75 %wt of ECC. 25 %wt Ebecryl was taken due to
the very high Ebecryl viscosity, so ECC acted also as a diluent. However, the mixture had to be
further diluted because the printability was not achieved. A good diluent was found to be
polyethylene glycol diacrylate (PEGDA, My = 250 g/mol, n = 3, p = 1.11 g mL™) with its low
viscosity of 57 mPas (25 °C). Preliminary printing trials showed that 10 %wt of PEGDA must
be added into the resin to obtain repeatable printability. Considering that PEGDA molecules
contain acrylate functional groups, they are expected to be embedded into the acrylate chain,
and, therefore, have an impact on the final mechanical properties of the material. Radical and
cationic photoinitiators remained the same and were both used in the concentration of 3 %wt.

Table 3.4. present Eb:ECC formulation , as well as the exemplary calculation.
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Table 3.4. Preparation of the resin Eb:ECC = 25:75

Component Volume % Weight %
Eb 25 23.86
ECC 75 76.14
Weight % of DOM
PEGDA 10
Weight % of DOM
BAPO 3
Weight % of ECC
lod 3
Weight % of DOM and ECC combined
Sudan 0.01

V(Eb) = 25 %v * 20 mL = 5mL

V(ECC) =75%v 20 mL = 15 mL

m(Eb) = V(Eb) * p(Eb) =5mL*1.04gmL™ 1 =520g
m(ECC) = V(ECC) * p(ECC) =15mL *1.17 gmL ' =17.55g
m(PEGDA) = 10 %wt *5.20 g = 0.52 g

m(BAPO) =3 %wt *520g =0.15¢g

m(lod) =3 %wt *17.55g =053 g
m(Sudan) = 0.01 %wt * (5.20 g + 17.55 g) = 2.28 mg

3.2.3. PEGDA:ECC

Further experiments were performed using poly(ethylene glycol) diacrylate, PEGDA (My =
250 g/mol, n =3, p = 1.11 g mL?). PEGDA is a photo-crosslinkable hydrogel, often used in
biomedical fields, especially as 3D tissue engineered constructs or in drug-controlled release
matrices. This is due to its good properties, such as good biocompatibility, hydrophilicity and
biodegradability.[*!]

PEGDA:ECC, was prepared in equimolar ratio of 50:50 %v. Radical photoinitiator, BAPO was
used in the concentration of 3 %wt, whereas the concentration of the cationic photoinitiator,
lodonium was varied in the initial testing trails. After preliminary FTIR tests with different
lodonium concentrations, 3 %wt was chosen for the formulation of the resin. Since the shape

of specimen prepared with 0.01 %wt of the photoabsorber Sudan Il displayed unstability /
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deformability, the amount of Sudan Il was increased up to 0.03 %wt. Formulating the equimolar
resin, suitable for 3D printing, sets the foundation for further experimenting with different feed
concentrations of monomers. Table 3.5. present PEGDA:ECC formulation, as well as the
exemplary calculation.

Table 3.5. Preparation of the resin PEGDA:ECC = 50:50

Component Volume % Weight %
PEGDA 50 48.46
ECC 50 51.54
Weight % of DOM
BAPO 3
Weight % of ECC
lod 3
Weight % of DOM and ECC combined
Sudan 0.03

V(PEGDA) = 50 %v * 20 mL = 10 mL
V(ECC) =50 %v 20 mL = 10 mL
m(PEGDA) = V(PEGDA) » §(PEGDA) = 10 mL 111 gmL™* =11.10 g
m(ECC) = V(ECC) * §(ECC) =10mL*1.17gmL 1 =11.70 g
m(BAPO) =3 %wt x11.10g =033 g
m(lod) =3 %wt *11.70g =035 g
m(Sudan) = 0.03 %wt * (11.10 + 11.70 g) = 6.84 mg

23



3.3. Sample preparation
3.3.1. Sample preparation for FTIR spectroscopy

After mixing monomers with respective weight of photoinitiators (without the photoabsorber),
prepared resins were applied onto the silicon wafer by spin coating mechanism or by smearing
the resin in between two wafers. Spin coating mechanism was used for DOM:ECC and Eb:ECC
systems as follows: 50 mg of respective resin was dissolved in 1 mL of dichloromethane (DCM)
since it was previously found to be a good solvent. Afterwards, 80 puL of the mixture were added
onto the silicon wafer and put into a spin coater to obtain smooth and flat films. For both
DOM:ECC formulations it was found that best results are obtained at 3000 rpm for 30 seconds,
whereas, for the system Eb:ECC the optimal spectra were obtained at 1000 rpm for 30 seconds.
PEGDA:ECC systems showed some adhesion problems when using the spin coating
mechanism. It was found that a more stable coating can be obtained by smearing the resin
between two wafers, which produces two measurable samples with thin and even films.

To perform curing Kinetics experiment for Ebecryl 8413, 1 g of the resin was mixed with the
respective concentration of radical photoinitiator in a 20 mL brown vial. Tetrahydrofuran (THF)
was added as a solvent. The mixture was than sonicated for 10 minutes until everything was
dissolved. Afterwards, it was held in a vacuum at room temperature over night for the solvent
to evaporate.

Formulations evaluated with FTIR spectroscopy can be found in Table 3.6.

Table 3.6. Formulations evaluated using FTIR spectroscopy

System Formulation BAPO [%owt] lodinium [%owt]

75:25 3 10
DOM:ECC 50:50 3 10
25:75 3 10

Eb:ECC 25:75 3 3
Eb / 3 /

3 1

3 3

PEGDA:ECC 50:50

3 7
3 10

PEGDA / 3 /
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3.3.2. Sample preparation for mechanical characterization

Test specimens for dynamical mechanical analysis (DMA) and tensile testing were printed

using custom made dual-wavelength printer. Table 3.7. shows formulations used for

mechanical testing. 3D printing was performed with different exposure protocols, as well as

different illumination time intervals. Exposure protocol refers to the printing process using

either visible light, or both light engines to manufacture the object. “Both lights” refers to

alternating illumination with visible light and UV light for each printed layer. After printing, a

thermal post-curing step was conducted at 120 °C for 2 hours for all printed objects.

Table 3.7. Overview of test specimens fabricated for mechanical characterization

] Exposure IHlumination interval Mechanical
System Formulation o
protocol Visible light | UV light | characterization
_— Visible light 23 / DMA / Tensile test
' Both lights 1s 4s DMA / Tensile test
DOM:ECC I i
- Visible light 23 / DMA / Tensile test
' Both lights 1s 4s DMA / Tensile test
Visible light 1s / DMA / Tensile test
PEGDA:ECC 50:50 : _
Both lights 1s 25S DMA / Tensile test
PEGDA / Visible light 1s / DMA / Tensile test
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3.4. 3D printing

The printer used to conduct this research was a custom made dual-wavelength DLP 3D printer
made by the company W2P Engineering GmbH. This printer uses two LED light engines
operating at two different wavelengths, 405 nm and 365 nm and providing light intensity of 8
mW/cm?. Each layer of the printed sample can be illuminated using either visible light (405
nm), UV light (365 nm), or alternately using both wavelengths. It works as a bottom-up process
in which the light is being projected onto the bottom of the vat. Upon illumination, the resin
inside the vat hardens and produces one solidified layer. The platform rises to detach the layer

from the vat and the printing process continues as described in the theoretical section.

