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AESO — acrylated epoxidized soybean oil

ABAPO - composition of acrylated epoxidized soybean oil with photoinitiator
phenyl bis(2,4,6-trimethylbenzoyl) phosphine oxide

ADMPA — composition of acrylated epoxidized soybean oil with photoinitiator
phenyl bis(2,4,6-trimethylbenzoyl) phosphine oxide

AS — the weight part of acrylated epoxidized soybean oil in the composition
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diphenyl (2,4,6-trimethylbenzoyl) phosphine oxide
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ethyl (2,4,6-thimethylbenzoyl) phenyl phosphinate

BAPO — phenyl bis(2,4,6-trimethylbenzoyl) phosphine oxide

BRC — biorenewable carbon content

DMPA - 2,2-dimethoxy-2-phenyl acetophenone

DMTA — dynamic mechanical thermal analysis

DLP — digital light processing

DSC — differential scanning calorimetry

DVB - divinylbenzene

Ec — compressive modulus

Ee — elastic modulus

ECM - ethylcellulose macromonomer

FLGPCLO2 — commercial photoresin Formlabs Clear FLGPCL02

G’ — storage modulus

HDDA - 1,6-hexanediol diacrylate

| — the weight of isobornyl methacrylate in the composition

IBOMA — isobornyl methacrylate

LCA - life cycle assessment

LDW —laser direct writing

ME — methacrylic ester

MYR — myrcene

nHA — nano-hydroxyapatite

pPAESO — homopolymer synthesized from pure acrylated epoxidized soybean
oil

PR48 — commercial photoresin Aurodesk Clear PR48

REF — commercial photoresin Monocure3D Rapid Gray

RD - reactive diluent

SLA — stereolithography

Taec-100% — temperature at a weight loss of 10%

Ty — glass transition temperature

tget — gel point

TGA — thermogravimetric analysis

THFA — tetrahydrofurfuryl acrylate

THFMA — tetrahydrofurfuryl methacrylate
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TPO — diphenyl (2,4,6-trimethylbenzoyl) phosphine oxide

TPOL — ethyl (2,4,6-thimethylbenzoyl) phenyl phosphinate

VDA - vanillin diacrylate

VDM — vanillin dimethacrylate

X —filler synthesized from silica gel and calcium oxide

XS —filler synthesized from silica gel-rich aluminum fluoride production waste
material and calcium oxide

YIF —yield of the insoluble fraction

o — tensile strength

¢ — elongation at break



1. INTRODUCTION

In the past decade, 3D printing technologies have attained an immense amount
of attention not only among scientists, but also between regular consumers. 3D
printing, or additive manufacturing allows the direct fabrication of complex 3D
structures with low raw material usage, making it a powerful technique for advanced
manufacturing [1]. Relatively simple and vastly used 3D printing technology is fused
deposition modelling (FDM) where melted thermoplastic polymer filament is
extruded to form a layered printed object [2]. Optical 3D printing technologies employ
light to harden layer-by-layer liquid photo-curable resin into complex-shaped
polymeric objects, which cannot be cut, carved, or assembled [3]. While FDM
technology indicates higher printing speed, higher printing resolution, more detailed
object parts could be obtained in optical 3D printing [4] making it more suitable for
precise product manufacturing. Although most of the commercially available 3D
printing materials are environmentally stable petroleum-based materials. To reduce
negative environmental impact, bio-based materials could be used in optical 3D
printing. By combining various bio-based materials, partially or fully bio-based
photocross-linked polymers for optical 3D printing could be obtained. Also,
depending on the structure and functionality of bio-based materials, different
properties of 3D printed polymeric object could be developed [5].

The introduction of reinforcements to photocross-linked polymers has received
extensive attention due to the improved properties of 3D printed objects. Depending
on the composition of the 3D printing resin and the reinforcement chosen, the
improved properties of the polymer composite could be obtained, such as mechanical,
thermal, electrical, or other properties [6]. By employing bio-based materials suitable
for optical 3D printing with appropriate reinforcement, practicable biocomposites
could be produced. Such materials could not only replace synthetic materials in optical
3D printing, but could also improve the properties of printed objects with an indicated
biodegradability.

The development of acrylated epoxidized soybean oil (AESO)-based polymers
with or without additional reinforcement suitable for optical 3D printing was the main
object of this work. AESO is a low cost and low toxicity bio-based material used in
UV-curing coatings and produced in high annual yields [7] making it a suitable
bio-based material for this research. In the scope of this dissertation, the application
of AESO in optical 3D printing producing bio-based polymers and polymer
composites suitable for replacing commercial petroleum-based products was
addressed. The experimental results have been presented in five publications.

The aim of the work was to develop acrylated epoxidized soybean oil-based
photocross-linked polymers and polymer composites for optical 3D printing
technologies.

The tasks proposed to achieve the above-stated aim were as follow:

1. To design and synthesize photocross-linked polymers composed of
acrylated epoxidized soybean oil and plant-derived comonomers,
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investigate their properties and compare with those of commercial products
used in optical 3D printing technologies;

2. To investigate initiator-free photocuring of acrylated epoxidized soybean
oil-based resins and the properties of the resulting polymers and apply them
in laser direct writing lithography;

3. To determine the influence of acrylated epoxidized soybean oil on four
photoinitiators, their concentration, and temperature on the photocuring
kinetics and the properties of the resulting polymers;

4. To design and synthesize acrylated epoxidized soybean oil-based
photocross-linked polymers with different plant-derived reactive diluents,
investigate their properties and suitability for digital light processing 3D
printing;

5. Todetermine the influence on calcium silicate hydrate (CaO and SiO, molar
ratio 1:1) fillers on properties of photocross-linked acrylated epoxidized
soybean oil-based polymer composites and determine their suitability for
digital light processing 3D printing.

Scientific novelty

o For the first time, acrylated epoxidized soybean oil-based cross-linked
polymers have been synthesized without the use of a photoinitiator,
which retain the free-standing structure of polymeric objects and are
suitable for laser direct writing lithography.

e Novel acrylated epoxidized soybean oil-based resins containing
plant-derived comonomers exhibit high photosensitivity and
cross-linking rate suitable for optical 3D printing.

o New functionalized calcium silicate hydrate fillers synthesized from
aluminum fluoride production waste resulted in better mechanical and
thermal properties of acrylated epoxidized soybean oil-based
composites compared to fillers obtained from synthetic inorganic
reagents.

Practical value of the work

Photocross-linked polymers and polymer composites suitable for different
optical 3D printing technologies have been developed only from commercially
available bio-based monomers. Six acrylated epoxidized soybean oil-based resins in
total have been validated and tested in industrial digital light processing 3D printers
in companies JSC “3D Creative” and “Ameralabs”. The properties of their 3D printed
objects of complex structure were comparable to those printed from commercial
synthetic materials. The Life Cycle Assessment (LCA) of acrylated epoxidized
soybean oil photoresin with bio-based isobornyl methacrylate has been carried out for
optically 3D printed dental models in collaboration with Centria University of Applied
Sciences and “Ameralabs” [8]. The comparison of the environmental impact of
acrylated epoxidized soybean oil-based resin and conventional petroleum-based
acrylic resin clearly showed the benefit of using bio-based materials for formulating
the UV-curable 3D printing resin, as reduced environmental impact has been
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determined in 12 out of 16 categories. All bio-based polymers designed, which were
successfully applied in digital light processing 3D printing, showed biodegradability,
although it was a slower process than that of cellulose at the same experimental
conditions.

Contribution of the author

The author has designed, synthesized, and characterized five series of acrylated
epoxidized soybean oil cross-linked polymers and polymeric composites described in
Chapters 2.1-2.5. The author has performed and analyzed the results of
photorheometry measurements, Soxhlet extraction, differential scanning calorimetry,
thermogravimetric analysis, dynamic mechanical thermal analysis, compression, and
tensile, and biodegradation test. The author drafted all five manuscripts. Edvinas
Skliutas (Laser Research Center, Vilnius University) performed laser direct writing
of the selected biobased resins, analyzed printed u-3D structures, and contributed to
drafting the manuscript. Prof. dr. Mangirdas Malinauskas (Laser Research Center,
Vilnius University) advised with the pu-3D printing and contributed to the editing of
the paper. Vaidas Talacka (AmeralLabs) evaluated printing parameters for acrylated
epoxidized soybean oil-based resins and performed digital light processing 3D
printing. Andrius Gineika (Kaunas University of Technology) synthesized,
characterized calcium silicate hydrate fillers, and contributed to drafting the
manuscript. Prof. dr. Kestutis Baltakys (Kaunas University of Technology) advised
with the synthesis of calcium silicate hydrate fillers and contributed to the editing of
the paper. Prof. dr. Jolita Ostrauskaité (Kaunas University of Technology) contributed
to conceiving the initial ideas, advising with the synthesis and characterization on
acrylated epoxidized soybean oil cross-linked polymers and contributed to the editing
of all five papers. Dr. Rathish Rajan and dr. Egidija Rainosalo (Centria University of
Applied Sciences, Finland) modelled and performed cradle-to-gate life-cycle
assessment of optical 3D printing of bio-based and conventional acrylic resin. Saulius
Lileikis and colleagues from JSC 3D Creative performed 3D scanning of medical
fittings and produced real-scale objects from bio-based resin by digital light
processing 3D printing.

List of scientific publications on the topic of the dissertation

1. Miglé Lebedevaité, Jolita Ostrauskaité, Edvinas Skliutas, Mangirdas
Malinauskas. Photocross-linked polymers based on plant-derived
monomers for potential application in optical 3D printing. Journal of
applied polymer science. 2020, 137 (20), 48708. JIF: 3.125.

2. Miglé Lebedevaité, Jolita Ostrauskaité, Edvinas Skliutas, Mangirdas
Malinauskas. Photoinitiator free resins composed of plant-derived
monomers for the optical u-3D printing of thermosets, Polymers. 2019,
11 (1), 116. JIF: 4.329.

3. Miglé Iebedevaité, Jolita Ostrauskaité. Influence of photoinitiator and
temperature on photocross-linking kinetics of acrylated epoxidized
soybean oil and properties of the resulting polymers. Industrial crops
and products. 2021, 161, 113210. JIF: 5.645.
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4. Miglé Lebedevaité, Vaidas Talacka, Jolita Ostrauskaité. High
biorenewable content acrylate photocurable resins for DLP 3D printing.
Journal of Applied Polymer Science. 2021, 138 (16), 50233. JIF: 3.125.

5. Miglé Lebedevaité, Andrius Gineika, Vaidas Talacka, Kestutis
Baltakys, Jolita Ostrauskaité. Development and optical 3D printing of
acrylated epoxidized soybean oil-based composites with functionalized
calcium silicate hydrate filler derived from aluminum fluoride
production waste. Composites Part A: Applied Science and
Manufacturing. 2022, 157, 106929. JIF: 7.664.

Scientific conferences

The results of this dissertation have been presented in 17 international scientific
conferences, including “6th international Baekeland symposium 2019” Tarragona,
Spain; “Poly-Char Venice international polymer characterization forum 2021~
Venice, Italy; “IUPAC-MACRO 2020: the 48th world polymer congress”, Jeju,
Korea. A full list of scientific conferences is presented in section 8. LIST OF
PUBLICATIONS.

LITERATURE REVIEW
1.1.Optical 3D printing

In recent years, 3D printing, or additive manufacturing, has become extensively
used because of its simplicity, immense creativity, and its relatively low cost. This
process allows one to create complex structural objects that cannot be carved, cut, or
assembled [9]. Optical 3D printing employs vat photopolymerization, where
photo-sensitive liquid resin is layer-by-layer solidified by light. The most popular
optical 3D printing techniques are digital light processing (DLP) and
stereolithography (SLA). Their working basics are closely related, and the difference
is that SLA employs a fast-moving laser beam for photoresin curing, while DLP uses
projected light [10] (Figure 1). Less common is laser direct writing (LDW)-based
two-photon polymerization technology that uses a laser to create complex 3D
structures on the nanoscale [11]. Due to the focused high-energy laser beam, the wider
spectrum of materials could be applied in LDW [12]. Compared to bulk materials,
micro/nano-structured materials have different properties, thus such feature could be
applied in biomedicine, microchip formation and more [13]. Although this complex
and rather expensive technology is more popular among researchers [14].
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LDW

Figure 1. Components of typical SLA (left), DLP (middle), and LDW (right) machines: 1 —
printed object, 2 — photoresin, 3 — building platform, 4 — UV laser source (left), UV LED
light source (right), 5 — XY scanning mirror (left), digital projector (middle), 6 — light beam,
7 — resin tank, 8 — window, 9 — layer-by-layer elevation, and 10 — tightly focused laser beam
[15, 16]

Materials used in conventional optical 3D printing techniques such as SLA and
DLP are liquid photoresins. Most photosensitive resins are composed of mono-, di-,
tri-, or poli(meth)acrylic monomers and/or oligomers, accompanied with other
functionalities such as urethane, epoxy, or other [17]. Depending on the structure and
functionality of the monomer/oligomer, the printed object could obtain different
tensile, flexural, impact, and thermal properties [15]. Resins containing materials with
long aliphatic chains result in elastic and flexible polymers with elongation at break
up to 1000% [18, 19, 20], while highly functional low molecular weight
(meth)acrylate-containing resins produce rigid and even brittle polymers [21, 22].
Thus, by combining materials with various functionalities, tailored printed polymeric
products could be created according to the desired properties.

Although 3D printing is a sustainable manufacturing method due to low raw
material usage and low waste accumulation [23], researchers are trying to reduce the
environmental impact of 3D printing by using bio-based materials. Gelatin [24, 25],
lignin [26, 27, 28], starch [29, 30] and other bio-based materials have been
successfully applied in SLA/DLP technology, producing solid, free-standing
polymers. Vegetable oils have also attracted a lot of interest from researchers in their
application in optical 3D printing due to their high availability and relatively easy
functionalization with photocross-linkable groups [31]. Acrylated epoxidized soybean
oil is one of the most promising bio-based materials in commercial optical 3D printing
application.

1.2. Acrylated epoxidized soybean oil-based polymers in optical 3D printing

Acrylated epoxidized soybean oil (AESO) is a commercially available
bio-based material used under the trademark Ebecryl 5848 [32] and is widely used in
the coating and plastic industries [33, 34]. AESO is a viscous liquid, produced mainly
by the epoxidation of double bonds of soybean oil fatty acids followed by the
acrylation of the epoxy ring (Scheme 1) [35]. AESO-based resins could be easily and
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quickly photocross-linked under UV light with low energy consumption and inherent
biodegradability [36].
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Scheme 1. Synthesis scheme of acrylated epoxidized soybean oil

Since the first attempts to photocross-link AESO in the early 1990s, it was
mostly applied in UV-cured coatings. Only in 2016, Miao et al. [37] published the
first attempt to produce photocross-linked AESO by optical 3D printing. By using
self-made SLA 3D printer biomedical scaffolds of AESO and the photoinitiator bis
(2,4,6-trimethylbenzoyl)-phenylphosphineoxide (BAPO) were produced with high
biocompatibility and shape memory effects. The same team later published several
articles on the same AESO polymer optimizing the 3D printing technique and
improving shape memory effects [38, 39]. Wu et al. [40] also applied the same AESO
and BAPO polymer in commercial DLP 3D printing using it as a comparison for
photocross-linked acrylated McDonald’s waste cooking oil. Photocross-linked AESO
was successfully developed and printed by a commercial 3D printer; however, due to
the absence of photostabilizer in the AESO polymer, diffraction and spreading of light
occurred, leading to overcure, and reduced structural definition compared to that of
the developed polymer from waste cooking oil.