I Build platform
V.

at

Dual-curing resin

Projector 1 . . Projector 2
a) b)

Figure 3.1. a) Duai-wavelength DLP 3D printer, b) Schematic presentation of the printer

3.4.1. Printing process

Printing process starts by filling the prepared resin into the vat. Used vat contains about 500
mL of filling volume, but it was not operated at full capacity. Next step is to set desired
geometry and printing parameters, after which a printing process can start. Once it is finished,
printed object had to be removed from the platform. This was done by applying a quantitative
amount of isopropyl alcohol and removing the object with a razor blade or with a sharpened
plastic spatula. To wash any excess resin isopropyl alcohol was applied once again. Samples
were then dried with a paper towel, placed onto a PTFE foil, and underwent a thermal post-
treatment at 120 °C for 2 hours. Samples that would warp during the thermal post-curing were

reprinted and thermally cured in between two glass plates.
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3.5. Characterization methods

3.5.1. FTIR spectroscopy

Independently addressing multiple photoreactive compounds in a single reaction mixture is
called chromatic orthogonality.*? This concept has been used in a range of applications such
as molecular switches, altering material properties or post-functionalization of polymeric
materials.[*>*1 1t is important to identify photosensitive systems that display distinct
wavelength-dependent reactivity. However, absorption bands can overlap, and this leads to
simultaneous conversion of both species.*®! It is, therefore, necessary to apply different
wavelength in defined sequence.

As previously mentioned, initiating species used in this work were phenylbis(2,4,6-
trimethylbenzoyl) phosphine oxide (BAPO) as a radical photoinitiator and 4-octyloxydiphenyl-
iodonium hexafluoroantimonate (iodonium) as a cationic photoinitiator. While iodonium salt
shows absorption band at lower wavelengths (UV region, below 400 nm)“l, BAPO absorbs in
both visible and UV region. Figure 4.2. depicts absorbance spectrum of BAPO. This means that
upon illumination with visible light only radicals will be produced, needed to initiate
polymerization of acrylate groups. However, when using UV light, both radical and cationic

polymerization reactions will be initiated.
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Figure 3.2. Absorbance spectra of BAPOM 8!

3.5.1.1. Monitoring of the curing process
FTIR spectroscopy was used to determine the conversion of acrylate and epoxide moieties upon
irradiation. Since all three systems, DOM:ECC, Eb:ECC and PEGDA:ECC, consist of acrylate
and epoxide constituents, same peaks were used in all three systems to perform the conversion

calculations.
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The change of transmittance of the acrylate functional group is based on the curing process of
the C=C bond, occurring as a doublet at 1636 and 1620 cm™. [*°! |t was found in literature that
the absorption band at 812 cm™, related to the C=C twisting vibrations of the acrylate groups,
also decreases with the exposure to light.[% 51 A carbonyl band, C=0, belonging to the acrylate
group, is located at 1730 cm™.

3,4-Epoxycyclohexylmethyl-3,4"-epoxycyclohexane carboxylate (ECC), used as an epoxide
constituent in all three systems, is a cycloaliphatic epoxide. The oxirane ring is attached to a
six-member aliphatic ring, therefore the characteristic absorption band is shifted towards lower
wavenumbers. The epoxide ring opening reaction can be monitored by the decreasing intensity
of oxirane bands occurring at 790 and 750 cm™.5521 A carbonyl band, C=0 can be found at 1730
cmt. Two additional peaks occur as the polymerization reaction proceeds. The broad band at
3500 cm is assigned to O-H groups and is induced by the oxirane ring opening. C-O-C band
of ethers occurs as the epoxide network is formed and is located at 1100 cm™.

Figure 3.3. presents spectra of three acrylate resins (DOM, Eb and PEGDA), as well as the
epoxide resin (ECC), used in this work. Black line represents spectrum of the pure Domopol
106 UV, blue line represents spectrum of the pure Ebecryl 8413, red line represents spectrum
of the pure PEGDA, and yellow line represents spectrum of the pure ECC. A doublet,
corresponding to acrylate C=C group, can be seen in all three acrylate spectra at 1636 and 1620
cm™L. An oxirane ring peak, occurring at 750 cm™, can only be seen in the ECC spectrum. Two
additional peaks often used to monitor the polymerization reaction of acrylate and epoxide
compounds are at 812 cm™ and 790 cm™. However, when monomers are mixed, these two peaks
overlap, making them inconvenient to use.

The FTIR spectrometer was used in the transmittance mode over the range of 4000 to 600 cm"

1 with the resolution of 4 cm™.
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Figure 3.3. FTIR spectra of pure resins used in this work

3.5.1.2. Scanning process by FTIR spectroscopy

C-0-C
750 cm™?

Firstly, a background measurement of the wafer was performed. Spectrum of the uncured resin

was taken afterwards. Once this was done, the sample was illuminated with visible light, in

intervals of 1s, 2s, 4s, 8s, 16s and 32s. After every exposure interval, a FTIR spectrum was

collected. Figure 3.4. presents exemplary spectra of the system DOM:ECC = 50:50 collected

after each consecutive visible light illumination step. Exposure to visible light was performed

under an inert (nitrogen) atmosphere. Further curing was performed under a UV light.

Procedure was the same as under the visible light — spectrum was collected after every exposure

interval. Once the light exposure was done, sample was put into an oven at 120 °C. Two spectra

were collected, after 1 hour and after 2 hours in the oven. Figure 3.5. presents exemplary spectra

of the system DOM:ECC = 50:50 collected after each consecutive UV light illumination step,

as well as two thermal steps.
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Figure 3.4. Exemplary spectra of the system DOM:ECC = 50:50 cured by consecutive
illumination with visible light for 1 s, 2 s, 4 s, 8 s. 16 s and 32 s. Conversion of the acrylate
doublet at 1620 and 1636 cm is evident in the visible region, while epoxide peak at 750 cm™

remains unchanged.
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Figure 3.5. Exemplary spectra of the system DOM:ECC = 50:50 cured by consecutive
illumination with UV light for 1s,2s,4s, 8, 16 s and 32 s, and thermally cured for 1 and 2
hours. Upon UV light irradiation and thermal cure, acrylate appears to achieve relatively high

conversion, whereas epoxide conversion appears to significantly increase only after the

thermal cure.
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3.5.1.3. Conversion calculation

Curing kinetics were monitored by following an area decrease of the acrylate C=C peak which
occurs as a doublet at 1620 and 1636 cm™ and epoxide C-O-C peak at 750 cm™. A carbonyl
group (C=0), occurring at 1730 cm™, was used as a reference peak for conversion calculation,
as it is not affected by the polymerization process.

Conversions were calculated using formula 1. Apea refers to the area of the observed peak of
the cured sample, Areference refers to its reference peak (C=0 peak of the cured resin), Ao peak
refers to the area of the observed peak of the uncured sample, and Ao Rreference refers to its
reference peak (C=0 peak of the uncured resin). The values used for the calculation are obtained
with the OPUS software used by the FTIR spectrometer through an integration method. An
exemplary conversion calculation for the system DOM:ECC = 50:50, for acrylate after 32 s of

visible light illumination, and for epoxide after 32 s of UV light illumination, is shown below.

Apeak
_ _ AReference 0
DC = |1 ——Berence ), 100% (1)
4Ag Reference
A 0/51 (1620, 1636) 2,88
B 3 0's (1730) o — | 1 _ 69.59 0% — (10
DCys (acrytatey = | 1 Ao e20, 1690 *x100% =1 >ag |* 100% = 0%
Ao s a730) 69.59
A j:sws (1620,1636) 1.73
32 s VIS (1730) 69.14
DC3z5vis (acrytatey = | 1~ Aoimzo 1636) *100% =(1- 288 |* 100 %
Ao sa730) 69.59
=39.5%
jwﬂ 2,25
0 s (1730) 69.59
DC gy =|1—————|*100% = 1— * 100 % = 0%
0 s (epoxide) A 05 (750) 0 225 0 0
A s (1730) 69.59
;14325 UV (750) 1.66
325 UV (1730) 73,35
DC3z5uv (epoxiaey = | 1 S vl 100 % = | 1 — 2= | * 100 % = 30.2 %
A s (1730) 69.59
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3.5.2. Preliminary weight test

To empirically evaluate the difference in stiffness of the samples printed using visible light or
both light engines, before and after the thermal treatment, a “test with the screw” was
conducted. A screw represents the weight, and the stiffness is concluded from the amount of
bending of the specimen. The weight of the screw for the system DOM:ECC = 75:25 and 25:75
IS m screw = 11 g, whereas for the system PEGDA:ECC = 50:50 is m screw = 6.5 g due to the
breakage of samples under the heavier load.