A different approach to produce AESO-enriched polymers was published by
Rosace et al. [41]. They combined AESO with commercial resin to reduce the impact
on the environment and simplify the development procedure. The AESO content in
the photocross-linked commercial resin varied from 10 to 50 wt%. Even though the
addition of AESO resulted in a decrease in both tensile strength and Young’s modulus
of 3D printed polymer due to the network loosening, the elongation at break improved
and mixtures containing 10, 20, and 30 wt% of AESO showed mechanical properties
similar to those of other photocross-linked commercial materials. This study showed
a simplified development procedure of a petroleum-based polymer with an
enrichment of bio-based material that matches the circular economy concept.

By developing AESO-based photocross-linked polymers from raw materials,
the viscosity of AESO could be reduced to obtain the necessary viscosity for optical
3D printing by adding reactive diluents (RDs), which, unlike common inert solvents,
participate in the photopolymerization reaction and link into the polymer network
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[42]. The AESO-based polymers with ethyl lactate or monofunctional urethane
acrylate Genomer 112TF [43] and 1,6-hexanediol diacrylate (HDDA) with
trimethylolpropane triacrylate (TMPTA) [44, 45] have been successfully produced by
DLPA/SLA 3D printing. The printed objects indicated good layer adhesion with
smooth surface finishing and high printing accuracy (Figure 2). Also, Skliutas et al.
[43] developed the same AESO polymer with ethyl lactate or Genomer 112TF by
nonlinear laser lithography on a nanoscale without the need for any supportive
structures. The researchers demonstrated the way of multiscale manufacturing of a
single AESO-based polymer broadening its application in optical 3D printing.

Figure 2. Printed polymers with AESO, HDDA, and TMPTA transparent bar (a),
owl (b), a Lego cube (c), and basket-like bowl (d) [45] and printed objects of AESO
and Genomer 112TF polymer [43]

As the interest in bio-based materials increases, more bio-based RDs have been
synthesized and even commercialized. With increased availability of bio-based RDs,
fully bio-based optical 3D printed polymers could be produced. Voet et al. [46, 47]
have produced photocross-linked polymers only from commercially available
bio-based acrylates with a bio-based content ranging from 34 to 67% by commercial
SLA apparatus. Sustainable bio-based polymers resulted in highly accurate prototypes
with a complex shape and superior surface finishing, similar to commercial synthetic
printed objects. Later, the same group of researchers have developed bio-based
photopolymers based on modified soybean oil by commercial SLA printers [5].
Polymers with synthesized soybean oil methacrylates with various functionalities and
bio-based IBOMA were 3D printed and the developed parts demonstrated complete
layer fusion and accurate printing quality. The mechanical performance of the printed
bio-based polymer was comparable with that of the commercial counterparts that are
competitive with current fossil-based products from commercial manufacturers.

By increasing the application of optically 3D printed parts as operative
components rather than conceptual prototypes [48], reinforcements or fillers could be
added to photoresin to improve the mechanical, thermal, and other properties of the
printed object [31]. There have been several attempts to produce AESO-based
composites by optical 3D printing. Mondal et al. [49] developed AESO and
nano-hydroxyapatite (nHA) composite materials for bone tissue engineering by
extrusion-based 3D printing with simultaneous UV curing during layer-by-layer
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deposition. The printed scaffolds demonstrated controlled morphology with
well-dispersed nHA particles within the polymer matrices and were shown to support
cell proliferation and osteogenic differentiation after 14 and 21 days of culture. Liu et
al. [50] also employed UV-assisted direct ink writing to develop AESO and
methacrylic anhydride-modified ethylcellulose macromonomer (ECM) composites.
The improved thermal and mechanical properties of AESO-ECM composites
compared to the pure AESO indicated a good fiber-matrix interface with excellent
interfacial adhesion between printed layers. However, no AESO-based composites
were developed by conventional 3D printing techniques such as DLP and SLA leaving
them without a wider application. Therefore, more research is needed to introduce
AESO-based composites as a potential material for commercial use.

2. REVIEW OF ARTICLES

2.1.Investigating the properties of photocross-linked polymer composed of
acrylated epoxidized soybean oil, myrcene, and vanillin dimethacrylate

This chapter is based on published work: M. Lebedevaite, J. Ostrauskaité, E.
Skliutas, M. Malinauskas. Photocross-linked polymers based on plant-derived
monomers for potential application in optical 3D printing. Journal of Applied
Polymer Science. 2019, 137 (20), 48708 [51]. JIF: 3.125.

AESO was used as the main starting material for the development of bio-based
polymeric materials. Photocross-linked polymers of AESO, myrcene (MYR) and
vanillin dimethacrylate (VDM) or divinylbenzene (DVB, for comparison) (Figure 3)
were developed to evaluate the properties of a fully bio-based resin. To estimate the
suitability of AESO-based polymeric materials for potential application in optical 3D
printing they were compared with popular commercial petroleum-derived materials
Aurodesk Clear PR48 (PR48) and Formlabs Clear FLGPCLO02 (FLGPCLO02).
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Figure 3. Chemical structure of myrcene (MYR), divinylbenzene (DVB), and
vanillin dimethacrylate (VDM)

The compositions of AESO-based polymers were designed to investigate the
influence on MYR and VDM or DVB amounts on the photocuring kinetics and
properties of resulting polymers. Plant-derived VDM was used as a bio-based
aromatic compound for a synthetic DVB replacement. The compositions of the
designed formulations are presented in Table 1.
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Table 1. Compositions of designed formulations

Composition | AESO, mol | MYR, mol | DVB, mol | VDM, mol
Co 1 1 - -
C1 1 1 1 -
Cc2 1 3 1 -
C3 1 5 1 -
C4 1 1 - 1
C5 1 3 - 1
Cé6 1 5 - 1
Cc7 1 1 3 -
C8 1 1 5 -
C9 1 1 - 3
C10 1 1 - 5

The photorheometry test showed a significant influence of the content of
monomers on photocuring kinetics. A higher amount of MYR in the composition led
to a prolonged photocuring process and lower values of the storage modulus (G°)
showing the formation of a softer cross-linked polymer (Table 2). Although the
addition of a higher amount of DVB in the formulations slowed the photocuring
process, higher G’ values were obtained. The higher amount of aromatic compound
improved the rigidity of the cross-linked network, leading to higher G’ values. Faster
photocuring was observed after replacing synthetic DVB with bio-based VDM in
compositions (Figure 4a). By comparing the photocuring of synthetic resins PR48 and
FLGPCLO02 with the composition of C9 (Figure 4b), a similar rate of photocuring and
comparable values of G’ were obtained, which distinguished the composition of C9
as suitable for application in optical 3D printing.
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Figure 4. The irradiation time dependency of storage modulus G’ of: resins without
aromatic compound CO (purple) and the resins C1, C4 and C7-C10 with different
amounts of aromatic compound: VDM (black) and DVB (red) a); resins C9 PR48,

and FLGPCLO02 b)

The yield of the insoluble fraction (YIF) of polymers after Soxhlet extraction is
presented in Table 2. A higher amount of MYR caused lower YIF values as a result
of the formation of a higher amount of linear/branched polymer chains during
photocuring. AESO-based polymers with VDM showed higher YIF values compared
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to those of polymers with DVB. A correlation was observed between YIF and
cross-linking density (ve). Polymers with lower YIF values also had lower ve values.

Table 2. Characteristics of designed resins and photocross-linked polymers

3 3 -
Composition | tgefl, s G2, MPa Y;: o | ves kmolm® e s by
CO0 60+1.5 15.52 £ 2.45 - - -
Cl 35+4.2 34.10+1.25 94 13.83+050 | 9.8+0.2
C2 323 +£8.7 3.62+1.25 93 1.46 £ 0.50 8.4+0.1
C3 465+11.7 | 0.14+£0.07 53 0.58+0.03 | 1.1+0.02
C4 18 +0.7 47.64 + 1.25 97 19.23+5.06 | 18.4+0.2
C5 200+7.9 | 30.81+£6.95 94 1241 +281 | 99+0.2
C6 403+12.0 | 0.63+0.20 58 0.03+0.01 05+0.1
C7 48+1.4 35.61 + 3.48 88 1440+141 | 76+£0.4
C8 102 +55 | 40.64 + 1.95 90 16.43+0.79 | 9.7+£0.2
C9 12+0.0 77.83+311 96 3142+1.26 | 21.2+0.2
C10 15+1.0 44,93 + 6.09 94 18.14+4.27 | 158+0.2
PR48 13+0.0 25.91 +0.99 99 10.52+0.40 | 16.9+0.3
FLGPCLO02 12+1.0 71.22 + 3.49 99 28.71+787 | 13.1+£0.3

! gel time, calculated from the onset of UV/VIS irradiation

2 Storage modulus at 1200s from the beginning of the test

3Yield of insoluble fraction after Soxhlet extraction with chloroform for 24 h
4 Cross-linking density calculated from G’ curves

5 Compressive modulus obtained from the top pressure test

The compressive modulus (Ec) from the top pressure test characterized the
mechanical properties of photocross-linked AESO-based polymers. Because of the
low density of cross-links, polymers with a higher content of MYR were soft and
showed low Ec values. Polymers with VDM showed higher Ec values compared to
polymers with DVB and cross-linked petroleum-based resins. The composition C9 of
AESO/MYR/VDM, molar ratio 1:1:3, had the highest ve and Ec values and showed
properties resembling commercial products and could potentially be applied in optical
3D printing.

2.2.Investigation of photoinitiator-free acrylated epoxidized soybean
oil-based resin photocuring and properties of the resulting polymers

This chapter is based on published work: M. Lebedevaité, J. Ostrauskaité, E.
Skliutas, M. Malinauskas. Photoinitiator free resins composed of plant-derived
monomers for the optical u-3D printing of thermosets. Polymers. 2019, 11 (1), 116
[52]. JIF: 4.329.

Photocross-linked polymers of AESO and vanillin dimethacrylate (VDM) or
vanillin diacrylate (VDA) (Figure 5) have been synthesized without any photoinitiator
or solvent and have been applied in laser direct writing lithography. These polymers
were investigated in order to develop plant-derived photopolymers without the use of
any toxic photoinitiators and other petroleum-derived components.
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Figure 5. Chemical structure of vanillin dimethacrylate (VDM) and vanillin
diacrylate (VDA)

The bio-based resins were composed of AESO and VDM in molar ratios of 1:1
(AESO/VDM1), 1:0.5 (AESO/VDM?2), and 1:0.25 (AESO/VDM3). Analogous resins
with VDA were also composed. The photocuring kinetics of AESO and the mixture
of AESO and VDM or VDA was monitored by real-time photorheometry. The G’ was
monitored as a function of time, where the increase in the G’ values indicated the
formation of a three-dimensional polymer network. The irradiation time dependencies
of the storage modulus G’ of bio-based resins are shown in Figure 6.
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Figure 6. The irradiation time dependency of the storage modulus G’ of AESO and
resin series AESO/VDM (a) and AESO/VDA (b)

The photorheometry test confirmed the formation of a three-dimensional
polymer network of the designed bio-based resins without any photoinitiator.
Photocross-linking of photoinitiator-free plant-derived resins was initiated by the
cleavage of vinyl double bonds of monomers generating a free radical, which initiated
the reaction of the (meth)acrylic groups [53]. When comparing the photocuring
kinetics, the easier cleavage of vinyl double bonds of VDM was determined as a faster
increase and higher values of G’ were observed. It was noticed that a higher amount
of bio-based aromatic compound led to slower photocuring and lower G’ values,
resulting in poorer mechanical properties. Due to this, the series AESO/VDA was not
further investigated.

The formation of a cross-linked polymer structure was confirmed by Soxhlet
extraction. The pAESO polymer had the highest YIF of 88% showing the tendency of
AESO to form solid cross-linked polymers without any presence of photoinitiators.
The higher amount of VDM in the polymers resulted in a lower amount of YIF, which
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could be explained by the tendency of VDM to form linear and/or branched polymer
chains in the photoinitiator-free system.

Table 3. Yield of insoluble fraction, thermal and mechanical characteristics of
the cross-linked polymers

Polymer YIFL, % T °C Tdec-10%°, °C Ec*, MPa
pAESO 88 -4.5 356 0.62+0.1
pAESO/VDM1 31 -2.6 295 0.19+0.03
pAESO/VDM2 48 -2.6 318 0.46+£0.13
pAESO/VDM3 63 -1.6 331 0.66 £0.13

LYield of insoluble fraction after Soxhlet extraction with chloroform for 24 h
2 Glass transition temperature estimated by DSC

3 Temperature at the weight loss of 10% obtained from the TGA curves

4 Compressive modulus obtained from the top pressure test

The thermal and mechanical properties of the cross-linked polymers (Table 3)
were closely related to the YIF of the polymers. Photocross-linked polymers with a
large amount of VDM resulted in lower YIF values, thus lowering the glass transition
temperature, thermal stability, and compressive modulus values. This showed that
VDM acts as a plasticizer in the photoinitiator-free AESO-based system, deteriorating
mechanical and thermal properties of cross-linked polymers.

The 3D microporous woodpile structures obtained via LDW 3D lithography of
AESO and AESO/VDM3 were characterized (Figure 7). These bio-based resins were
laser polymerized using ultrashort pulses by multiphoton absorption and
avalanche-induced cross-linking.
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Figure 7. The SEM images of 3D microporous woodpile structures: (a) 75 x 75 pm?
woodpile structures of pAESO with 30 um period, » =5 mm/s. Scale on the left of
image shows the distance dy, between neighboring scans; (b) a 1095 x 1095 um?
woodpile of pAESO with 120 pm period, v =5 mm/s, P = 0.6 mW (2 TW/cm?); (c)
75 x 75 pm? woodpile structures of pAESO/VDM3 with a 30 um period, v =5
mm/s, the scale at the top of the image demonstrates the applied I; (d) a 1065 x 1065
um? woodpile of pAESO/VDM3 with a 75 um period, » =5 mm/s, P = 0.4 mW (1.3
TWicm?);

It was demonstrated that the formed arrays of 75 x 75 um? woodpiles (Figure
7a and 7c) were formed with o set to 5 mm/s and P varied in the range of 0.4-1 mW
(1.3-3.3 TW/cm?) and with an increased laser power P higher dy, can be used.
Fabricated mm scale woodpiles (Figure 7b and 7d) had a 3D architecture, although
the woodpiles of pAESO/VVDM3 did not sustain themselves due to the low mechanical
rigidity.

2.3.Influence of photoinitiator and temperature on photocross-linking
kinetics of acrylated epoxidized soybean oil and properties of the
resulting polymers

This chapter is based on the published work: M. Lebedevaité, J. Ostrauskaité.
Influence of photoinitiator and temperature on photocross-linking kinetics of
acrylated epoxidized soybean oil and properties on the resulting polymers. Industrial
crops and products. 2021, 161, 113210 [54]. JIF: 5.645.
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The photocross-linked AESO synthesized without any photoinitiator showed
structural stability and thermal stability. Although, compared to commercial
petroleum-based 3D printing resins, the mechanical and thermal properties of the
cross-linked AESO were poor. Furthermore, the photocuring rate of
photoinitiator-free AESO was too slow to apply this system in DLP/SLA 3D printing.
To address these issues, the influence of temperature, concentration, and type of
photoinitiator on AESO photocuring kinetics was investigated.

Four different commercial photoinitiators were chosen to investigate the
influence of temperature, concentration, and type of photoinitiator on the AESO
photocuring Kinetics by using a photorheometry test. The chosen photoinitiators were
as follows: 2,2-dimethoxy-2-phenyl acetophenone (DMPA), phenyl bis(2,4,6-
trimethylbenzoyl) phosphine oxide (BAPO), diphenyl (2,4,6-trimethyl benzoyl)
phosphine oxide (TPO), and ethyl (2,4,6-thimethylbenzoyl) phenyl phosphinate
(TPOL) (Figure 8). The concentrations of 1, 3, and 5 mol% of photoinitiator were
used in the resins assigned, respectively (e.g., ADMPA1, ADMPAZ3, etc.).
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Figure 8. Chemical structure of 2,2-dimethoxy-2-phenyl acetophenone (DMPA),
ethyl (2,4,6-thimethylbenzoyl) phenyl phosphinate (TPOL), diphenyl (2,4,6-
trimethylbenzoyl) phosphine oxide (TPO), and phenyl bis(2,4,6-trimethylbenzoyl)
phosphine oxide (BAPO)

Real-time photorheometry revealed a high reactivity and fast photocross-linking
of AESO in the presence of a photoinitiator comparable to other acrylic systems [55,
56, 57]. The G’ curves of AESO resins with different concentrations of photoinitiators
were compared to determine the influence of photoinitiator on photocuring kinetics.
As an example, the irradiation time dependencies of the G’ of the resins with (1-5)
mol% of TPOL and with 3 mol% of different photoinitiators at 25°C are presented in
Figure 5. The photorheometry test revealed that the amount of photoinitiator did not
influence the gel time but had an impact on the shape of the G’ curves at the beginning
of UV/VIS irradiation (Figure 9a). Resin with 3 mol% of TPOL showed the highest
photocuring rate reaching the G’ plateau 1 s faster than ATPOLD5, considering it as the
optimum concentration of TPOL. By comparing the photocuring kinetics of the resins
with different photoinitiators at a concentration of 3 mol% (Figure 9b), the resin
ABAPOQO3 reached the G’ plateau the fastest even though the gel time of all resins was
the same. Such a high BAPO reactivity showed its ability to generate free radicals the
fastest enabling the rapid photocross-linking of AESO.
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Figure 9. The irradiation time dependencies of the storage modulus G’ of
resins with (1-5) mol% of TPOL (a) and with 3 mol.% of different photoinitiators
(b) at 25 °C

The thermal properties of photocross-linked AESO polymers were investigated
by using DSC and TGA. TGA showed that all photocross-linked polymers exhibited
high thermal stability, obtaining the temperature at a weight loss of 10% (Tec.-10%) in
the range of 337°C to 352°C. The highest Teec-10% Value was determined for ABAPO1
polymer with the smallest amount of BAPO, demonstrating high BAPO efficiency in
a smaller amount. DSC confirmed that all synthesized polymers were amorphous
materials, indicating only the glass transition (Tg) in the thermograms. The glass
transition temperature of the synthesized polymers was (41.1-50.9°C), a notably
higher than that of the photocross-linked AESO polymer synthesized without
photoinitiator (-4.5°C) (Table 3). This huge difference in the T4 values could be related
to the amount of the cross-linked polymer fraction characterized by YIF. The
photocross-linked initiator-free  AESO indicated 88% of YIF, whereas AESO
polymers with photoinitiator obtained YIF in the range of 96.1-97.9%.

Table 4. The yield of insoluble fraction, thermal and mechanical characteristics of
the cross-linked polymers

2 7 5

Polymer | YIF, % | J&I%0 | 75 ec | O R 58 MPa
ADMPAL | 97.6 338 475 32324 | 1997 | 434208
ADMPA3 | 97.9 342 28.1 33562 | 27311 | 548 £0.99
ADMPA5 | 97.8 340 44.2 35032 | 3257 | 515+ 047
ATPOLL | 977 337 50.9 31846 | 239%30 | 559 £ 0.86
ATPOL3 | 972 337 46.6 38432 | 487+ 11 | 4.95+ 102
ATPOL5 | 96.6 348 26.2 350+ 35 | 544+ 12 | 6,23+ 0.98
ATPOL | 975 342 26.4 373£20 | 1355 | 423083
ATPO3 | 96.1 340 211 35920 | 279+3 | 539+ 1.01
ATPO5 | 97.9 337 44.7 350+ 13 | 292+ 15 | 523+ 0.75
ABAPOL | 97.2 352 45.7 39233 | 2058 | 453 £0.38
ABAPO3 | 97.4 346 26.1 383+ 24 | 240+ 16 | 556 + 1.83
ABAPO5 | 97.1 345 25.7 40122 | 490£33 | 5.42+0.35

1Yield of insoluble fraction, after Soxhlet extraction with chloroform for 24 h
2 Temperature at the weight loss of 10% obtained from the TGA curves
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3 Glass transition temperature obtained from the DSC curves

4 Compressive modulus obtained from the polymer tablet compression test
5 Elastic modulus from the polymer film tensile test

& Tensile strength from the polymer film tensile test

Higher YIF values also caused better mechanical properties of the developed
AESO polymers compared to the cross-linked AESO polymers synthesized without
photoinitiator. The Ec values were improved by at least five hundred times when a
photoinitiator was introduced to the AESO resin. It should be noted that different
equipment was used in these two cases with certain dissimilarities between the
devices. Nevertheless, an obvious improvement of mechanical and thermal properties
was observed when a photoinitiator was used in AESO resins.
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Figure 10. Elastic modulus (Eg), tensile strength (o) and elongation at brake (&) of
the cross-linked polymers with 3 mol% of photoinitiator (2); a polymer film
specimen broken after the tensile test (b)

The tensile test results of photocross-linked AESO polymer films showed a
definitive influence on the photoinitiator concentration on the mechanical properties
of the synthesized polymers. The tensile characteristics of the AESO polymer films
and the picture of the fractured film after the tensile test are presented in Figure 10.
The higher amount of photoinitiator led to an increased value of the elastic modulus
(Eg) showing the improved rigidity of the photocross-linked polymer. However,
increased brittleness and lower elongation at break (¢) values were observed when
using a higher amount of photoinitiator. Polymers with TPOL indicated the highest
values of Eg in all concentrations used compared to those of other photoinitiators. A
significant improvement in Ee values was observed when 3 mol% of TPOL was used,
considering it as the most favorable concentration for this photoinitiator. Ee values
were improved almost twice when the amount of BAPO was increased from 3 mol%
to 5 mol%. This extensive increase in Eg values indicated the efficiency of BAPO in
higher amount. Considering that BAPO should be used in a higher amount to achieve
better mechanical properties and its incorporation into the resin was more difficult,
due to the solid state of BAPO compared to liquid TPOL, 3 mol% of TPOL were
chosen as an optimum concentration for AESO resin.
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2.4.The properties of acrylated epoxidized soybean oil-based
photocross-linked polymers with different bio-based reactive diluents
and their suitability for digital light processing 3D printing

This chapter is based on the published work: M. Lebedevaité, V. Talacka, J.
Ostrauskaité. High biorenewable content acrylate photocurable resins for DLP 3D
printing. Journal of Applied Polymer Science. 2021, 138 (16), 50233 [58]. JIF: 3.125.

As the most suitable photoinitiator was chosen and the optimum concentration
of it was determined, the AESO resin could be applied in the DLP 3D printing.
However, the viscosity of the AESO resin is too high to be used for DLP 3D printing
technology. When this issue was addressed, bio-based reactive diluents were
introduced to the AESO resin to reduce the resin viscosity and additionally improve
the mechanical and thermal properties of cross-linked polymers by inserting them into
the polymer network.

Solvent-free resin formulations of bio-based monomers were developed to
create novel polymeric materials. Four commercially available bio-based reactive
diluents were used, such as isobornyl methacryate (IBOMA), methacrylic ester (ME),
tetrahydrofurfuryl acrylate (THFA), and tetrahydrofurfuryl methacrylate (THFMA)
with biorenewable carbon content (BRC) of 55-76% (Table 5) to prepare
AESO-based polymers with DLP 3D printing. The added amount of TPOL was 3
mol% calculated from the amount of all monomers. Commercial photoresin
Monocure3D Rapid Gray (REF) was used for comparison.

Table 5. Characteristics of bio-based reactive diluents [58]

Origin of the | BRC,
material %

IBOMA )\(02% Pine trees 71
(@]
O—TCH,TCH
ME )\H/ + 2]Ln N Vegetable oil 76
n=12

O
o L |
THFA /\[( o Hemicellulose | 60
O
o L) .
THFMA /Jﬁ‘/ o Hemicellulose | 55
(0]

The viscosity of commercial 3D printing resins is usually between 200 and
1,500 mPa-s at 25°C, making them fluid enough to redistribute themselves in the tray
during each time the Z-axis moves [59]. Bio-based resins prepared with BRC of 75—

Material Structural formula
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82% obtained viscosity in the range of (557-699) mPa-s (Table 6) making them
suitable for application in DLP 3D printing.

Table 6. Composition and characteristics of the prepared resins

Resin Amount of Amount of Amount of BRC, Viscosity,
AESO, wt.% | RD,wt.% | TPOL, wt.% % mPa-s
AESO/IBOMA 58.71 39.14 2.15 78.5 | 699.3+25.7
AESO/ME 68.87 29.52 1.61 81.9 6443 +9.8
AESO/THFA 68.36 29.30 2.34 76.6 557.5+3.1
AESO/THFMA 68.46 29.34 2.20 75.3 634.4+£8.5

Photocuring kinetics was determined by the real-time photorheometry test, and
high reactivity after irradiation with UV light was observed. Resins AESO/IBOMA
and AESO/THFMA underwent the slowest photocross-linking, although indicated the
highest G’ values (Table 7) showing the most immense rigidity of the composed
resins. Also, the correlation between tg and linear shrinkage (4d) was determined
when faster photopolymerization caused greater shrinkage of the resin during
photocross-linking. The shrinkage was caused by the change in length between the
intramolecular distance and the newly formed covalent bond distance [60]. This
distance change during the photopolymerization reaction depends on polymer
network formation time and causes a greater shrinkage due to the higher conversion
of functional groups. Therefore, the AESO/THFA resin indicated the lowest tge and
resulted in the highest 44 of all samples.

Table 7. Rheological characteristics, shrinkage of AESO-based resins, YIF and thermal
properties of cross-linked polymers

6 7

Sample teal, s G, MPa | Ad,% |V ﬂf s\1s,od T "";'(’:"% ’ C'},Zr ’
AESO/IBOMA | 29+1.0 | 13.63+67 | 10.0+53 | 98.7 | 60.8 | 308 1.5
AESO/ME 22412 | 96704 | 12742 | 969 | 243 | 353 1.6
AESO/THFA 19+13 | 1044+18 | 133423 | 954 | 46 | 345 1.9
AESO/THFMA | 374002 | 133420 | 80+0 | 963 | 437 | 351 2.0
REF ; ; ; 996 | - 386 6.0

! Gel time calculated from the onset of UV/VIS irradiation

2 Storage modulus at 600 s from the beginning of the test

3 Shrinkage obtained by real-time photorheometry

4 Yield of insoluble fraction, after Soxhlet extraction with chloroform for 24 h
5 Glass transition temperature obtained from the DSC curves

& Temperature at the weight loss of 10% obtained from the TGA curves

7 Char yield obtained from TGA curves

AESO-based polymers had YIF values in the range of (95.4-98.7%) showing a
formation of a high amount of cross-linked structure. Thermal characteristics of
photocross-linked bio-based polymers correlated with the determined YIF. Polymers
with higher YIF showed higher Ty and Taec-10% Values, including REF. The exception
was the polymer with IBOMA fragments, as the lowest value of Tgec-10% Was observed.
This low thermal stability was caused by the low thermal stability of the isobornyl
fragment through the ester bond scission in the AESO/IBOMA polymer [61]. Due to
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the low Ty, polymers AESO/ME and AESO/THFA were soft materials holding their
solid state on behalf of the cross-linked structure.

Figure 11. Images of the bolt wrenching tool from polymer AESO/IBOMA (a, top)
and image of human lower jaw fragment from polymer AESO/THFMA (a, bottom),
both produced by 3DPC; microscope images of the surface of the polymer
AESO/ME specimens prepared by 3BDWPC (b, left) and by 3DPC (b, right);

All AESO-based polymers designed were successfully produced using DLP 3D
printing technology. Bio-based polymer specimens for the tensile test, including the
reference material, were prepared in three different ways: by molding (LAB), by DLP
3D printing without post-curing (3DWPC), when unreacted resin was simply washed
off of the surface of the specimen, and by DLP 3D printing with post-curing (3DPC)
additionally curing the printed specimen under LED light (A = 400—405 nm, 50 W)
for 2 h at ambient temperature. The complex architecture printed objects prepared by
3DPC (Figure 11a) demonstrated significant printing accuracy with high definition
and smooth surface finishing. However, the surface of the 3DWPC-prepared
specimen was corrugated due to the unreacted monomer being washed away from the
surface of the specimen, while a smoother surface was obtained in the 3DPC-prepared
specimens (Figure 11b).
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Figure 12. Tensile characteristics of the cross-linked polymer specimens produced
by molding (LAB), by using DLP 3D printing without post-curing (3DWPC), and
DLP 3D printing with post-curing (3DPC): elastic modulus (Eg), tensile strength (o),
and elongation at break (¢)

The tensile properties of bio-based polymers prepared in three different ways
were examined to evaluate the adhesion between the printed layers. Due to the
corrugation that occurred in the 3DWPC-prepared specimens, the worst mechanical
characteristics were monitored (Figure 12). The polymers AESO/IBOMA and
AESO/THFMA showed the highest Ee and o values of the prepared AESO-based
resins. Both polymers also had higher Ee and o values of the specimens prepared by
3DPC compared to the LAB-prepared polymers, showing a strong adhesion between
their printed layers. The tensile properties of the AESO/IBOMA specimen prepared
by 3DPC were the most similar to the commercial petroleum-derived resin
Monocure3D Rapid Gray considering it as a competitive replacement for commercial
resins.

The developed bio-based photoresins/photopolymers AESO/IBOMA and
AESO/THFMA have been tested in industrial DLP 3D printer by company
AmeralLabs. Also, composition AESO/IBOMA has been tested in the industrial DLP
3D printer Zortrax Inkspire of JSC 3D Creative. The process was validated, and
real-scale medical fittings were produced revealing the suitability for the intended use.
Trial production acts of both companies are presented in Appendices 10.1 and 10.2.

Tested bio-based photoresin/photopolymer ~ AESO/IBOMA  and
petroleum-based commercial acrylic resin were evaluated in life-cycle assessment
(LCA) by comparing their environmental impact. The dental models printed with
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bio-based resin showed reduced impact in 12 out of 16 categories when compared to
those made from conventional petroleum-based acrylic resin. The results from this
study clearly showed the benefit of using bio-based materials for formulating the
UV-curable 3D printing resin. The LCA study is presented in Appendix 10.3.