3.5.3. Dynamical mechanical analysis
Dynamical mechanical analysis (DMA) carried out on the DMA/SDTA861e analyzer (Mettler-

Toledo). The measurements were performed in tensile mode at a frequency of 1 Hz, in the
temperature range of -80 to 250 °C, and a heating rate of 3°C. The glass transition temperature,
Ty is defined by the temperature at maximum of the loss factor. The dimensions of the DMA
specimens were 35 mm x 4 mm x 1,5 mm (length x width x height). The height is composed of

15 layers each with 100 pm in layer thickness.

3.5.4. Tensile test

The measurements were carried out on the Instron 5500 (Instron) testing system, using a 100 N
load cell and pneumatic foil grips. The employed test speed was 1 mm min. The results are
presented as stress-strain curves. Tensile specimens were dog-bone shaped rectangles with a
width of 2 mm, a gauge length of 12 mm, and a height of 20 layers each with 100 pm in layer

thickness.
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4. Results and discussion
4.1. DOM:ECC

4.1.1. FTIR measurements

Figure 4.1. present the FTIR spectra of the system DOM:ECC = 75:25, of the resin after
irradiation with visible light, after irradiation with UV light and spectrum of the resin after the
thermal cure. A significant area decrease of the acrylate peak (1620 and 1636 cm™) can be seen
upon the visible light illumination, while epoxide peak (750 cm™) remains unchanged. On the
other hand, epoxide peak (750 cm™) starts to decrease only upon UV light illumination. Thermal
treatment appears to not have a significant impact on the conversion of the epoxide in this
system. Ether C-O-C group, occurring as the oxirane ring opens, is located at 1100 cm™. O-H
groups located at 3500 cm™, occur as the oxirane ring opening reaction proceeds. It is important
to note, O-H group is also present in the spectrum of the uncured resin. However, literature did

not provide exact answer to the origin of this peak.

—
o

Uncured H
C=0
= Visible light cured 1730 cm!

— UV light cured

e Thermally cured \ﬂ

15
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Q
i
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az €
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Figure 4.1. FTIR spectra for the system DOM:ECC = 75:25
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Figure 4.2. presents the FTIR spectra of the system DOM:ECC = 50:5087), of the resin after
irradiation with visible light, after irradiation with UV light and spectrum of the resin after the
thermal cure. Acrylate doublet is evident at 1620 and 1636 cm™ and decreases throughout the
entire curing process. Epoxide ring peak at 750 cm* shows no change in the area after the visible
light illumination and starts to decrease upon UV light exposure. The change of the peaks at
750 cm™* (epoxide ring vibrations) and 1100 cm™ (ether C-O-C) becomes more pronounced
only after the thermal cure.

N
A c=0
= Uncured 1730 ot
—— Visible light cured
N B UV light cured
= Thermally cured
c=C Ether
t 1636 and 1620 C-0-C
cm?
n
o
Q
o

3500 3000 2500 2000 1500 1000
Wavenumber cm-1

Figure 4.2. FTIR spectra for the system DOM:ECC = 50:50
Figure 4.3. presents the FTIR spectra of the system DOM:ECC = 25:75, of the resin after
irradiation with visible light, after irradiation with UV light and spectrum of the resin after the
thermal cure. Once again, an acrylate doublet occurs at 1620 and 1636 cm™. The low intensity
of the peak makes it inconvenient to comment on the conversion expectations. On the other
hand, epoxide peak at 750 cm™ shows a significant area decrease even after the UV light
illumination. Ether C-O-C at 1100 cm?, as well as O-H groups at 3500 cm, both occurring as

the epoxide ring opening reaction proceeds, are more pronounced in this system.
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Figure 4.3. FTIR spectra for the system DOM:ECC = 25:75

4.1.1.1. Conversion obtained by FTIR spectroscopy
Figure 4.4. and Table 4.1. present obtained conversions for the system DOM:ECC = 75:25. It
can be seen that acrylate converts readily upon visible light exposure and reaches the conversion
of 79.0 %. Subsequent UV exposure leads to a further increase in conversion, reaching 91.3 %,
and initiates the cationic curing of the epoxide monomers (42.3 %). Thermal cure does not have

a significant effect on the final conversion of either network.
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Figure 4.4. Conversion of the acrylate and epoxide in the system DOM:ECC = 75:25
Table 4.1. Conversion of acrylate and epoxide in the system DOM:ECC = 75:25

Exposure Interval Acryla_t ¢ Epoxm_le
conversion conversion
0s 0 0
1s 0 0
- 2s 32.9 0
VI'iZ'hte 4s 59.0 0
85 62.2 0
165 74.9 0
32s 79.0 0
1s 85.9 0
25 87.2 13.1
. 4s 87.3 217
UV light 85 89.8 344
165 90.0 417
32s 91.3 423
1h 93.7 435
Thermal 2h 94.2 455

Figure 4.5. and Table 4.2. present obtained conversions for the system DOM:ECC = 50:50.
Visible light exposure leads to an acrylate conversion of 39.5 %. The slight conversion of epoxy
groups observed at visible light exposure (3.4 %) may be attributed to measurement deviations.
UV exposure continues to increase the acrylate conversion, reaching 69.7 %, as well as epoxide
conversion, reaching 30.2 %. Thermal cure has a relatively high impact on the conversion of
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both networks, resulting in the final conversion of 80.1 % for the acrylate and 54.4 % for the
epoxide.
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Figure 4.5. Conversion of the acrylate and epoxide in the system DOM:ECC = 50:50
Table 4.2. Conversion of acrylate and epoxide in the system DOM:ECC = 50:50

Exposure Interval Acryla.t © Epox@e
conversion conversion
0s 0 0
1s 0 0
» 2s 8.3 0
VI'iZ'Et'e 4s 15.0 0
85 R 12
165 35.8 2.7
32s 395 3.4
1s 57.6 72
25 60.8 115
. 4s 616 138
UV light 85 64.5 19.2
165 69.1 26.4
32s 69.7 30.2
1h 735 46.6
Thermal 2h 80.1 54.4

Figure 4.6. and Table 4.3. present obtained conversions for the system DOM:ECC = 25:75. It
can be seen that acrylate reaches a relatively low conversion after the visible light illumination
(11.1 %). Further, by illumination with UV light acrylate continues to convert and reaches 43.5
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%. On the other hand, a high cure degree is observed for the epoxide groups, reaching 93.4 %.
The thermal treatment, at 120 °C for 2 hours, leads to further increase in acrylate conversion

(53.6 %) and to a full conversion of the epoxide network.
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Exposure Interval Acryla_t © Epoxple
conversion conversion
0s 0 0
1s 2.9 0
.. 25s 3.3 0
VI'iZ'Et'e 4s 3.1 0
8s 6.4 0.4
165 78 05
32s 111 0.8
1s 23.0 23
25 33.7 29.2
. 4s 415 66.7
UV light 85 423 771
165 423 87.0
32s 435 93.4
1h 49.7 99.1
Thermal 2h 53.6 100.0