2.5.Influence of calcium silicate hydrate fillers to photocross-linked
acrylated epoxidized soybean oil-based polymer composites, and digital
light processing 3D printing of polymeric composites

This chapter is based on the published work: M. Lebedevaité, A. Gineika, V.
Talacka, K. Baltakys, J. Ostrauskaité. Development and optical 3D printing of
acrylated epoxidized soybean oil-based composites with functionalized calcium
silicate hydrate filler derived from aluminum fluoride production waste. Composites
Part A: Applied Science and Manufacturing. 2022, 157, 106929. [62]. JIF: 7.664.

Most optically 3D printed polymer products lack toughness and functionality,
making them to be still used as conceptual prototypes rather than operative
components [48]. Combining the polymer matrix and fillers improved the mechanical,
thermal, and other properties which could help overcome this drawback [31]. To
improve the mechanical and thermal properties of AESO-based polymers, bio-based
composites with functionalized calcium silicate hydrate fillers from aluminum
fluoride production waste have been developed and successfully applied in DLP 3D
printing.

Table 8. Composition and rheological parameters of the prepared resins

Monomer ratio . Amount of Viscosity,
Sample AESO: IBOMA | Filler filler, wt% mPa-s
(wiw)

AS60/140/0 - 0 796
AS60/140/X1 1 1,007
AS60/140/X3 60:40 X 3 1,262
AS60/140/X5 5 2,056
AS60/140/X10 10 2,669
AS40/160/0 - 5 157
AS40/160/X5 X 5 241
AS40/160/XS5 40:60 XS 5 302
AS40/160/XM5 XM 5 624
AS40/160/XSM5 XSM 5 266

The fillers for the AESO-based resins were hydrothermally synthesized from
calcium oxide and silicagel (X) or SiO-rich aluminum fluoride production waste
material (XS) in the molar ratio 1:1 at 200°C for 12 h according to [63]. The X filler
was mainly composed of tobermorite, xonotlite, and other calcium silicate hydrates,
while the XS filler contained tobermorite, cuspidine, katoite, and other calcium
silicate hydrates. Later fillers were modified with acryloxypropyltrimethoxysilane
(APr) (XM and XSM, respectively). Resins were prepared by mixing AESO with
IBOMA in the weight ratio of 60:40 and adding 1 wt% to 10 wt% of X filler or by
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mixing AESO with IBOMA in the weight ratio of 40:60 and adding 5 wt% of fillers
X, XS, XM and XSM (Table 8, e.g., AS40/160/XS5 and AS60/140/X5, where AS
represents the weight ratio of AESO, | represents the weight ratio of IBOMA, and last
part stands for the filler used and amount of it). The resins without filler in both
monomer ratios (AS60/140/0 and AS40/160/0) were also prepared for comparison.
The added 3 mol% of TPOL were calculated from the total amount of both monomers.

Table 9. Thermal characteristics of AESO-based photocross-linked composites

TGA DMTA
Sample Tdec-10%?, °C| Char?, % | Tg2°C | ve*, mol'm™
AS60/140/0 308.5 1.49 99.2 3,655.7
AS60/140/X1 308.3 2.53 91.6 3,261.8
AS60/140/X3 320.2 4,09 91.2 3,498.8
AS60/140/X5 320.2 6.43 91.0 3,999.0
AS60/140/X10 319.5 11.60 89.4 4,296.9
AS40/160/0 306.5 1.73 114.8 6,546.0
AS40/160/X5 320.3 6.88 110.0 8,618.4
AS40/160/XS5 318.2 5.79 108.5 10,131.3
AS40/160/XM5 315.9 5.32 106.8 6,727.5
AS40/160/XSM5 318.8 5.34 111.5 6,872.1

! Temperature at the weight loss of 10% obtained from the TGA curves
2 Char yield obtained from the TGA curves

3 Glass transition temperature obtained from the DMTA curves

4 Cross-linking density calculated from the DMTA curves

The TGA revealed that fillers improved the thermal stability of
photocross-linked bio-based composites. By adding 3 wt% or more of X filler in
AESO-based composite, the Teec-100 Was improved from 308.5°C of AS60/140/0 to
320.2°C of AS60/140/X5. The reduction of Ty determined by dynamic mechanical
thermal analysis (DMTA) was observed when the filler was included in the
AESO-based polymer matrix (Table 9). Although the T4 values reduced after the
incorporation of filler, v. increased when at least 5 wt.% of filler was added to the
polymer showing improved rigidity of the polymer matrix. It was noticed that polymer
composites with XM filler were found to suffer from a reduction of Tgec-10% and Ty
values after filler modification, while the mentioned parameters of the composites
with XSM were improved. This showed a betted matrix-filler interaction with filler
synthesized from SiO.-rich aluminum fluoride production waste, leading to better
thermal properties of polymer composites.

The mechanical characteristics of the photocross-linked polymer composites
prepared in the mold and 3D printed by DLP were determined by tensile test.
Stress-strain curves of composites are presented in Figure 13.
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Figure 13. Stress-strain curves of polymer composites AS60/140/X0-10 (a); stress-
strain curves of AS40/160/XS and AS40/160/XSM 3D printed specimens and
specimens prepared in the mold (b)

An increased amount of inert filler led to reduced values of oand ¢ and increased
brittleness of the polymer composites (Figure 13a). Photocross-linked polymers with
modified filler synthesized from aluminum fluoride production waste showed higher
values of o-and ¢ showing a strong interfacial interaction between the modified filler
and the polymer matrix with increased elasticity (Figure 13b). Moreover, a
significantly higher values of o and ¢ of 3D printed polymer composites
AS40/160/XS5 and AS40/160/XSM5 indicated a firm adhesion between the printed
layers and increased elasticity of the polymer chains.

The resins with XS and XSM fillers were successfully applied in DLP 3D
printing. Complex architecture objects were printed with high definition and smooth
surface finishing (Figure 14a) demonstrating the suitability of bio-based resins
designed for DLP 3D printing. The noticeable surface “whitening” of the printed
objects was observed due to the highly exposed enclosed filler when the uncured resin
was washed after the 3D printing process as the SEM images confirmed (Figure 14b).
The SEM pictures disclosed a desirable matrix-filler interaction because the particles
were still embedded in the polymer matrix with noticeable tobermorite and katoite
clusters.
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Figure 14. DLP 3D printed objects of AS40/160/XS5 (top) and AS40/160/XSM5 (bottom)
(a); SEM pictures of DLP 3D printed AS40/160/XSM5 (b)

The biodegradation of AESO-based polymer composites was determined by
measuring oxygen consumption in closed respirometers in an aqueous medium.
Photocross-linked polymer composites indicated biodegradation of 0.7-19.6% after
60 days, while the biodegradation of cellulose, used as a reference material, was
54.4% after the same period (Figure 15).
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Figure 15. Biodegradation kinetics curves of polymer composites and cellulose as a
reference material

The polymer composite AS40/160/XSM5 with modified filler synthesized from
aluminum fluoride production waste showed the highest biodegradability of 19.6%.
Due to the decreased ve of sample AS40/160/XSM5 compared to AS40/160/XS5, the
penetration of microorganisms or enzymes into the composite sample was increased
and biodegradation enhanced [64]. Such notable biodegradability of AS40/160/XSM5
composite with filler synthesized from aluminum fluoride production waste, as well
as improved properties such as elastic modulus, tensile strength, thermal stability, and
glass transition make this composite both a sustainable and competitive alternative to
aid the rising demand for materials in DLP 3D printing.

The developed bio-based composites AS40/160/XS5 and AS40/160/XSM5 have
been tested in industrial DLP 3D printer Phrozen Sonic Mini 4K by company
Ameralabs. For the first time, AESO-based composites have been produced by
optical 3D printing in industrial 3D printer demonstrating a great practical value of
designed biocomposites.
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3. CONCLUSIONS

1.

Cross-linked polymers based on acrylated epoxidized soybean oil and other
plant-derived comonomers can be synthesized by photopolymerization. It
was shown that:

a. higher amounts of myrcene reduced the photocross-linking rate forming
43% lower amount of cross-linked polymer fraction leading to 20 times
lower values of Young’s modulus from the top pressure test;

b. the replacement of synthetic divinylbenzene with bio-based vanillin
dimethacrylate in synthesized polymers increased cross-linked polymer
fraction by 8% and improved Young’s modulus values more than twice;

c. photocross-linked polymer composed of only bio-based monomers
showed similar gel point value, but higher storage modulus and
compressive modulus values compared to those of commercial
petroleum-based photopolymers and is a potential candidate for
application in optical 3D printing.

Acrylated epoxidized soybean oil-based polymers can be successfully

synthesized from the photoinitiator-free systems and applied in laser direct

writing lithography. It was determined that:

a. acrylated epoxidized soybean oil formed solid cross-linked polymers
without any presence of photoinitiator;

b. the addition of plant-derived comonomer vanillin dimethacrylate
prolonged the photocross-linking process twice forming up to 57%
lower amount of cross-linked polymer fraction leading to lower thermal
stability and up to 3 times decreased Young’s modulus values;

c. the 3D microstructures of the acrylated epoxidized soybean oil polymer
formed by direct laser writing lithography sustained itself and had a 3D
architecture.

The photoinitiator and the temperature influence the photocuring kinetics of

the acrylated epoxidized soybean oil and the properties of the resulting

polymers. The study showed that:

a. higher temperature caused faster formation of the polymer network of
acrylated epoxidized soybean oil;

b. a higher amount of photoinitiator resulted in more rigid and brittle
polymer formation indicated by 3 times decreased elongation at break
values;

c. ethyl (2,4,6-thimethylbenzoyl) phenyl phosphinate was selected as the
most suitable photoinitiator, as well as its concentration of 3 mol% was
the most suitable for acrylated epoxidized soybean oil-based resins.

Cross-linked acrylated epoxidized soybean oil-based polymers with four

different bio-based reactive diluents can be synthesized by

photopolymerization and successfully applied in digital light processing 3D
printing. It was demonstrated that:

a. depending on the selected reactive diluent (isobornyl methacrylate,
methacrylic ester, tetrahydrofurfuryl acrylate or tetrahydrofurfuryl



methacrylate) tunable mechanical and thermal properties of photocross-
linked polymer can be obtained,

b. bio-based polymers showed a slower biodegradation process than
cellulose at the same experimental conditions, their biodegradability
reached up to 7.5% after 60 days;

c. the developed bio-based polymer with isobornyl methacrylate
demonstrated tensile properties — elastic modulus 4.75 GPa, tensile
strength 250.4 MPa and elongation at break 8.5%, which were to those
of commercial petroleum-derived resin Monocure3D Rapid Gray for
digital light processing 3D printing.

5. Calcium silicate hydrate fillers have influence on the properties of
photocross-linked acrylated epoxidized soybean oil polymer composites
which can be successfully applied in digital light processing 3D printing. It
was shown that:

a. a higher amount of non-modified filler resulted in reduced storage
modulus by nearly 800 MPa at 30°C, a lower glass transition from 99°C
to 89°C, lower tensile strength by nearly 80 MPa, and reduced
elongation at break from 4.7% to 1.6% of the composite, but improved
its thermal stability by up to 12°C;

b. polymer composite with acryloxypropyltrimethoxysilane modified
filler synthesized from calcium oxide and silica gel-rich waste material
showed improved properties indicating values of elastic modulus 10.7
GPa, tensile strength 97.4 MPa, elongation at break 1.2%, glass
transition 111.5°C, and thermal stability 318.8°C at the weight loss of
10%;

c. polymer composite with acryloxypropyltrimethoxysilane modified
filler synthesized from calcium oxide and silica gel-rich waste material
was produced by digital light processing 3D printing, demonstrating
high printing accuracy with strong adhesion between layers and showed
biodegradability of 19.6% after 60 days.
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4. SANTRAUKA

Pastaraisiais metais 3D spausdinimo technologijos tapo lengvai prieinamos ne
tik mokslininkams bei tyréjams, bet ir jprastiems vartotojams. Naudojant 3D
spausdinimo technologijas, galima pagaminti jvairius sudétingus gaminius, kuriy
negalima i$pjauti ir surinkti neeikvojant papildomai didelio kiekio medziagy [1]. Gana
paprasta ir placiausiai taikoma 3D spausdinimo technologija yra ekstruduoto lydalo
modeliavimas (angl. fused deposition modelling, FDM) — islydant termoplastiky gijas,
polimery lydalo srove sluoksniuojant ir atvésinant, suformuojamas norimas gaminys
[2]. Atliekant optinj 3D spausdinima, naudojamos skystos dervos, kurios spinduliuote
sluoksnis po sluoksnj yra kietinamos, ir taip gaunamas reikiamas polimerinis objektas
[3]. Nors FDM proceso metu gaminiai yra spausdinami grei¢iau, taiau optinis 3D
spausdinimas pasizymi didesne spausdinimo raiska [4]. Dél to jis yra tinkamesnis,
norint gauti smulkesnius ir tikslesnius gaminius. Dauguma medziagy, skirty optiniam
3D spausdinimui, yra gamtoje stabilios sintetinés medziagos, todél gamtinés kilmés
medziagos galéty biiti tinkama alternatyva, siekiant sumazinti neigiama jtakg aplinkai.
Parenkant atitinkamas gamtinés kilmés medziagas, dervos gali biiti gautos i$ visiskai
arba i§ dalies gamtinés kilmés medziagy. Priklausomai nuo parinkty gamtinés kilmes
medziagy struktiiros ir funkcionalumo, galima gauti skirtingomis savybémis
pasiZzymincius 3D spausdintus objektus [5].

Siekiant gauti geresniy savybiy turiné¢ius 3D spausdintus polimerus, j sistemg
gali biiti pridedama uZzpildy. Priklausomai nuo dervos sudéties ir uzpildo savybiy, gali
blti gaunami geresnémis mechaninémis, terminémis, elektrinémis ir Kkitomis
savybémis pasizymintys polimeriniai kompozitai [6]. Derinant gamtinés kilmés
medziagas, tinkamas optiniam 3D spausdinimui, su atitinkamais uzpildais, gauti
bioskaidas 3D spausdinti polimeriniai kompozitai galéty pakeisti sintetines medziagas
atliekant optinj 3D spausdinimg.

Siame darbe buvo tiriami akrilinto epoksidinto sojy aliejaus (angl. acrylated
epoxidized soybean oil, AESO) polimerai ir polimeriniai kompozitai, skirti optiniam
3D spausdinimui. Tyrimams atlikti AESO buvo pasirinkta kaip pagrindiné gamtinés
kilmés medziaga dél Zemos kainos, mazo toksiSkumo ir plataus komercinio
naudojimo UV kietinamoms dangoms [7]. Disertacijoje nagrinéjamas AESO
pritaikymas optiniam 3D spausdinimui, sukuriant panaSiomis ar geresnémis
savybémis pasizymincius polimerus ar polimerinius kompozitus nei komerciniai
sintetiniai produktai. Tyrimy rezultatai publikuoti penkiose publikacijose.

Darbo tikslas — sukurti akrilinto epoksidinto sojy aliejaus ir jvairiy
komonomery tinklinius polimerus ir polimerinius kompozitus, kuriy gaminius bty
galima gauti atliekant optinj 3D spausdinima.