Table 4.3. Conversion of acrylate and epoxide in the system DOM:ECC = 25:75

Figure 4.6. Conversion of the acrylate and epoxide in the system DOM:ECC = 25:75
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4.1.2. 3D printing process
4.1.2.1. Printing of the resin DOM:ECC=75:25

[llumination period is a key parameter in vat photopolymerization and using an inadequate
exposure interval can lead to reduction of the printing quality. This results in porous samples,
layer-splitting and/or even a local absence of layers, as shown in Figure 4.7. a). On the other
hand, excessive illumination periods cause samples to lose their shape and geometry, which can
be seen in Figure 4.7. d). In order to selectively initiate the curing of the acrylate network, only
visible light engine is applied in the printing process, which should result in soft and flexible
material. Employing both light engines should lead to the creation of the IPN, resulting in higher
tensile strength of printed materials. Previously examined system, DOM:ECC = 50:501%"! was
printed using 1 s of visible light and 4 s of UV light. For the system DOM:ECC = 75:25, when
printing using only visible light, 1 s did not provide satisfactory results, as seen in Figure 4.7,
a). Therefore, visually optimal shape of printed samples was obtained at 2 s of visible light
exposure, whereas when using both light engines, it was obtained at 1 s of visible light and 4 s

of UV light exposure.
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Figure 4.7. Samples of the resin DOM:ECC=75:25 cured with different irradiation intervals
of visible and UV light:
a) Samples irradiated with 1 s of visible light
b) Samples irradiated with 2 s of visible light
c) Samples irradiated with both lights for 1 s of visible light and 4 s of UV light
d) Samples irradiated with both lights for 2 s of visible light and 4 s of UV light

4.1.2.2. Preliminary weight test (DOM:ECC = 75:25)
Figure 4.8. presents a sample cured by visible light and both lights, before and after the thermal
treatment, without and with the screw. Obtained results indicate that samples cured only by
visible light exhibit the lowest stiffness. However, printing samples using both light engines,
although bend less than ones printed using only visible light, still show curvature under the
load. This implies higher flexibility and lower stiffness of the system DOM:ECC = 75:25.
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Furthermore, thermal post-treatment appears to have no significant impact on the sample

stiffness regardless of the irradiation regime.

Visible light

No thermal treatment

Thermal treatment

No thermal treatmentc

Thermal treatment

Figure 4.8. Results of the weight test

4.1.2.3. Printing of the resin DOM:ECC=25:75

As previously mentioned, printing parameters were also tested for the resin DOM:ECC = 25:75.
Figure 4.9. shows samples printed with visible light and both lights as a function of the

irradiation time. In this system it was not possible to prepare sample when irradiated with visible
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light for 1 s, when printing using only visible light. That is in agreement with the results
obtained in the system DOM:ECC = 75:25, but contrary to results of the system DOM:ECC =
50:501%71, However, irradiation with visible light for 2 s resulted in sample shown in Figure 4.9.
b). On the other hand, when both light sources are employed, it is shown that the optimal
irradiation time is 1 s of visible light and 4 s of UV light. When using longer exposure interval,

a disturbance in shape can be seen (Figure 4.9. d).

Figure 4.9. Samples of the resin DOM:ECC=25:75 cured with different irradiation intervals
of visible and UV light:
a) Samples irradiated with 1 s of visible light

b) Samples irradiated with 2 s of visible light
c) Samples irradiated with both lights for 1 s of visible light and 4 s of UV light
d) Samples irradiated with both lights for 2 s of visible light and 4 s of UV light
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4.1.2.4. Preliminary weight test (DOM:ECC = 25:75)

In Figure 4.10. it is seen that regardless of the irradiation protocol, without the thermal
treatment, samples are very flexible and bend completely under the weight of the screw. With
the thermal treatment, the stiffness of both specimens increases. There appears to be no
significant difference in stiffness of either sample after the thermal cure. In both cases,
thermally cured samples can withstand the weight of the screw without bending. When
comparing two systems, DOM:ECC = 75:25 and 25:75, a higher stiffness was expected for the
system with higher epoxide concentration. However, an increase in stiffness after the thermal
treatment for the visible light cured sample is contrary to the expected results and indicates an

epoxide network formation.
Visible light
r—- ——— p— —

No thermal treatment

Thermal treatment
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Both lights

No thermal treatment

Thermal treatment

Figure 4.10. Results of the weight test

It is also important to mention, all printed samples of the system DOM:ECC = 25:75 have
warped after the thermal treatment (Figure 4.11.). This may be due to different shrinkage rates
of the epoxide and the acrylate or due to the fact that cured epoxide is much stiffer than acrylate
and this difference in stiffness may lead to warping. Shrinkage phenomena occurs during
polymerization due to the replacement of weak long-distance Van der Waals interactions with
strong and short covalent bonds between the carbon atoms of different monomer units.[®® It
was found in literature that epoxides show a lower extent of shrinkage during polymerization
in comparison to acrylates. This is explained by taking into consideration that during epoxy
ring-opening polymerization, for every bond that goes from a Van der Waals distance to a
covalent distance, at least two bonds go from a covalent distance to a near Van der Waals
distance. This results in lower shrinkage upon polymerization.®*

Figure 4.11. Warping of samples of the DOM:ECC = 25:75 system after the thermal

treatment
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4.1.3. Dynamical mechanical analysis
Figure 12. presents the storage modulus, £’ and tan ¢ curves of Domopol 106 UV resin. Ty of
Domopol is around 20 °C. On the other hand, printing of the epoxy resin was inconvenient
because the printed samples were too brittle and easily breakable, so it was not possible to
remove them from the platform without breaking. However, it was found in literature that the

Ty of ECC is around 175 °C.5

10007777 7T

tan delta [/]

60 -40 20 0O 20 40 60 B0 100 120 140 160
Temperature [*C]

Figure 4.12. Storage modulus, E' and tan 6 of Domopol 106 UV

4.1.3.1. DMA results for the system DOM:ECC = 75:25
Figure 4.13. presents DMA curves of the system DOM:ECC = 75:25 cured with visible light,
and with both lights. The Tq of visible light cured system is located at 18.2 °C, whereas the Tg
of the same system cured with both lights is obtained at 21.4 °C. Both values are very close to
the T4 of Domopol. Low Tg value of specimens printed using both light engines indicates that
epoxide concentration of 25% is insufficient to create an IPN. Narrow tan ¢ peak, regardless of
the employed exposure protocol, indicates a homogeneous structure of both systems. Tan ¢
values for visible and for both light cured samples are similar and are located at around 0.8.

This indicates that there is no significant difference in the stiffness of two materials.
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Figure 4.13. Storage modulus, E' (black) and tan 6 (red) curves of the system
DOM:ECC=75:25 printed using: a) visible light, and b) both lights

4.1.3.2. DMA results for the system DOM:ECC = 25:75

With the increase of the epoxide concentration in the system, Tq is shifted towards higher
values. The Ty of visible light cured system is located at 61.5 °C, whereas the Tg of the same
system cured by both lights is obtained at 96.1 °C. As the temperature continues to increase
during the DMA scan, an increase in the storage modulus can be seen. This is accompanied by
a peak in the tan ¢ occurring at around 170 °C in both cases. This phenomenon was also noticed
by Stark while investigating the curing behavior of an epoxide composite.®®! They explained
this as a crosslinking process. The additional crosslinking triggered by heating at Tq caused the
crosslinking density to increase thus increasing the modulus. Furthermore, broad tan J peaks of
visible and both light cured samples indicate a level of heterogeneity. Damping (tan o) is an
important factor in the design of structures to minimize structural instability and fatigue of
materials. Materials with high stiffness generally have low damping.®”! Lower tan ¢ values,
ranging from 0.26 to 0.32, confirm the higher stiffness of the system DOM:ECC = 25:75

samples in comparison to 75:25 system.
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Figure 4.14. Storage modulus, E' (black) and tan 6 (red) curves of the system
DOM:ECC=25:75 prepared by irradiation with: a) visible light, and b) both lights

4.1.3.3. Comparison of the three systems, DOM:ECC = 75:25, 50:50 and

25:75

Regarding the system DOM:ECC = 75:25, presented in Figure 4.15. a), narrow tan 6 peak shows
Ty values (Table 4.4.) similar to that of the acrylate resin. Both systems appear to be
homogeneous and comparable regardless of the employed irradiation protocol. The results
indicate that material properties are mainly governed by the acrylate component (Domopol).
Figure 4.15. b) presents the system DOM:ECC = 50:5057 and it can be seen that there is a
significant difference in width and height of the tan 6 peaks for samples printed using only
visible (Tg=19.0 °C) and ones printed using both lights (Tg=70.0 °C). The additional formation
of the epoxy network leads to a significant shift of the Tq to higher values. Moreover, the curves
show only one transition which indicates the formation of an interpenetrating network. Figure
4.15. c) presents the system DOM:ECC = 25:75. An increase in Tg is evident in both cases
(Table 4.4.). Independent of the applied light source, DMA curves are characterized by two
separate tan o peaks. Unlike the first peak, the second one, occuring at 175 °C in both cases, is
accompanied by an increase in the storage modulus, E’. This may be a consequence of an
additional crosslinking reaction induced by heat in the thermal post-treatment process.
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Table 4.4. Obtained values for the glass transition temperature, Tqg
Formulation Irradiation Tg [°C]
75:25 Visible 18.2
DOM:ECC Both 21.4
25:75 Visible 61.5
DOM:ECC Both 96.1
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4.1.4. Tensile test

Figure 4.16. shows tensile test results obtained for the system DOM:ECC=75:25, Figure 4.17.
shows results obtained for the system DOM:ECC = 50:50 and Figure 4.18. shows results
obtained for the system DOM:ECC=25:75. There are three different curves for three different
specimen types. The blue one represents the stress-strain curve of the samples cured with visible
light, the purple one represents the stress-strain curve of the samples cured with both lights, and
the green one represents the stress-strain curve of the specimens where one half of the dog-bone
was cured by visible and the other half by both lights.

For the system DOM:ECC = 75:25 (Figure 4.16.), wavelength of the employed light appears to
have no significant effect on tensile strength. It is important to note, stress at break values for
visible, as well as for both light cured samples are similar to those of the acrylate resin

(Domopol = 1 MPa)*7, ranging from 0.8 to 1.4 MPa.

1,4
1,2

1 ,O ~| w405 nm w365 nm === Heterogeneous

0,8

0,6

Stress [MPa]

04

0,2 -

0o+ 1T T T T T
0o 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15

Strain [%]

Figure 4.16. Tensile test results for the system DOM:ECC=75:25
System DOM:ECC = 50:50571 (Figure 4.17.) shows a significant difference in tensile strength
between visible and both light printed samples. Printing only with visible light results in soft
material with low stress at break values. However, by UV exposure and the formation of an
interpenetrating network, the tensile strength increases significantly, from 1 (visible light

printed samples) to 39.1 MPa (both light printed samples).
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Figure 4.17. Tensile test for the system DOM:ECC = 50:50 [*"]
Stress at break values, for the system DOM:ECC = 25:75 (Figure 4.18.), indicate a significant
increase in tensile strength due to the higher amount of the epoxy resin. As expected, when
printing using both lights, higher stress values are obtained (57.2 MPa). However, the tensile
strength of specimens printed using only visible light is also increased (21.1 MPa), which might

be related to additional formation of an epoxide network induced by heat.
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Figure 4.18. Tensile test results for the system DOM:ECC=25:75
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Table 4.3. contains obtained stress and elongation at break values for two systems prepared in
this work, DOM:ECC = 75:25 and 25:75. To further determine empirically tested stiffness of
printer samples, Young’s modulus were calculated. Obtained values imply the increase in
stiffness with the increase of the epoxide concentration. Also, it can be seen that Young’s
modulus changes with the different illumination protocols. Samples irradiated with both lights
exhibit higher values of Young’s modulus in comparison to those irradiated with visible light.
Table 4.5. Tensile test results of three different DOM:ECC systems

) ] Young's
System Light Stress (MPa) Strain (%)
modulus (MPa)
Vis 0.8 12.0 /
DOM:ECC
Half-Half 1.3 12.9 11.3
75:25
Both 1.4 13.6 11.9
Vis 21.1 5.5 1706.8
DOM:ECC
Half-Half 31.0 2.9 1472.5
25:75
Both 57.2 3.8 2236.6
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4.2. Eb:ECC

4.2.1. FTIR measurements

Figure 4.19. presents FTIR spectra of Ebecryl resin. There can be seen characteristic urethane
N-H peaks at 3380 and 1530 cm™, C-H aliphatic peaks at 2936 and 2832 cm™, C=0 peak at
1730 cm, C=C stretching peak at 1620, 1636 and 810 cm™. Figure 4.20. presents spectra of
the mixture Eb:ECC = 25:75, containing 10 %wt PEGDA, 3 %wt BAPO and 3 %wt iodonium
salt.

o _
N
Uncured
— Visible light cured 17Zc3:0:(?m'1
w | = UVlight cured
=——— Thermally cured
o |
—
0 C=C
N-H 1620 and 1636 cm*
3380 cm?
o |
o
T T T T
3500 3000 2500 2000

Wavenumber cm-1

Figure 4.19. FTIR spectra of the Ebecryl 8413 illuminated with visible light, UV light and

thermally cured
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Figure 4.20. FTIR spectra of Eb:ECC = 25:75 system illuminated with visible light, UV light
and thermally cured

4.2.1.1. Conversions obtained by FTIR spectroscopy
Figure 4.21. and Table 4.6. present obtained conversions of Ebecryl 8413, containing 3 %wt of
radical photoinitiator, BAPO. Upon illumination with visible light, a fast increase in conversion
is evident, reaching 59.5 %. Further illumination with UV light leads to a slight increase in
conversion (62.0 %) and a conversion of 72.3 % is obtained after 2 hours of thermal cure at
120°C.
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Figure 4.21. Conversion of Ebecryl 8413, containing 3 %wt BAPO
Table 4.6. Conversion of Ebecryl 8413, containing 3 %wt BAPO

Exposure Interval Acryla_t ©
conversion
O0s 0
1s 37.5
.. 25S 54.1
VI'IZ'Et'e 45 55.6
8s 56.1
16s 58.3
32s 59.5
1s 60.2
25S 60.5
. 4s 60.9
UV light gq 615
16s 61.8
32s 62.0
1h 66.6
Thermal o 3

Figure 4.22, as well as Table 4.7. present obtained conversions for the system Eb:ECC = 25:75,
irradiated with visible and UV light, and thermally cured. With the exposure to visible light
acrylate reaches conversion of 44.3 %. Further illumination with UV light leads to an increase
in acrylate conversion, reaching 68.4 %. Epoxide converts readily upon UV light exposure and
reaches a very high conversion of nearly 100%. This indicates that no thermal cure is needed
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for the epoxide to reach full conversion, which is contrary to the properties of the printed
samples (this will be discussed below).