Siam tikslui pasiekti buvo iSkelti $ie uzdaviniai:

1. Sukurti akrilinto epoksidinto sojy aliejaus ir gamtinés kilmés
komonomery kompozicijas, skirtas optiniam 3D spausdinimui,
susintetinti tinklinés struktfiros polimerus, istirti jy savybes ir palyginti
su komercinémis medzZiagomis.
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2. Fototinklinti akrilinto epoksidinto sojy aliejaus polimerus nenaudojant
fotoiniciatoriaus ir pritaikyti juos tiesioginio lazerinio raSymo
technologijoje.

3. Istirti keturiy fotoiniciatoriy ir temperatiiros jtakg akrilinto epoksidinto
sojy aliejaus fotokietinimo Kinetikai ir isanalizuoti gauty polimery
savybes.

4. Sukomponuoti ir susintetinti gamtinés kilmés akrilinto epoksidinto sojy
aliejaus polimerus su skirtingais gamtinés kilmés reaktyviaisiais
tirpikliais, istirti jy savybes ir pritaikyti juos skaitmeniniam 3D
spausdinimui naudojant §viesg.

5. Nustatyti kalcio hidrosilikaty (CaO:SiO2 molinis santykis 1:1) uzpildy
itaka fototinklinty akrilinto epoksidinto sojy aliejaus polimeriniy
kompozity savybéms ir juos pritaikyti skaitmeniniam 3D spausdinimui
naudojant §viesa.

Mokslinis naujumas

e Pirma karta tinkliniai akrilinto epoksidinto sojy aliejaus polimerai buvo
gauti nenaudojant fotoiniciatoriaus, islaiké polimeriniy objekty
struktiirg ir yra tinkami tiesioginio lazerinio raSymo litografijai.

e Naujos akrilinto epoksidinto sojy aliejaus dervos su augalinés kilmés
komonomerais pasizymi dideliu fotojautrumu ir tinklinimosi greiciu,
tinkamais optiniam 3D spausdinimui.

e Nauji funkcionalizuoti kalcio hidrosilikato uzpildai, susintetinti i$
kalcio oksido ir aliuminio fluorido gamybos atlieky, pagerino akrilinto
epoksidinto sojy aliejaus polimeriniy kompozity mechanines ir termines
savybes, palyginti su polimeriniais kompozitais su uzpildais,
susintetintais i§ kalcio oksido ir silikagelio.

Darbo praktiné verté

Tinkliniams akrilinto epoksidinto sojy aliejaus polimerams ir polimeriniams
kompozitams, tinkamiems optiniam 3D spausdinimui, sukurti buvo naudotos tik
komercinés gamtinés kilmés medziagos. IS viso i§ gamtinés kilmés monomery buvo
sukurtos SeSios dervos ir iSbandytos komerciniuose skaitmeniniuose 3D
spausdintuvuose, naudojanéiuose $viesg, jmonése MB , Ameralabs“ ir UAB ,,3D
Creative”. Bendradarbiaujant su Suomijos Centria taikomyjy moksly universitetu,
imonéje MB ,,Ameralabs“ buvo atliktas 3D atspausdinty gaminiy gyvavimo ciklo
vertinimas (angl. Life Cycle Assessment, LCA). Palyginus akrilinto epoksidinto sojy
aliejaus ir komerciniy dervy jtaka aplinkos faktoriams, 12 i$ 16 vertinty faktoriy buvo
nustatytas mazesnis akrilinto epoksidinto sojy aliejaus dervos poveikis aplinkai. Taip
buvo pagrijsta komerciniy i§ naftos gauty produkty pakeitimo gamtinés kilmés
produktais nauda atliekant optinj 3D spausdinima. Visi sukurti gamtinés kilmés
polimerai, sékmingai pritaikyti skaitmeniniam 3D spausdinimui naudojant Sviesa,
biologiskai skilo, taciau §is procesas buvo létesnis nei celiuliozés tomis paciomis
cksperimentinémis sglygomis.
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Autorés indélis rengiant disertacija

Disertacijos autoré sukomponavo, susintetino ir iStyré penkias akrilinto
epoksidinto sojy aliejaus tinkliniy polimery ir polimeriniy kompozity serijas. Jos
pateiktos 4.1-4.5 skyreliuose. Autoré atliko ir iSanalizavo fotoreometrijos tyrima,
ekstrakcija ~ Soksleto  aparatu, diferencing  skenuojamaja  kalorimetrija,
termogravimetring analize¢, dinaming termomechaning analizg, gniuzdymo ir tempimo
testus ir bioskaidumo tyrimg. Disertacijos autoré parengé visus penkis moksliniy
straipsniy rankraséius. Edvinas Skliutas (Lazeriniy tyrimy centras, Vilniaus
universitetas) atliko atrinkty dervy tiesioginj lazerinj raSyma, iStyré p-3D struktaras ir
prisidéjo rengiant straipsnio rankrastj. Prof. dr. Mangirdas Malinauskas (Lazeriniy
tyrimy centras, Vilniaus universitetas) konsultavo atliekant tiesioginj lazerinj raSyma
ir prisidéjo redaguojant straipsnio rankrastj. Vaidas Talacka (MB ,,AmeralLabs®)
nustaté akrilinto epoksidinto sojy aliejaus dervy skaitmeninio 3D spausdinimo
naudojant §viesg spausdinimo parametrus ir pagamino gamtinés kilmés dervy 3D
spausdintus bandinius. Andrius Gineika (Kauno technologijos universitetas)
susintetino ir charakterizavo kalcio hidrosilikaty uzpildus ir prisidéjo rengiant
straipsnio rankras$tj. Prof. dr. Kestutis Baltakys (Kauno technologijos universitetas)
konsultavo atliekant kalcio hidrosilikaty uzpildy sintezg ir prisidéjo redaguojant
straipsnio rankrastj. Prof. dr. Jolita Ostrauskaité (Kauno technologijos universitetas)
prisidéjo rengiant tyrimy idéjas ir tikslus, konsultavo sintetinant ir charakterizuojant
akrilinto epoksidinto sojy aliejaus kompozicijas ir prisidéjo redaguojant visus penkis
moksliniy straipsniy rankra$¢ius. Dr. Rathish Rajan ir dr. Egidija Rainosalo (Centria
taikomyjy moksly universitetas, Suomija) sukaré ir atliko i§ gamtinés kilmés ir
komerciniy akriliniy dervy 3D spausdinty gaminiy gyvavimo ciklo vertinima. Saulius
Lileikis su komanda is UAB ,,3D Creative* atliko medicininiy laikikliy 3D skenavimg
ir skaitmeniniu 3D spausdintuvu, naudojanéiu Sviesg, pagamino spausdintus
medicininius laikiklius i§ gamtinés kilmés dervos.

Publikacijy sarasas disertacijos tema
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Malinauskas. Photocross-linked polymers based on plant-derived
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applied polymer science. 2020, 137 (20), 48708. JIF: 3,125.

2. Miglé Lebedevaité, Jolita Ostrauskaité, Edvinas Skliutas, Mangirdas
Malinauskas. Photoinitiator free resins composed of plant-derived
monomers for the optical u-3D printing of thermosets, Polymers. 2019,
11 (1), 116. JIF: 4,329.

3. Miglé Lebedevaité, Jolita Ostrauskaité. Influence of photoinitiator and
temperature on photocross-linking Kkinetics of acrylated epoxidized
soybean oil and properties of the resulting polymers. Industrial crops
and products. 2021, 161, 113210. JIF: 5,645.

4. Miglé Lebedevaité, Vaidas Talacka, Jolita Ostrauskaité. High
biorenewable content acrylate photocurable resins for DLP 3D printing.
Journal of Applied Polymer Science. 2021, 138 (16), 50233. JIF: 3.125.
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5. Miglé Lebedevaité, Andrius Gineika, Vaidas Talacka, Kestutis
Baltakys, Jolita Ostrauskaité. Development and optical 3D printing of
acrylated epoxidized soybean oil-based composites with functionalized
calcium silicate hydrate filler derived from aluminum fluoride
production waste. Composites Part A: Applied Science and
Manufacturing. 2022, 157, 106929. JIF: 7,664.

Mokslinés konferencjos

Disertacijoje pateikti rezultatai buvo pristatyti 17 tarptautiniy moksliniy
konferencijy, i§ kuriy: ,,6th international Baekeland symposium 2019 Taragona,
Ispanija, ,,Poly-Char Venice international polymer characterization forum 2021
Venecija, Italijoje, ,,JUPAC-MACRO 2020: the 48th world polymer congress,
Dzedzu, Piety Koréjoje. Visas moksliniy konferencijy saraSas pateiktas 8 skyriuje
,,LIST OF PUBLICATIONS*.

4.1.Fototinklinty akrilinto epoksidinto soju aliejaus polimery su mirsenu ir
vanilinodimetakrilatu savybiu tyrimas

Sis skyrius paradytas remiantis publikuotu straipsniu: M. Lebedevaité, J.
Ostrauskaité, E. Skliutas, M. Malinauskas. Photocross-linked polymers based on
plant-derived monomers for potential application in optical 3D printing. Journal of
Applied Polymer Science. 2019, 137 (20), 48708 [51]. JIF: 3.125.

AESO buvo pasirinkta kaip pagrindiné gamtinés kilmés medziaga polimerams,
skirtiems optiniam 3D spausdinimui, sukurti. AESO, mirseno (MYR) ir
vanilindimetakrilato (VDM) arba divinilbenzeno (DVB, naudoto palyginimui)
polimerai buvo sukurti fototinklinimo btidu ir palyginti su komercinémis sintetinémis
dervomis Aurodesk Clear PR48 (PR48) ir Formlabs Clear FLGPCL02 (FLGPCL02)
potencialiam naudojimui atliekant optinj 3D spausdinima.

‘ O
(6]
| o J>7
MYR DvB VDM

1 pav. Mirseno (MYR), divinilbenzeno (DVB) ir vanilino dimetakrilato
(VDM) cheminés struktiiros

AESO polimerai buvo sukurti siekiant itirti MYR, DVB arba VDM kiekio jtaka
fotokietinimo kinetikai ir gauty polimery savybéms. Augalinés kilmés VDM buvo
naudotas kaip pakaitalas sintetiniam aromatiniam DVB. Sukurty polimery sudétis
pateikta 1 lenteléje.

39



1 lentelé. Sukurty dervy sudétis

Formuluoté | AESO, mol | MYR, mol DVB, mol VDM, mol
Co 1 1 — —
C1 1 1 1

C2 1 3 1 —
C3 1 5 1 —
C4 1 1 — 1
C5 1 3 — 1
C6 1 5 — 1
C7 1 1 3 —
C8 1 1 5 —
C9 1 1 — 3
C10 1 1 — 5

Fotoreometrijos tyrimas parodé stipria naudoty monomery kiekio jtaka
polimery fotokietinimo kinetikai. Didesnis MYR kiekis kompozicijose lémé ilgesng
fototinklinimo reakcija ir maZesnes $lyties tampros modulio (G) vertes, rodancias
minks$tesnio polimero susiformavima (2 lentelé¢). Nors didesnis DVB kiekis
kompozicijose sulétino fotopolimerizacijos procesa, taciau reakcijos pabaigoje buvo
gautos didesnés G’ vertés. Didesnis gamtinés kilmés VDM kiekis, juo pakeiciant
sintetinj DVB, 1émé greitesng fototinklinimo reakcija (2 pav., a). Didesnis aromatinio
junginio (DVB arba VDM) kiekis pagerino polimerinio tinklo stangrumg, dél to buvo
fiksuotos didesnés G’ vertés. Lyginant sintetiniy komerciniy dervy PR48 ir
FLGPCLO02 bei formuluotés C9 fotopolimerizacija (2 pav., b), buvo uzfiksuotas
panasus fototinklinimo greitis ir G’ vertés, rodantys C9 formuluotés tinkamuma
potencialiam naudojimui atliekant optinj 3D spausdinima.

a 1
L 10%
[aW

3
60 90 120 150

R - ——

Elo"‘} . . . . . ,

)mUV/ ROS 100 200 300 400 500 600
$vitinimo .

pradzia TrUkme’ S

0 T T T T T .
UV/ROS‘ rl.O'O 200 300 400 500 600
§vitinimo .
pradzia TrUKme’ S

2 pav. Slyties tampros modulio G’ priklausomybé nuo $vitinimo trukmés dervy be
aromatinio junginio CO (violetiné) ir dervy C1, C4 ir C7-C10 su skirtingu
aromatinio junginio kiekiu: VDM (juoda) ir DVB (raudona) (a); dervy C9, PR48 ir
FLGPCLO2 (b)

Polimery netirpios frakcijos kiekis (YIF) po ekstrakcijos Soksleto aparatu
pateiktas 2 lentelgje. Dél susidaranéio didesnio kiekio linijiniy ir (ar) Sakotyjy
makromolekuliy fotopolimerizacijos metu polimeruose, turinc¢iuose didesnj MYR
kiekj, buvo fiksuotos mazesnés YIF vertés. Fototinklinti polimerai su VDM
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pasizyméjo didesnémis YIF vertémis nei polimerai su DVB. Taip pat buvo pastebéta
priklausomybé tarp YIF ir tinklo tankio (ve) — polimery, kuriy YIF vertés buvo
mazesneés, ve vertés taip pat buvo mazesnés.

2 lentelé. AESO dervy ir tinklinty polimery charakteristikos

3

Kompozicija tger’, G”?, MPa Y(I,Z " | v, kmol'm? | Ec5 MPa
CO 60+1,5 15,52 + 2,45 — — —

Cl 35+4,2 34,10 £ 1,25 94 13,83 £ 0,50 9,8+0,2
C2 323+8,7 3,62+1,25 93 1,46 £ 0,50 8,4%0,1
C3 465 + 11,7 0,14 £ 0,07 53 0,58 £ 0,03 1,1+0,02
C4 18+0,7 47,64 £ 1,25 97 19,23 + 5,06 18,4+0,2
C5 200£7,9 30,81 £ 6,95 94 12,41 +281 9,9+0,2
C6 403 +12,0 0,63 £0,20 58 0,03+0,01 05+0,1
C7 4814 35,61 + 3,48 88 14,40+ 1,41 7604
C8 102 £5,5 40,64 £ 1,95 90 16,43+ 0,79 9,7x0,2
C9 12+0,0 77,83 +3,11 96 31,42 £1,26 21,2+£0,2
C10 15+1,0 44,93 £ 6,09 94 18,14 + 4,27 158+ 0,2
PRA48 13+0,0 25,91 £ 0,99 99 10,52 + 0,40 16,9+0,3
FLGPCLO02 12+1,0 71,22 + 3,49 99 28,71 + 7,87 13,1+£0,3

1 gelio taskas, apskai¢iuotas nuo UV/RS §vitinimo pradZios;

2 slyties tampros modulis ties 1200 s nuo testo pradZios;

3 netirpios frakcijos kiekis po ekstrakcijos Soksleto aparatu 24 h chloroforme;
4 tinklo tankis, apskai¢iuotas pagal G’ vertes;

% Jungo modulis gniuzdant.