UV light irradiation (s)
048121620242832
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Figure 4.22. Conversion of the acrylate and epoxide in the system Eb:ECC = 25:75,
irradiated with visible and UV light, and thermally cured
Table 4.7. Conversion of acrylate and epoxide in system Eb:ECC = 25:75, irradiated with
visible and UV light, and thermally cured

Exposure Interval Acryla_t © Epoxple
conversion conversion
0s 0 0
1s 18.6 0
- 25 281 0
VI'iZ'hte 4s 31.9 0
85 34.6 0
165 203 0
32s 443 0
1s 505 0
25 59.4 341
. 4s 59.4 793
UV light 85 64.6 94.9
165 651 96.2
32s 68.4 99.1
1h 791 100
Thermal 2h 838 100
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Further FTIR measurements were carried out by illumination with visible light and thermal cure
(Figure 4.23. and Table 4.8.), and only by thermal cure (Figure 4.24. and Table 4.9.). In both
cases, it can be seen that epoxide polymerizes upon exposure to high temperature (120°C),

without UV light illumination which is needed to produce cations.
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Figure 4.23. Conversion of the acrylate and epoxide in the system Eb:ECC = 25:75,
irradiated with visible light, and thermally cured (without UV light curing)
Table 4.8. Conversion of acrylate and epoxide in system Eb:ECC = 25:75, irradiated with
visible light, and thermally cured (without UV light curing)

Exposure Interval Acryla.t © Epox@e
conversion | conversion
0s 0 0
1s 11.7 0
.. 2s 11.9 0
Vllisgll‘t])tle 4s 31.2 0
8s 40.8 0
16s 51.6 0
32s 55.7 0
10 min 59.6 17.4
20 min 61.9 26.6
30 min 64.0 39.1
Thermal 1= 5 min 67.4 471
50 min 71.4 55.6
60 min 72.2 60.5
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Figure 4.24. Conversion of the acrylate and epoxide in the system Eb:ECC = 25:75,
thermally cured (without visible and UV light irradiation)
Table 4.9. Conversion of acrylate and epoxide in system Eb:ECC = 25:75, thermally cured
(without visible and UV light irradiation)

Exposure Interval Acryla_t © Epoxple
conversion | conversion

0 min 0 0

10 min 51.7 0

20 min 54.4 0

30 min 54.5 0.9
Thermal - — 5 min 54.6 6.7

50 min 56.7 10.4

60 min 57.0 22,5

90 min 58.2 59.6

This can be approximately explained by an amine-epoxy addition reaction, also know as
“amine-epoxy hardening”. Depending on the substituents, amines can be divided into three
main groups: aliphatic, cycloaliphatic and aromatic amines. Among these, cycloaliphatic
amines are the most reactive ones, followed by aliphatic amines, whereas aromatic amines are
much less reactive due to their weaker nucleophilicity. Crosslinking of the epoxides with
amines typically proceeds via nucleophilic addition. In the case of primary amines, the addition
reaction yields a secondary amine and a hydroxyl group. The resulting secondary amine then

reacts with another oxirane ring, creating an additional hydroxyl group and tertiary amine. The
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reaction between amines and epoxides is significantly accelerated by proton donors. A
mechanism has been proposed (Figure 4.24.) in which a hydroxyl hydrogen atom partially
protonates the oxygen atom of an oxirane ring, making the neighboring methylene group more
susceptible to attack by a nucleophilic amine.8 This is accompanied by a disappearance of the

characteristic urethane N-H group, which can also be seen in Figures 4.19. and 4.20.

R o R H O-—HO—R"

/ N/
H_N\i + / \ + HOR" N
R1 R CH3
T OH
- N\)‘a + HO—R"
Rl/

Figure 4.25. Simplified mechanism of amine-epoxide reaction accelerrated by proton

donorst®8!

4.2.2. 3D printing

As previously explained, visible light leads to the selective curing of the acrylate component,
resulting in flexible and elastic materials. On the other hand, employing the lower wavelength
(UV) should lead to the formation of an interpenetrating network. The formation of an IPN is
evident from the increase in stiffness and tensile strength of the material. This was not achieved
with the system Eb:ECC since all printed samples were completely soft and flexible, regardless
of the employed wavelength. Employing UV light did not result in the increase of the material
stiffness. This indicates that UV light does not initiate the curing of an epoxide component in
the printing process. This is contrary to the results obtained by FTIR spectroscopy since it
showed that a relatively high epoxide conversion can be expected upon UV light illumination.
The best indication of this phenomena were tensile test specimens printed one half by visible
light and the other half by UV light. Schematic presentation of the specimen is depicted in
Figure 4.26. Although UV light initiates cationic polymerization, after printing, both blue
(visible light cured) and purple (UV light cured) segments were soft and flexible. This may be
due to the inhibition of the cationic polymerization as a consequence of the viscosity increase

during the printing process.
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Figure 4.26. Schematic presentation of the tensile test specimen printed one half with visible
light and the other half by UV light

On the other hand, when above mentioned samples undergo the thermal treatment at 120°C,

they become stiff and rigid. There was no flexibility in samples, regardless of the irradiation

protocol. Furthermore, even samples printed using only visible light become stiff and rigid after

the thermal treatment. Since there was no significant impact of the employed wavelength on

the properties of the material, this system was abandoned.
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4.3. PEGDA:ECC
4.3.1. FTIR spectroscopy

Figure 4.27 presents FTIR spectra of PEGDA, containing 3 %wt of the radical photoinitiator,
BAPO. Figure 4.28. presents FTIR spectra of the system PEGDA:ECC = 50:50, containing
3%wt of BAPO and 3%wt of iodonium salt. In both cases, acrylate doublet, located at 1620 and
1636 cm™, shows a significant area reduction upon visible light illumination. However, it
appears that a higher conversion can be expected only after the thermal cure. Peak at 750 cm™
(Figure 4.28.), correlating to the oxirane ring of the epoxide, shows no difference in area after
the visible light exposure, as expected. Hydroxyl groups of the uncured resin can be seen in
both Figures at around 3500 cm™. Unfortunately, literature did not provide the exact answer to
the origin of this peak.

o
N

m— Uncured C=0

1730 cm™

— Visible light cured f/\
o | = UV light cured C=C
= 1620 and

——— Thermally cured 1636 cm?
- /
0o
o
o | %
o

T T T T T T
3500 3000 2500 2000 1500 1000

Wavenumber cm-1

Figure 4.27. FTIR spectra of PEGDA (n = 3), containing 3 %wt BAPO
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Figure 4.28. FTIR spectra of PEGDA:ECC = 50:50 system illuminated with visible light, UV
light and thermally cured

4.3.1.1. Conversion obtained by FTIR spectroscopy

To determine an optimal concentration of the cationic photoinitiator, curing of the resin
PEGDA:ECC = 50:50 was performed using different concentrations of lodonium salt. Figure
4.29 and Table 4.10. present obtained conversions of the PEGDA, containing 3 %wt BAPO,
whereas Figures 4.30.-4.23., as well as Tables 4.11.-4.14., present obtained conversions for the
system PEGDA:ECC = 50:50, containing different concentrations of lodonium salt, 10 %wt, 7
%wt, 3 %wt and 1 %wt.

Upon visible light illumination, PEGDA (Figure 4.29.) converts to 53.6 %. Further UV light
illumination does not provide a significant conversion increase, leading only to 59.7 %.

However, after thermal post-treatment, a higher conversion is obtained (86.4 %).
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Figure 4.29. Conversion of the PEGDA (n = 3), containing 3 %wt BAPO
Tabel 4.10. Conversion of the PEGDA (n = 3), containing 3 %wt BAPO

Exposure Interval Acryla.t ©
conversion
0s 0
1ls 14.9
. 2s 38.7
VI'ISg':t'e 45 432
8s 48.2
16s 50.8
32s 53.6
1s 54.3
2s 55.2
: 4s 55.3
UV light 85 = g
16s 58.4
32s 59.7
1h 75.8
Thermal T 36.4

Figure 4.30. and Table 4.11. present the spectra of the system PEGDA:ECC = 50:50, containing
10 %wt iodonium salt. Upon visible light illumination, an acrylate conversion is evident,
reaching 57.2 %. Unexpectedly, an epoxide conversion can be seen in the visible region as well.
This indicated that a lower concentration of the cationic photoinitiator is required. Further UV

light illumination led to a significant increase in acrylate conversion (84.1 %) and reaching an
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almost complete epoxide conversion (96.1 %). Thermal cure did not provide a significant
conversion increase for acrylate moieties, however it resulted in full conversion of the epoxide
network.
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Figure 4.30. Conversion of the acrylate and epoxide in the system PEGDA:ECC = 50:50,
using 10%wt lodonium salt
Table 4.11. Conversion of acrylate and epoxide in system PEGDA:ECC = 50:50, using
10%wt lodonium salt

Acrylate Epoxide
Exposure Interval . .
conversion conversion
0s 0 0
1s 13.4 0.7
- 2s 14.6 1.1
Vl'izﬁt'e 4s 33.9 42
8s 40.6 4.5
16s 56.4 5.2
32s 57.2 14.8
1s 71.9 27.7
2s 78.3 74.1
. 4s 80.5 84.3
UV light 85 813 91.9
16s 82.9 95.9
32s 84.1 96.1
1h 85.1 100
Thermal 2h 86.9 100
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Figure 4.31. and Table 4.12. present the spectra of the system PEGDA:ECC = 50:50, containing
7 %wt iodonium salt. An acrylate converts to 53.6 % in the visible region, and continues to
increase up to 74.3 % upon UV light exposure. Epoxide, on the other hand, remains unreacted
in the visible region, whereas in the UV region it reaches the conversion of 74.8 %. Thermal
cure leads to a slight increase in acrylate conversion (83.5 %) and to a full conversion of the
epoxide network.
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Figure 4.31. Conversion of the acrylate and epoxide in the system PEGDA:ECC = 50:50,

using 7%wt lodonium salt
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Table 4.12. Conversion of acrylate and epoxide in system PEGDA:ECC = 50:50, using 7%wt

lodonium salt

Exposure Interval Acryla.t © Epox@e
conversion conversion
0s 0 0
1s 45 0
» 25 374 0
VI'iZ'Et'e 4s 473 0
85 52,5 0
165 Gl 0
32s 53.6 0
1s 56.5 0
25 59.1 20.5
. 4s 68.8 50.1
UV light 85 70.3 63.5
165 711 713
32s 743 748
1h 78.9 100
Thermal 2h 835 100

Figure 4.32. and Table 4.13. present the spectra of the system PEGDA:ECC = 50:50, containing

3 %wt iodonium salt. Acrylate reaches the conversion of 76.8 % in the visible region, which is

higher that in previous two cases (10 %wt and 7 %wt iodonium salt). By illumination with UV

light, acrylate conversion further increases, reaching 86.6 %. Epoxide, on the other hand, starts

to polymerize in the UV region and converts to 64.8 %. After the thermal cure, high conversion

of both networks is obtained, acrylate reaching 97.4 % and epoxide reaching full conversion.
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Figure 4.32. Conversion of the acrylate and epoxide in the system PEGDA:ECC = 50:50,

using 3%wt lodonium salt

Table 4.13. Conversion of acrylate and epoxide in system PEGDA:ECC = 50:50, using 3%wt

lodonium salt

Exposure Interval Acryla.t © Epox@e
conversion conversion
0s 0 0
1s 29 0
.. 2s 52.1 0
VI'iZ'Et'e 4s 69.5 0
85 742 0
165 75.7 0
32s 76.8 0
1s 771 0
25 795 0
. 4s 795 42
UV light 85 82.8 32.8
165 84.8 50.4
32s 86.6 64.8
1h 96.8 100
Thermal 2h 97.4 100

Figure 4.33. and Table 4.14. present the spectra of the system PEGDA:ECC = 50:50, containing

1 %wt iodonium salt. Visible light leads to an acrylate conversion of 58.0 %, while further UV

light exposure does not produce a significant increase in the acrylate conversion (62.4 %). On
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the other hand, epoxide reached a conversion of 34.2 % in the UV region. Although a lower
conversion of the epoxide is reached in comparison to previous three systems (10 %wt, 7%wt
and 3%wt iodonium salt), thermal treatment leads to a full conversion of the epoxide network.
An increase in the acrylate conversion is evident in the thermal region as well, resembling the
one obtained in Figure 29 (conversions of PEGDA without ECC).
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Figure 4.33. Conversion of the acrylate and epoxide in the system PEGDA:ECC = 50:50,

using 1%wt lodonium salt
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Table 4.14. Conversion of acrylate and epoxide in system PEGDA:ECC = 50:50, using 1%wt

lodonium salt

Exposure Interval Acryla.t © Epox@e
conversion conversion
0s 0 0
1s 19.0 0
» 25 418 0
VI'iZ'Et'e 4s 53.0 0
85 545 0
165 57.5 0
32s 58.0 0
1s 58.7 2.7
25 59.7 8.6
. 4s 61.1 113
UV light 85 615 194
165 61.6 255
32s 62.4 342
1h 82.7 98.0
Thermal 2h 90.2 100

To sum up, acrylate converts to about 60 % by exposure to visible light, with exception of

Figure 4.32., where 3 %wt of iodonium salt was used and where it reaches the highest

conversion of 76.81 %. Further exposure to UV light initiates the curing of the epoxide and

continues the polymerization process of the acrylate. However, when using 10 %wt cationic

photoinitiator (Figure 4.30.), epoxide conversion can also be seen in the visible region.

Conversion in the UV region decreases with the decrease of the cationic photoinitiator

concentration and drops significantly when using 1 %wt of lodonium salt (~35 %). In order to

produce enough cations needed for the polymerization process, while at the same time

preventing the loss of shape and geometry in the printing process, a lower concentration of 3

%wt lodonium salt was chosen for the formulation.
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4.3.2. 3D printing

Initial printing trials were performed starting with the same parameters as DOM:ECC systems,
1 s of visible light and 4 s of UV light. It was found that visually optimal shape of specimens
printed using visible light is obtained at 1 s, however when using both lights, 4 s of UV light
illumination had to be reduced to 2 s in order to avoid disturbance in shape. Figure 4.34. a)

depicts DMA samples printed using visible light and b) using both light engines.

a) b)

Figure 4.34. DMA samples of the system PEGDA:ECC = 50:50, printed using visible light
(a), and printed using both light engines (b)

4.3.2.1. The weight test
Figure 4.35. depicts results of the weight test for samples irradiated with visible and both lights,
before and after the thermal treatment. The impact of the thermal post-cure is evident for the
both light cured sample, whereas visible light cured sample shows no significant difference
before and after the thermal cure. Important to note is that, although specimens printed using
both lights exhibited higher stiffness after the thermal cure, they were much more brittle than
the visible light cured ones. This led to breaking of few both light cured specimens while

performing the weight test.
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Figure 4.35. Results of the weight test
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4.3.3. Dynamical mechanical analysis

Figure 4.36. presents DMA curves of PEGDA printed using 1s of visible light. Obtained Tg4 for
PEGDA is 62 °C. This relatively high T4 value of the PEGDA polymer is in accordance with
literature and it is attributed to a shorter distance between crosslink junctions due to a lower
PEGDA molecular weight (n = 3). In polymeric networks, the presence of the crosslinks results
in a restriction of segmental mobility in the vicinity of the crosslink junction.®® This leads to a

higher crosslinking density, hence increasing the glass transition temperature.
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Figure 4.36. Storage modulus, E’ (black) and tan & (red) curves of PEGDA