AESO fototinklinty polimery mechaninés savybés buvo charakterizuotos Jungo
moduliu gniuzdant (Ec). Polimerai, turintys didesnji MYR kiekj, buvo minkstesni ir
igijo mazesnes Ec vertes dél mazesnio polimery tinklo tankio. AESO polimeruose
keiciant sintetinj DVB gamtinés kilmés VDM buvo gautos geresnés mechaninés
savybes ir didesnés Ec vertés. Formuluote C9, sudaryta i§ AESO/MYR/VDM moliniu
santykiu 1:1:3, pasizyméjo didZiausiomis ve ir Ec vertémis, panaSiomis j komerciniy
sintetiniy produkty, ir potencialiai gali buti pritaikyta atliekant optini 3D spausdinima.

4.2. Akrilinto epoksidinto soju aliejaus dervy fototinklinimas nenaudojant
fotoiniciatoriaus ir gauty polimery savybiu tyrimas

Sis skyrius paradytas remiantis publikuotu straipsniu: M. Lebedevaité, J.
Ostrauskaité, E. Skliutas, M. Malinauskas. Photoinitiator free resins composed of
plant-derived monomers for the optical u-3D printing of thermosets. Polymers. 2019,
11 (1), 116 [52]. JIF: 4.329.

Fototinklinti AESO ir vanilino dimetakrilato (VDM) arba vanilino diakrilato
(VDA) (3 pav.) polimerai buvo gauti nenaudojant fotoiniciatoriaus ar papildomo
tirpiklio ir buvo pritaikyti tiesioginio lazerinio raS§ymo technologijoje arba atliekant
optinj p-3D spausdinima. Sie polimerai buvo sukurti sickiant gauti augalinés kilmés
fototinklintus polimerus nenaudojant papildomy toksisky fotoiniciatoriy ar kity
sintetiniy medZziagy.
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3 pav. Vanilino dimetakrilato (VDM) ir vanilino diakrilato (VDA) cheminés
struktiiros

Gamtinés kilmés dervos buvo sudarytos i§ AESO ir VDM moliniu santykiu 1:1
(AESO/VDM1), 1:0,5 (AESO/VDM2) ir 1:0,25 (AESO/VDM3). Dervos su VDA
buvo paruostos analogiskai. Gryno AESO ir sukurty gamtinés kilmés dervy
fotokietinimo kinetika buvo tirta fotoreometrijos metodu (4 pav.).

b)
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pradzia Trukme, s pradzia Trukme, s

4 pav. Slyties tampros modulio G’ priklausomybés nuo eksponavimo trukmés gryno
AESO ir dervy AESO/VDM (a) ir AESO/VDA (b)

Fotoreometrijos tyrimu patvirtinta, kad polimery erdvinis polimerinis tinklas
susidaré nenaudojant fotoniciatoriaus. Fotopolimerizacijos reakcija buvo sukelta
atskilusiy nuo monomery vinilgrupés dvigubyjy rySiy radikaly, kurie inicijavo
(met)akrilgrupés polimerizacija [53]. Buvo pastebéta, kad didesnis aromatinio
junginio kiekis 1émé létesne¢ fotopolimerizacijos reakcija ir mazesnes G’ vertes.
Lyginant dervy su VDM ir VDA fotokietinimo kinetika, nustatytas greitesnis G’
kreivés kilimas ir didesnés vertés tyrimo pabaigoje del greitesnio VDM vinilgrupés
dvigubojo rysio skilimo. D¢l Sios priezasties AESO/VDA formuluotés toliau nebuvo
tiriamos.

Tinkliné gamtinés kilmés polimery struktira buvo patvirtinta atliekant
ekstrakcija Soksleto aparatu. Polimeras pAESO pasizyméjo didziausiu YIF — 88 %,
parodant, kad AESO yra linkgs suformuoti tankia polimering struktiirg net ir
nenaudojant fotoiniciatoriaus. Buvo pastebéta, kad didesnis VDM kiekis polimere
1émé mazesnj YIF dél susidarancio didesnio linijiniy ir (ar) Sakotyjy polimery kiekio
kompozicijose nenaudojant fotoiniciatoriaus.
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3 lentelé. Polimery netirpios frakcijos kiekis, terminés ir mechaninés
charakteristikos.

Polimeras YIF!, % T4, °C Tdec-10%°, °C Ec*, MPa
pAESO 88 -4.5 356 0,62+0,1
pAESO/VDM1 31 -2,6 295 0,19+ 0,03
pAESO/VDM2 48 -2,6 318 0,46 £ 0,13
pAESO/VDM3 63 -1,6 331 0,66 +0,13

Inetirpios frakcijos kiekis po ekstrakcijos Soksleto aparatu 24 h chloroforme;
2 stikléjimo temperatiira, nustatyta DSC metodu;

3 temperatiira, esant 10 % masés nuostoliams, nustatyta i§ TGA kreiviy;

4 Jungo modulis gniuzdant.

Nustatyta, kad fototinklinty polimery mechaninés ir terminés savybés yra
glaudziai susijusios su polimery YIF (3 lentelé). Polimerai, turintys didesnj VDM
kiekj ir jgije mazesnes YIF vertes, pasizyméjo mazesne stikléjimo temperatira,
terminiu stabilumu ir zemesnémis Jungo modulio gniuzdant vertémis. Galima teigti,
kad, AESO sistemoje nenaudojant fotoiniciatoriaus, VDM veikia kaip
plastifikatorius, prastinantis tinklinio polimero mechanines ir termines savybes.

Mikroakytos 3D struktiros i§ AESO ir AESO/VDM3 buvo atspausdintos
tiesioginio lazerinio raSymo metodu (4 pav.). Gamtinés kilmés dervos buvo
polimerizuotos naudojant ultratrumpaisiais impulsais suzadintg daugiafotone sugertj
arba grititing jonizacija ir taip inicijuojant tinklinimosi reakcija.
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a) I, TW/cm?
B S S —— S———
538107 w9 93507 131,72 2,3 2,7

pAESO

pAESO/VDM3

4 pav. Mikroakyty 3D spausdinty struktiiry SEM nuotraukos: (a) 75x75 um?
PAESO erdvinés strukttiros esant 30 pm tarpams, v = 5 mm/s; skalé is kairés |
desine rodo atstuma Gy, tarp gretimy lazeriu eksponuoty viety; (b) 1095x1095 pum?
pAESO erdviné struktiira esant 120 um tarpams, v =5 mm/s, P = 0,6 mW (2
TW/cm?); (c) 75%75 um? pAESO/VDM3 erdinés struktiiros esant 30 um tarpams, v
=5 mm/s; skalé virSuje rodo energijos intensyvumg |; (d) 1065x1065 pum?
pAESO/VDM3 erdviné struktiira esant 75 um tarpams, v =5 mm/s, P = 0,4 mW
(1,3 TW/cm?)

Pagaminti 75x75 um? erdviniai dariniai (4 pav., a ir ¢) buvo suformuoti esant
spausdinimo grei¢iui o 5 mm/s ir galiai P 0,4-1 mW (1,3-3,3 TW/cm?) ribose.
Nustatyta, kad Siose sistemose gaunami struktiriSkai stabilesni dariniai, kai
naudojamas didesnis lazerinés spinduliuotés intensyvumas I, nes tada vieno
skenuojamo tasko matmenys yra didesni uz atstuma dyy. Atspausdintos gardelés mm
skaléje (4 pav., b ir d) pasizyméjo erdvine struktiira, taciau polimero pAESO/VDM3
strukttira nebuvo patvari dél didesnio polimero minkStumo.

4.3.Fotoiniciatoriaus ir temperatiros jtaka akrilinto epoksidinto soju
aliejaus fotokietinimo kinetikai ir gauty polimery savybiy tyrimas

Sis skyrius parasytas remiantis publikuotu straipsniu: M. Lebedevaité, J.
Ostrauskaité, Influence of photoinitiator and temperature on photocross-linking
kinetics of acrylated epoxidized soybean oil and properties of the resulting polymers.
Industrial crops and products. 2021, 161, 113210 [54]. JIF: 5,645.
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Nenaudojant fotoiniciatoriaus fototinklintas AESO pasizymi geru mechaniniu
tvirtumu ir terminiu stabilumu, ta¢iau, palyginti su sintetinémis komercinémis
dervomis optiniam 3D spausdinimui, polimerinto AESO mechaninés ir terminés
savybés yra prastos. Taip pat nustatyta, kad AESO fotokietéjimas nenaudojant
fotoiniciatoriaus yra per létas, norint AESO pritaikyti DLP/SLA 3D spausdinimui.
Siekiant i8spresti Siuvos AESO trakumus, buvo tirta temperatiiros, fotoiniciatoriaus
tipo ir koncentracijos jtaka AESO fotokietinimo Kinetikai.

Siekiant istirti AESO fotokietinimo kinetika fotoreometrijos metodu, buvo
pasirinkti ~ keturi  skirtingi  komerciniai  fotoniciatoriai:  2,2-dimetoksi-2-
fenilacetofenonas (DMPA), fenil-bis(2,4,6-trimetilbenzoil)fosfino oksidas (BAPO),
difenil(2,4,6-trimetilbenzoil)fosfino oksidas (TPO) ir etil(2,4,6-
trimetilbenzoil)fenilfosfinatas (TPOL) (5 pav.). Naudota 1, 3 ir 5 mol %
fotoinciatoriaus koncentracija dervose, pavadintose pagal naudota fotoiniciatoriy ir jo

kiekj (pvz., ADMPA1, ADMPA3 ir t. t.).
*8. :
p—0~ P P

DMPA TPOL TPO BAPO

5 pav. 2,2-dimetoksi-2-fenilacetofenono (DMPA), fenil-bis(2,4,6-
trimetilbenzoil)fosfino oksido (BAPO), difenil(2,4,6-trimetilbenzoil)fosfino oksido
(TPO) ir etil(2,4,6-trimetilbenzoil )fenilfosfinato (TPOL) cheminés struktiiros

Fotoreometrijos metodu nustatyta, kad sistemoje esant fotoiniciatoriaus AESO
fotopolimerizacija vyksta greiciau, palyginti su tioleno ir akrilaty sistemomis,
naudojamomis atliekant optinj 3D spausdinimag [55, 56, 57]. Siekiant iSsiaiSkinti
fotoiniciatoriaus jtaka fotokietéjimo kinetikai, buvo lyginamos AESO dervy su
skirtingomis fotoiniciatoriy koncentracijomis G’ kreivés. 6 paveiksle pateikta dervy
su 1-5 mol % TPOL ir 3 mol % skirtingy fotoiniciatoriy 25 °C temperatiiroje G’
priklausomybés nuo reakcijos trukmés. Nustatyta, kad fotoiniciatoriaus kiekis
neturéjo jtakos gelio taskui ir indukciniam periodui, tac¢iau lémé G’ kreivés forma
UV/RS §vitinimo pradZioje (6 pav., a). Derva su 3 mol % TPOL pasizyméjo didesniu
bandinio kietéjimo grei¢iu, G’ maksimuma pasiekeé 1 s grei¢iau nei derva ATPOLS,
todél priimama, kad 3 mol % TPOL yra optimali koncentracija. Lyginant dervy su
skirtingais fotoiniciatoriais fotokietéjimo kinetika, esant 3 mol % koncentracijai (6
pav., b), pastebéta, kad derva ABAPO3 pasieké G * maksimumg greiciausiai. Tai rodo
didZiausia BAPO jautrumg UV spinduliuotei ir gebéjimg sugeneruoti daugiausia
radikaly, iniciuojan¢iy AESO fotopolimerizacijg.

45



£

©

£ DERE

, BRI J—
© 10 7

v 72} E|

= 10" g //)

= 10 g _§ 10°]

Q S /

g 1M 03 33 3 £ 1 :

1] © 1021 30 35 40

2 10

g ——1mol.% g8 | —— ATPOL3
g 10° ——3mol.% g 10°] — ABAPO3
- N ——5mol.% 2 J —— ATPO3
%\.10'2 : . . . . . S-S = ‘ ‘ fAPMPAS‘
= 0t 100 200 300 400 500 600 sz5 of 100 200 300 400 500 600

UV/RS vitinimo
pradzia

UV/RS §vitinimo

Trukmg, s pradzia Trukme, s

6 pav. Slyties tampros modulio G’ priklausomybés nuo eksponavimo trukmés
dervy su 1-5 mol % TPOL (a) ir su skirtingais fotoiniciatoriais esant 3 mol %
koncentracijai (b) 25 °C temperatiiroje

Polimery terminés savybés buvo istirtos TGA ir DSC metodais. AESO
polimerai pasiZyme¢jo aukStu terminiu stabilumu, o jy temperatiira, esant 10 % masés
nuostoliams (Tgec-10%), buvo 337-352 °C. DSC patvirtino amorfing AESO polimery
struktiira DSC termogramose fiksuojant tik stikléjimo virsmg. Fototinklinty AESO
polimery stikléjimo temperatira (Tg) buvo uZzfiksuota 41,1-50,9 °C intervale.
Palyginti su AESO polimeru, tinklintu nenaudojant fotoiniciatoriaus (4,5 °C) (3
lentelé), pastebima, kad T, rySkiai padidéjo, kai dervoje buvo naudojamas
fotoiniciatorius. Taip yra todél, kad naudojant fotoiniciatoriy dervoje
fotopolimerizacijos metu susidaro daugiau aktyviy centry ir daugiau tinklinio
polimero. Tai galima pastebéti vertinant AESO polimero, tinklinto be
fotoiniciatoriaus, YIF 88 % ir AESO, tinklinto su fotoiniciatoriumi, YIF 96,1-97,9 %
intervale.