4.3.3.1. DMA results for the system PEGDA:ECC = 50:50
Figure 4.37. presents DMA curves of the system PEGDA:ECC = 50:50 printed using 1 s of
visible light and 2 s of UV light and Figure 4.38. presents DMA curves of the same system
printed using 2 s of visible light and 2 s of UV light. DMA results of the samples printed using
1 s of visible light (Figure 4.37.) show a Tq of -30.3 °C for visible light printed samples and -
23.5 °C for both light printed samples. These low values of Ty are attributed to the unreacted
acrylic monomers acting as plasticizers. In order to test this hypothesis, another set of samples
was printed using 2 s of visible light and results are presented in Figure 4.38. It can be seen than
an increase in visible light exposure results in Tq of 58.3 °C for the sample printed using only
visible light. Slight deviation from the Ty of PEGDA can be attributed to a small number of
unreacted monomers still trapped in the network. Employing both light engines leads to an
increase in Tg (77.3 °C) and broadening of the peak. This indicates an increase in heterogeneity
corresponding to an epoxide network formation. A lower tan ¢ value for the both light printed
samples (0.27), compared to visible light printed ones (0.46) indicate a higher stiffness of the
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material. Table 4.15. contains obtained T4 values of the system PEGDA:ECC = 50:50 printed

with different irradiation times.
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Figure 4.37. Storage modulus, E' (black) and tan 6 (red) curves of the system PEGDA:ECC =

50:50 prepared by irradiation with: a) visible light (1s), and b) both lights (1s visible and 2s

UV light)
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Figure 4.38. Storage modulus, E' (black) and tan 6 (red) curves of the system PEGDA:ECC =
50:50 prepared by irradiation with: a) visible light (2s), and b) both lights (2s visible and 2s
UV light)

Table 4.15. Obtained values for the glass transition temperature, Tg

Irradiation Irradiation
System ] Ty [°C]
time protocol
50:50 1s Vis Visible -30.3
PEGDA:ECC 2s UV Both -23,5
50:50 2s Vis Visible 58.3
PEGDA:ECC 2sUV Both 77.3
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4.3.4. Tensile test

Figure 4.39. present tensile test results of PEGDA, as well as PEGDA:ECC = 50:50 systems
printed using different irradiation protocols. Visible light illumination was performed at 1 s and
UV light illumination was performed at 2 s. PEGDA shows stress at break of 17.9 MPa and
elongation at break of 2.8 %. These values indicate PEGDA is a relatively stiff material. As
previously mentioned, this may be due to a higher crosslinking density, as a consequence of a
shorter segmental length between crosslinks. Obtained results show lower tensile strength of
all mixtures, compared to pure PEGDA, regardless of the irradiation protocol. This can be
corelated with the DMA test results as it was seen that using 1 s of visible light is not sufficient
to obtain full conversion. Unreacted monomers in the system act as plasticizers, reducing glass
temperature and, therefore, decrease tensile strength of the material. Visible light cured system
shows higher stress at break values (4.4 MPa) than both light cured system (1.8 MPa), which is
contrary to the expected results. Table 4.16. presents tensile test results of the system

PEGDA:ECC = 50:50 printed using 1s of visible light and 2s of UV light.

20
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S
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Figure 4.39. Tensile test results for the system PEGDA:ECC = 50:50
Table 4.16. Tensile test results of the system PEGDA:ECC = 50:50

) ] Young's
System Light Stress (MPa) Strain (%o)
modulus (MPa)
PEGDA Visible 17.9 2.8 13.17
Visible 4.49 11.26 1.34
PEGDA:ECC
Half-Half 1.25 7.95 0.27
50:50

Both 1.79 3.39 0.69
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5. Conclusion

In this work three systems of photocurable resins were prepared for application in additive
manufacturing (3D printing), using the dual-curing mechanism. In order to investigate the
orthogonality of the system, as well as to determine the curing kinetics, FTIR analysis was
carried out. Furthermore, mechanical properties of printed specimens were determined by DMA

and tensile test.

1. DOM:ECC

e FTIR analysis showed that, upon visible light irradiation acrylate moieties can be
selectively cured, while employing UV light leads to the polymerization of both acrylate
and epoxide, yielding an interpenetrating network. The highest acrylate conversion in
the visible region was achieved in the system DOM:ECC = 75:25 and it decreases with
the lower acrylate concentration. Epoxide conversion is the highest in the system with
the highest epoxide concentration (DOM:ECC = 25:75). Thermal cure did not provide
a significant conversion increase in the system DOM:ECC = 75:25, while the system
DOM:ECC = 25:75 showed an increase in conversion by subjecting the sample to 120
°C for 2 hours.

e Results of the DMA analysis, for the system DOM:ECC = 75:25, showed no significant
difference in Ty of samples printed using visible light and ones printed using both light
engines. Considering that the Tg in both cases are similar to the one of the Domopol, it
can be concluded that the network properties are mainly governed by an acrylate
component (Domopol). On the other hand, in the system DOM:ECC = 25:75, an
increase in Tq is evident between visible light printed samples and ones printed using
both lights. Samples printed using visible wavelength have a higher T4, compared to the
Ty of the pure acrylate (Domopol). This might be a consequence of additional
crosslinking reaction taking place in the thermal post-treatment process.

e Tensile test indicates that the wavelength of the employed light has no significant impact
on the mechanical properties on the system DOM:ECC = 75:25, confirming the results
obtained by the DMA. For the system DOM:ECC = 25:75 stress at break values indicate

a significant increase in tensile strength due to the higher amount of the epoxide resin.
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Eb:ECC

Results of the FTIR analysis showed that a relatively high epoxide conversion can be
expected upon UV light irradiation. Since the epoxide is responsible for the tensile
strength of the material, this would mean that a relatively stiff material can be expected
when printing with UV light However, in the printing process this was not achieved. It
was visually established that printed samples are very flexible and soft, regardless of
the irradiation protocol. This indicates that properties of printed samples (without the
thermal post-treatment) are mainly governed by Ebecryl component. Furthermore, FTIR
results showed that elevated temperature (thermal treatment) initiates polymerization
reactions of both networks, without prior light illumination. Due to the thermal
sensitivity and the fact that wavelength of the employed light has no significant effect

on the mechanical properties of the printed samples, this system was abandoned.

PEGDA:ECC

FTIR analysis showed that acrylate converts to about 60 % by exposure to visible light
in all cases, except when 3%wt of lodonium salt is used where it reaches the highest
conversion of ~77 %. Conversion of the epoxide in the UV region decreases with
decreasing cationic photoinitiator concentration and is most noticeable when iodonium
salt is used at 1 %wt (35%). It was decided to use a concentration of 3 %wt iodonium
salt for the formulation in order to obtain enough cations for the polymerization process
without disrupting the shape and geometry of the printed samples.

Results of the DMA analysis showed that in order to obtain full conversion in the
printing process, 2 s of visible light exposure is required. When this exposure interval
is used in combination with 2 s of UV light, this leads to an increase in Tq of the material,
accompanied by the broadening of the tan ¢ peak.

Tensile test showed that PEGDA network displays a relatively high tensile strength.
This is ascribed to the shorter segmental length between crosslinks in the PEGDA
network. Printing the mixture of PEGDA and ECC results in low tensile strength,
regardless of the irradiation protocol. This is contrary to the expected results and
indicates that a longer exposure time is required in order to obtain a fully converted IPN.
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