4 lentelé. Polimery netirpios frakcijos kiekis, terminés ir mechaninés
charakteristikos

2 4 5

Polimeras | YIF!, % T"eg'g% " T, °C '5;,& I\Eli’a o®, MPa
ADMPAIL | 97,6 338 47,5 323+24 | 199+7 434+0,8

ADMPA3 | 97,9 342 48,1 335+62 | 273+11 | 5,48 +0,99
ADMPAS5 | 97,8 340 442 359+32 | 325+7 5,15+ 0,47
ATPOL1 | 97,7 337 50,9 318+46 | 239+30 | 5,59+0,86
ATPOL3 | 97,2 337 46,6 384+£32 | 487+11 | 495+1,02
ATPOL5 | 96,6 348 46,2 350+35 | 544+12 | 6,23+0,98
ATPO1 97,5 342 46,4 373+20 | 1355 4,23+ 0,83
ATPO3 96,1 340 41,1 359+20 | 279+£3 539+1,01
ATPO5 97,9 337 447 350+13 | 292+15 | 5,23+0,75
ABAPO1 | 97,2 352 45,7 392+33 | 205+8 4,53 +0,38
ABAPQO3 | 97,4 346 46,1 383+24 | 240+16 | 556+ 1,83
ABAPO5 | 97,1 345 45,7 401+22 | 490+33 | 542 +0,35

! netirpios frakcijos kiekis po ekstrakcijos Soksleto aparatu 24 h chloroforme;
2 temperatiira, esant 10 % masés nuostoliams, nustatyta i§ TGA kreiviy;
3 stikléjimo temperatiira, nustatyta DSC metodu;

46



4 Jungo modulis gniuzdant;
5 Jungo modulis tempiant;
6 tempiamasis stipris.

Pastebéta, kad AESO polimerai, tinklinti naudojant fotoiniciatoriy, kuriy
aukstesnés YIF vertés, pasizyméjo ir geresnémis mechaninémis savybémis nei AESO
polimerai, tinklinti nenaudojant fotoiniciatoriaus. Nustatyta, kad Ec vertés padidéjo
bent 500 karty AESO fotopolimerizuojant su fotoiniciatoriumi. Reikia paminéti, kad
AESO polimerams, tinklintiems su fotoiniciatoriumi ir be jo, Ec nustatyti buvo
naudota skirtinga aparatiira, 0 tai gal¢jo lemti skirtingus rezultatus. Taéiau nepaisant
to pastebéta, kad akivaizdziai pageréjo mechaninés savybés, kai AESO buvo
tinklinamas naudojant fotoiniciatoriy.

a)
500

400 4
300 +

200 =

OoOFRPr NWMA~OOO®
TR R T S T S

7 pav. AESO polimery su skirtingais fotoiniciatoriais, esant 3 mol % koncentracijai,
Jungo modulis tempiant (Eg), tempiamasis stipris (o) ir santykiné istjsa trikkio metu
(¢) (a); nutrukusi AESO polimero plévelé po tempimo bandymo (b)

Fototinklinty AESO pléveliy tempimo bandymas parodé ryskig fotoiniciatoriaus
kiekio jtaka polimero mechaninéms savybéms. AESO polimero pléveliy tempimo
bandymo charakteristikos ir trikusios AESO plévelés nuotrauka po tempimo
bandymo pateikti 7 paveiksle. Nustatyta, kad dél didesnio fotoiniciatoriaus kiekio
padidéjo polimery Jungo modulis tempiant (Ee), taciau dél iSaugusio polimero
trapumo pléveliy santykiné iStjsa trikio metu (&) pastebimai sumazéjo. AESO
polimerai su TPOL, ypac polimeras ATPOL3, pasizyméjo didziausiomis Eg vertémis,
palyginti su kitais fotoiniciatoriais. Nors AESO sistemoje naudojant 5 mol % BAPO
vietoje 3 mol %, Ee vertés padidéjo beveik du kartus, taciau ekonomiskai efektyviau
ir patogiau gamybos atzvilgiu naudoti skysta TPOL vietoje kieto BAPO. 3 mol %
TPOL buvo pasirinkta kaip optimali koncentracija tolesniems tyrimams atlikti.
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4.4.Fototinklinty akrilinto epoksidinto sojy aliejaus polimery su gamtinés
kilmés reaktyviaisiais tirpikliais savybiy tyrimas ir skaitmeninis 3D
spausdinimas naudojant $viesa

Sis skyrius para$ytas remiantis publikuotu straipsniu: M. Lebedevaité, V.
Talacka, J. Ostrauskaité. High biorenewable content acrylate photocurable resins for
DLP 3D printing. Journal of Applied Polymer Science. 2021, 138 (16), 50233 [58].
JIF: 3.125.

Parinkus tinkamiausig fotoniciatoriy ir nustacius optimaliausig jo koncentracija,
AESO dervos galéty biti pritaikomos DLP 3D spausdinimui. Taciau esant didelei
AESO dervos klampai derva negaléty biti pritaikoma DLP 3D spausdinimui dél Sios
technologijos apribojimy klampai. Siekiant iSspresti §ig problema, buvo pasirinkti
gamtinés kilmés reaktyvieji tirpikliai AESO klampai mazinti ir tinkliniy polimery
mechaninéms ir terminéms savybéms modifikuoti.

Nauji gamtinés kilmés AESO polimerai buvo sukurti parinkus keturis
komercinius gamtinés kilmés reaktyviuosius tirpiklius: izobornilmetakrilata
(IBOMA), metakrilo esteri (ME), tetrahidrofurfurilakrilata (THFA) ir
tetrahifrofurfurilmetakrilata ~ (THFMA).  Naudoty  reaktyviyjy tirpikliy
atsinaujinancios anglies kiekis (BRC) medziagose Kito nuo 55 % iki 76 % (5 lentelé).
Naudota 3 mol % fotoiniciatoriaus TPOL nuo visy monomery kiekio. Palyginimui
buvo naudota komerciné derva Monocure 3D Rapind Gray (REF), skirta optiniam 3D
spausdinimui.

5 lentelé. Gamtinés kilmés reaktyviyjy tirpikliai [58]

Medziaga Struktiiriné formulé Medziagos | BRC,

kilmé %
IBOMA )\(02% Pusy mediena | 71
o
ME o+CH2]Lr$:H3 Auga_lmls 76
n=12 aliejus

©]
o L) o
THFA /\[( o Hemiceliuliozé¢ | 60
(0]
o AN o
THFMA /Jﬁ‘/ o Hemiceliulioze | 55
O

Dazniausiai komerciniy dervy, skirty optiniam 3D spausdinimui, klampa yra
200-1500 mPa-s 25 °C temperatiroje. Tokia klampa yra reikalinga dervai tolygiai
pasklisti spausdintuvo rezervuare spausdinimo metu judant Z asiai, kad biity gautas
geros kokybés spausdintas gaminys [59]. AESO dervy BRC buvo 75-82 %, o0 klampa
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kito nuo 557 mPa-s iki 699 mPa-s (6 lentelé), todél jos buvo tinkamos DLP 3D

spausdinimui.

6 lentelé. Paruosty dervy sudétis ir savybés

Derva AESO, % RD, % TPOL, % B(';C' Klampa,
0 mPa-s
AESO/IBOMA 58,71 39,14 2,15 785 | 699,3+257
AESO/ME 68,87 29,52 1,61 81,9 | 644398
AESO/THFA 68,36 29,30 2,34 766 | 557,531
AESO/THFMA 68,46 29,34 2,20 753 | 634485

Gamtinés kilmés dervy fotokietinimo kinetika buvo tirta fotoreometrijos
metodu. Nustatyta, kad dervy AESO/IBOMA ir AESO/THFMA fotopolimerizacija
buvo lééiausia, taciau pasizyméjo aukséiausiomis G * vertémis (7 lentelé), o tai rodo
didziausig polimerinio tinklo tvirtuma. Buvo pastebéta koreliacija tarp tgel ir linijinio
susitraukimo (4d) — tinklinimui vykstant grei¢iau medziaga polimerizacijos metu
labiau susitrauké. Medziaga polimerizacijos metu susitraukia dél neigiamo atstumy
pokycio tarp dervoje esanéiy molekuliy ir naujai susidariusiy kovalentiny rysiy ilgio
[60]. Atstumo pokytis, vykstantis fotopolimerizacijos metu, priklauso nuo
polimerinio rySio susidarymo trukmés ir dél didesnés funkciniy grupiy konversijos
fiksuojamas didesnis medziagos susitraukimas. D¢l Sios priezasties derva
AESO/THFMA, pasizyméjusi maziausiu tg, fotopolimerizacijos metu i§ visy
bandiniy susitrauké labiausiai.

7 lentelé. Dervy linijinis susitraukimas, reologinés charakteristikos ir tinklinty
polimery YIF ir terminés charakteristikos

4 6
Kompozicija tgell, S G2, MPa Ad8, % Y!; "I T, °C Tdef,'cl?% " IChar’, %
AESO/IBOMA 29+1,0 13,63+6,7 | 10,0+53 | 98,7 60,8 308 15
AESO/ME 22+1.2 9,67+04 12,7+4,2 | 96,9 24,3 353 1,6
AESO/THFA 19+1.3 10,44+18 | 133+23 | 95,4 4,6 345 1,9
AESO/THFMA | 3,7+0,02 | 13,34+2,0 80+0 96,3 43,7 351 2,0
REF — - - 99,6 - 386 6,0

1 gelio taskas, apskaigiuotas nuo UV/RS $vitinimo pradZios;

Z §lyties tampros modulis ties 1200 s nuo testo pradzios;

3 linijinis susitraukimas, nustatytas fotoreometrijos metodu;

4 netirpios frakcijos kiekis po ekstrakcijos Soksleto aparatu 24 val. chloroforme;
5 stikléjimo temperatiira, nustatyta DSC metodu;

® temperatiira, esant 10 % masés nuostoliams, nustatyta i§ TGA kreiviy;

" medziagos likutis TGA tyrimo pabaigoje.

AESO polimerai pasizyméjo dideliu tinklinio polimero  kiekiu,
pademonstruodami aukstas YIF vertes 95,4-98,7 % ribose. Nustatyta, kad polimerai,
kuriy YIF, taip pat ir REF buvo aukstesni, pasiZyméjo geresnémis terminémis
savybémis: aukstesnémis Tgq If Tgec-109% vertémis. ISimtis — AESO/IBOMA polimeras,
pasizyméjes Zemiausia Tdec10%. laip nutiko dél IBOMA struktiiroje esancio
izobornilfragmento, kuriame esantis esterio rySys pasiZymi zemu terminiu stabilumu
[61]. Kambario temperatiiroje polimeras AESO/THFA buvo itin minkstas deél
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fiksuotos mazesnés nei 5 °C Ty, , taciau islaiké savo forma dél tinklinés polimero
strukturos.

a)

8 pav. 3DPC specialaus varzto raktas i§ AESO/IBOMA polimero ((a), virSuje) ir
3DPC zmogaus virSutinio zandikaulio modelio fragmentas i§ AESO/TFMA
polimero ((a), apacioje); AESO/ME polimero pavir$iaus mikroskopo nuotraukos,
paruostos 3DWPC ((b), kair¢je) ir 3DPC ((b), desinéje) budais

Visi AESO polimerai buvo sékmingai atspausdinti DLP 3D spausdintuvu. Visos
medziagos, jskaitant ir REF, tempimo bandymui buvo paruostos trimis skirtingais
budais: teflono formoje (LAB), DLP 3D spausdinimo biidu neatliekant papildomo
bandinio apdirbimo po spausdinimo (3DWPC) ir DLP 3D spausdinimo biidu po
spausdinimo, izopropanoliu nuplovus nesureagavusiag derva ir papildomai laikant
bandinius UV kameroje (3DPC). Sudétingos struktiiros spausdinti bandiniai 3DPC
bidu (8 pav., a) pasizyméjo aukstu spausdinimo tikslumu ir lygiu pavir§iumi. Dél
iSplaunamo didesnio nesureagavusios dervos Kiekio bandiniy, paruo$ty 3DWPC
budu, pavirSius buvo su grioveliais ir labiau atskirtais spausdinimo sluoksniais, nei
bandiniy, paruosty 3DPC badu (8 pav., b).
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9 pav. Polimery, paruosty LAB, 3DWPC ir 3DPC biuidais, Jungo modulis tempiant
(Ee), tempiamasis stipris (o) ir santykiné iStjsa trikio metu (&)

Gamtinés kilmés polimery, paruoSty trimis skirtingais biidais, mechaninés
savybés buvo tirtos tempiant, siekiant jvertinti adhezija tarp spausdinty sluoksniy.
Matavimy rezultatai pateikti 9 paveiksle. Pras¢iausios mechaninés savybés fiksuotos
3DWPC budu paruostiems polimerams dél ankséiau nustatyty dideliy pavirSiaus
nelygumy (9 paveikslas). Polimerai AESO/IBOMA ir AESO/THFMA pasizyméjo
didZiausiomis Eg ir o vertémis i§ visy AESO polimery. Taip pat abiejy $iy polimery
bandiniai, paruos§ti 3DPC badu, pasizyméjo didesnémis Eg ir overtémis nei bandiniai,
paruosti LAB biidu, o tai rodo stiprig adhezija tarp spausdinty sluoksniy. Polimero
AESO/IBOMA, paruosto 3DPC budu, savybés tempiant buvo artimiausios
komercinés sintetinés dervos Monocure3D Rapid Gray polimery savybéms, todél jis
gali buti svarstomas kaip potencialus sintetiniy dervy pakaitalas.

4.5.Kalcio hidrosilikato uzpildy jtaka fototinklintiems akrilinto epoksidinto
sojy aliejaus polimeriniams kompozitams ir skaitmeninis 3D
spausdinimas naudojant $viesa

Sis skyrius paraSytas remiantis publikuotu straipsniu: M. Lebedevaité, A.
Gineika, V. Talacka, K. Baltakys, J. Ostrauskaité. Development and optical 3D
printing of acrylated epoxidized soybean oil-based composites with functionalized
calcium silicate hydrate filler derived from aluminum fluoride production waste.
Composites Part A: Applied Science and Manufacturing. 2022, 106929. [62]. JIF:
7.664.
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Dauguma polimeriniy produkty, pagaminty atliekant optinj 3D spausdinima,
néra pakankamai mechaniskai tvirti, dél to dazniau yra naudojami tik kaip prototipai,
bet ne kaip jprasti komponentai ar detalés [48]. 3D spausdinty gaminiy mechaninés,
terminés ir kitos savybés gali buti pagerintos jkomponuojant uzpildus j polimering
matricg [31]. Siekiant pagerinti mechanines ir termines AESO polimery savybes,
buvo sukurti gamtinés kilmés kompozitai su funkcionalizuotu kalcio hidrosilikato
uzpildu, gautu i$ aliuminio fluorido gamybos atlieky, ir sékmingai pritaikyti DLP 3D
spausdinimui.

8 lentelé. Paruosty dervy sudétis ir klampa

Kompozisia | AESo toMA Gwiw) | VP | odtwton | mpas
AS60/140/0 - 0 796
AS60/140/X1 1 1007
AS60/140/X3 60:40 « 3 1262
AS60/140/X5 5 2056
AS60/140/X10 10 2669
AS40/160/0 - 5 157
AS40/160/X5 X 5 241
AS40/160/XS5 40:60 XS 5 302
AS40/160/XMS5 XM 5 624
AS40/160/XSM5 XSM 5 266

Uzpildai buvo ruoSiami hidroterminés sintezés biuidu i§ kalcio oksido ir
silikagelio (X) arba didelj kiekj SiO; turin¢io aliuminio fluorido gamybos atlieky (XS)
moliniu santykiu 1:1 200 °C temperattiroje 12 h pagal pateikta procedira [63].
Susintetintame X uzpilde vyravo tobermoritas, ksonotlitas ir kiti kalcio hidrosilikatai,
0 XS uzpilde — tobermoritas, kuspidinas, katoitas ir kiti kalcio hidrosilikatai. Véliau
uzpildai papildomai modifikuoti akriloksipropiltrimetoksisilanu (APr) (atitinkamai
XM ir XSM). Dervos buvo ruosiamos sumaisius AESO ir IBOMA santykiu 60:40 bei
pridéjus nuo 1 % iki 10 % uzpildo X arba sumaiSius AESO ir IBOMA santykiu 40:60
ir pridéjus 5 % uzpildo X, XS, XM arba XSM (8 lentelé, pvz., AS40/160/XS5 ir
AS60/140/X5; ¢ia AS rodo AESO maseés santykj, I — IBOMA masés santykj ir
paskutiné dalis — naudota uzpilda ir jo kiekj). Palyginimui buvo ruosiamos dervos be
uzpildo su abiem monomery santykiais (AS60/140/0 ir AS40/160/0). Naudota 3 mol %
fotoiniciatoriaus TPOL nuo bendro monomery kiekio.

9 lentelé. AESO fototinklinty polimery kompozity terminés charakteristikos

_ TGA DMTA
Kompozitas Tdec-10%t, °C| Char?, % | Tg2°C | ve!, mol'm
AS60/140/0 308,5 1,49 99,2 3655,7
AS60/140/X1 308,3 2,53 91,6 3261,8
AS60/140/X3 320,2 4,09 91,2 3498,8
AS60/140/X5 320,2 6,43 91,0 3999,0
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AS60/140/X10 319,5 11,60 89,4 4296,9
AS40/160/0 306,5 1,73 1148 6546,0
AS40/160/X5 320,3 6,88 110,0 8618,4
AS40/160/XS5 318,2 579 108,5 10131,3
AS40/160/XM5 315,9 5,32 106,8 67275
AS40/160/XSM5 318,8 5,34 1115 68721

! temperatiira, esant 10 % masés nuostoliams, nustatyta i§ TGA kreiviy;
2 medziagos likutis TGA tyrimo pabaigoje;

3 stikléjimo temperatiira, nustatyta i DMTA tand kreiviy;

4 tinklo tankis, apskai¢iuotas i§ DMTA E’ kreiviy.

TGA tyrimas parodé, kad uZpildas pagerino fototinklinty AESO polimery
kompozity terminj stabilumg. Nustatyta, kad j kompozicijas jdéjus bent 3% X
uzpildo, AESO polimery kompozity Tgec-10% padidéja nuo 308,5 °C kompozito
AS60/140/0 iki 320,2 °C kompozito AS30/140/X5 (9 lentelé). Pastebéta, kad uzpildai
mazina kompozity Ty, nustatyta dinaminés mechaninés terminés analizés metodu
(DMTA). Nors jkomponavus uzpildus Ty sumazéjo AS40/160 serijoje, tatiau padidéjo
kompozity ve, rodantis tvirtesnj polimerinj tinklg kartu su uzpildo dalelémis. Lyginant
modifikuotus uzpildus XM ir XSM, buvo pastebéta, kad kompozitas AS40/160/XSM5
igijo didesnes Tagec-10%, Tg ir ve Vertes nei AS40/160/XM5. Galima teigti, kad XSM
uzpildas, gautas i$ aliuminio fluorido gamybos atlieky, pasizyméjo geresne sgveika
su polimeriniu tinklu, todél pageréjo kompozity terminés savybés.

Teflono formoje paruosty ir 3D spausdinty fototinklinty AESO polimery
kompozity mechaninés savybés buvo tirtos atliekant tempimo bandyma. Kompozity
tempimo jtempio ir deformacijos kreivés pateiktos 10 paveiksle.

a) 200+ b)
: 1401
1501 - 1204
& £5100+
= =
glooi AS60/140/0 g %1
g 60 —— AS40/160/XS5
S nowonon 2 —— AS40/160/XSM5
= 50 —— ASBO/I40/X3 = 40 A
——— ASB0/140/X5 —— AS40/160/XS5-3D
—— AS60/140/X10 20 —— AS40/160/XSM5-3D
0 : : : : ‘ 0 ‘ ‘ ‘ ‘ ‘ ‘ ‘
0 1 2 3 4 5 00 02 04 06 08 10 12 14
Deformacija, % Deformacija, %

10 pav. Kompozity AS60/140/X0-10 tempimo jtempio ir deformacijos kreivés (a);
kompozity AS40/160/XS ir AS40/160/XSM, paruosty teflono formoje ir 3D
spausdinty, tempimo jtempio-deformacijos kreiveés (b)

Nustatyta, kad, didinant inertinio X uzpildo kiekj, dél didéjancio bandinio
trapumo mazéja kompozity o ir ¢ vertés (10 pav., a). Fototinklinty AESO polimery
kompozitai su uzpildu i$§ aliuminio fluorido gamybos atlieky pasizyméjo aukStomis o
ir ¢ vertémis, rodanciomis stiprig tarpfazing saveika tarp uzpildo ir polimerinio tinklo
(10 pav., b). Nustatytos gerokai didesnés 3D spausdinty kompozity AS40/160/XS5 ir
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AS40/160/XSM5 o ir ¢ vertés parodé tvirta adhezijg tarp spausdinty sluoksniy ir
geresnj polimerinio tinklo elastinguma.

Dervos su XS ir XSM uzpildais buvo sékmingai pritaikytos DLP 3D
spausdinimui. Tikslios architektiiros spausdinti objektai pasizyméjo dideliu smulkiy
detaliy tikslumu ir lygiu pavir§iumi (11 pav., a), o tai rodo, kad sukurtos gamtinés
kilmés dervos tinkamos DLP 3D spausdinimui. Po 3D spausdinimo proceso nuplovus
nesureagavusios dervos pertekliy, buvo nustatytas pastebimas kompozity pavir§iaus
baltumas dél atsidengusio didesnio kiekio polimere jkapsuliuoty uzpildo daleliy.
Kompozito AS40/160/XSM5 SEM nuotraukose (11 pav., b) su pastebimais
tobermorito ir katoito dariniais matyti AESO polimero tinklo ir uzpildo daleliy
saveika pavirsiuje.

a) AS40/160/XS5

AS40/160/XSM5

11 pav. DLP 3D spausdinti AS40/160/XS5 kompozito (virSuje) ir AS40/160/XSM5
kompozito (apacioje) objektai (a); DLP 3D spausdinto AS40/160/XSMS5 kompozito
SEM nuotraukos (b)

AESO polimery kompozity bioskaidumas buvo nustatytas matuojant deguonies
suvartojimg uzdarame respirometre vandeninéje terpéje. Fototinklinty polimery
kompozity bioskaidumas po 60 dieny buvo 0,7-19,6 %, o celiuliozés, naudotos
palyginimui, bioskaidumas po to paties laiko sieké 54,4 % (12 pav.).
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12 pav. AESO polimery kompozity ir celiuliozés bioskaidumo kinetikos kreiveés

Kompozitas AS40/130/XSM5 su modifikuotu uzpildu, gautu i§ aliuminio
fluorido gamybos atlieky, pasizyméjo didZiausiu bioskaidumu — 19,6 %. Kompozito
AS40/130/XSMS5 tinklo tankis buvo mazesnis nei kompozito AS40/130/XS5, dél to
mikroorganizmai galéjo lengviau patekti | kompozity vidy, kas lémé ir didesn;j
bioskaiduma [64]. Dél pastebimai didesnio kompozito AS40/160/XSM5 bioskaidumo
ir geresniy kompozito savybiy, tokiy kaip Jungo modulis tempiant, tempiamasis
stipris, terminis stabilumas ir stiklé¢jimo temperatiira, §is kompozitas tampa tvaria ir

konkurencinga komerciniy i$ naftos produkty gauty produkty alternatyva DLP 3D
spausdinimui.
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5.

ISVADOS

1. Akrilinto epoksidinto sojy aliejaus ir kity gamtinés kilmés komonomery
tinklinius polimerus galima gauti fotopolimerizacijos biidu. Buvo nustatyta,
kad:

a. didesnis mirseno kiekis kompozicijose sulétino fotopolimerizacija
ir susidaré iki 43 % mazesnis tinklinio polimero netirpios frakcijos
kiekis, o tai lémé 20 karty mazesnes polimery gniuzdymo modulio
vertes;

b. keiCiant sintetinj divinilbenzeng gamtinés kilmés vanilino
dimetakrilatu, gauti polimerai, turintys iki 8 % didesnj tinklinio
polimero netirpios frakcijos kiekj ir daugiau nei dvigubai didesnes
gniuzdymo modulio vertes;

c. fototinkliniy polimery, sudaryty tik i§ gamtinés kilmés monomery,
gelio tasko, Slyties tampros modulio ir gniuzdymo modulio vertés
buvo panasios, palyginti su i§ komerciniy dervy gautais polimerais,
todél potencialiai gali biiti pritaikyti optiniam 3D spausdinimui.

2. Akrilinto epoksidinto sojy aliejaus polimerus galima fototinklinti
nenaudojant fotoiniciatoriaus ir pritaikyti tiesioginio lazerinio raSymo
technologijoje. Atlikus tyrimus nustatyta, kad:

a. akrilintas epoksidintas sojy aliejus suformavo kietus tinklinius
polimerus, nenaudojant jokio fotoiniciatoriaus ir tirpiklio;

b. vanilino dimetakrilatas dvigubai pailgino akrilinto epoksidinto sojy
aliejaus dervy fotopolimerizacijos trukme ir susidaré iki 57 %
mazesnis tinklinio polimero kiekis, kas lémé mazesnj gauty
polimery terminj stabilumg ir iki 3 karty mazesnes gniuzdymo
modulio vertes;

c. tiesioginio lazerinio raSymo technologija atspausdinti akrilinto
epoksidinto sojy aliejaus polimero objektai buvo stabilas ir iSlaiké
savo struktirg.

3. Fotoiniciatoriaus ir temperatiiros turi jtakos akrilinto epoksidinto sojy
aliejaus fotopolimerazijos kinetikai ir gauty polimery savybéms. Buvo
patvirtinta, kad:

a. esant aukstesnei temperatirai, akrilinto epoksidinto sojy aliejaus
tinklinis polimeras formuojasi greiciau;

b. dél didesnio fotoiniciatoriaus kiekio susiformavo stangresnis ir
trapesnis polimeras, kurio santykiné istjsa trukio metu sumaz&jo iki
3 karty;

c. etil(2,4,6-trimetilbenzoil)fenilfosfinatas yra tinkamiausias
fotoiniciatorius ir 3 mol % yra optimali koncentracija akrilinto
epoksidinto sojy aliejui fototinklinti.

4. Tinklinius gamtinés kilmés akrilinto epokidinto sojy aliejaus polimerus su
keturiais gamtinés kilmés reaktyviaisiais tirpikliais galima gauti
fotopolimerizacijos budu ir pritaikyti skaitmeniniam 3D spausdinimui
naudojant Sviesg. Nustatyta, kad:



a.

keiciant gamtinés kilmés reaktyviuosius tirpiklius
(izobornilmetakrilata, metakrilesterj, tetrahidrofurfurilakrilata ar
tetrahidrofurfurilmetakrilatg), galima gauti mechaninémis ir
terminémis savybémis besiskiriancius akrilinto epoksidinto sojy
aliejaus tinklinius polimerus;

gamtinés kilmeés polimery bioskilimas buvo létesnis uz celiuliozés
tomis paciomis eksperimento salygomis ir po 60 dieny sieke iki
7,5 %;

akrilinto epoksidinto sojy aliejaus ir izobornilmetakrilato polimery,
atspausdinty skaitmeniniu 3D spausdintuvu, naudojanciu $viesa,
parametrai: ~ Jungo modulis tempiant 4,75 GPa, stipris
tempiant 250,4 MPa, santykiné iStjsa trikio metu 8,5 %,
buvopanasis | polimery bandiniy, atspausdinty i§ komercinés
dervos Monocure3D Rapid Gray, skirtos skaitmeniniam 3D
spausdinimui naudojant $viesg, parametrus.

5. Kalcio hidrosilikato uzpildai turi jtaka tinkliniams akrilinto epoksidinto sojy

aliejaus

polimeriniams kompozitams, kurie gali bati pritaikyti

skaitmeniniam 3D spausdinimui naudojant §viesg. Buvo nustatyta, kad:

a.

didesnis inertinio uZpildo kiekis Iémé 800 MPa mazesnes Slyties
tampros modulio vertes 30 °C temperatiroje, Zemesne stikléjimo
temperatiirg nuo 99 °C iki 89 °C, 80 MPa mazesnj tempiamajj stipri
ir i§tjsg triikio metu nuo 4,7 % iki 1,6 %, taciau pagerino polimery
kompozity terminj stabilumg 12 °C temperatiiroje;

gauti geresni Sie kompozity su akriloksipropiltrimetoksisilanu
modifikuotu uzpildu, gautu i§ kalcio oksido ir aliuminio fluorido
gamybos atlieky, parametrai: Jungo modulis tempiant 10,7 GPa,
tempiamasis stipris 97,4 MPa, santykinés istjsa trukio metu 1,2 %,
terminis stabilumas 318,8 °C, esant 10 % masés nuostoliams, ir
stikléjimo temperattura 111,5 °C;

akrilinto epoksidinto sojy aliejaus polimery kompozitai su
akriloksipropiltrimetoksisilanu - modifikuotu uzpildu, gautu is
kalcio oksido ir aliuminio fluorido gamybos atlieky, atspausdinti
skaitmeniniu 3D spausdintuvu naudojant Sviesa, buvo itin tikslas
bei detaliis, pasizyméjo nustatyta stipria adhezija tarp spausdinty
sluoksniy, o jy bioskaidumas po 60 dieny sieké 19,6 %.
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ABSTRACT: Photocross linking of the resins composad of plant-derived monomers, acrylated epoxidized soybean oil (AESO), myrcene
(MYR) and wvanillin dimethacrylate (VDM) or divinylbenzene (DVB, for comparison), was performed using 2.2-dimethoxy-
2-phenylacetophenone as photoinitiator. Photocross-linking rate and properties of the crosslinked polymers depended on the resin com-
positions. The higher amount of MYR caused not only the better homogenization and lower viscosity of the resin but also the reduaion
of polymerization rate and the worse mechanical and thermal properties of the resulting polymers. The higher amount of aromatic com-
ponent (VDM or DVB) improved mechanical and thermal properties of polymers. Moreover, the use of VDM instead of DVB in the
system led to the higher photocross-linking rate and higher yield of insoluble fraction. The resin composed of only plant-derived mono-
mers AESO/MYR/ VDM, molar ratio 1:1:3, showed characteristics comparable to those of commercial petroleum-derived photoresins
and was sdected as a potential renewable photoresin for application in optical 3D printing. © 2019 Wiley Periodicals, Inc. J. Appl. Palym. Sci
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INTRODUCTION

In recent years, stereolitography or optical three-dimensional
(3D) printing, one of the additive manufacturing technologies,
attained a lot of interest due to the high printing accuracy and
speed, simplicity, and low raw material usage technology.! Ttis a
photopolymerization method, where photosensitive resin is poly-
merized layer by layer using UV/Vis light. Synthetic acrylates are
the most common choice in optical 3D printing because of their
relatively low cost and high light sensitivity.*

Among other renewable raw materials, soybean oil is one of the
most promising starting materials for polymer synthesis which
could replace petroleum-derived monomers. It containg a high
amount of unsaturated bonds which can be transformed into
more reactive functional groups® Acrylated epoxidized soybean
ail (AESO), containing high amount of various functional groups
such as acrylic, epoxy, and hydroxy groups, is commercially
available under Ebecryl 860 trademark.® Usually, AESO can be
crosslinked by UV/Vis light using appropriate photoinitiator and
varous comonomers improving solvent resistamce, mechanical,
and thermal properties of resulted polymers.®®

@ 2013 Wiley Periodicals, Inc.
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Variows petrolewm-derived aromatic comonomers such as sty-
rene, divinylbenzene (DVB), dicyclopentadiene acrylonitrile, and
others were used to improve the poor mechanical properties of
AESO polymers predetermined by fatty acid long aliphatic
chains.™'® Vanillin dimethacrylate (VDM) or methacrylated van-
illin alcohol, which can be produced from lignin, is a consider-
able candidate to replace petroleum-derived aromatic compounds
because of its high reactivity.” The polymerization of pure
VDM'® and VDM with maleinated AESO™ by thermal polymeri-
zation at 90-130 °C has been reported. However, a considerable
period of time of at least 2 h was consumed to achieve the good
mechanical and thermal properties of resulted polymers. Photo-
polymerization could be an altermative method to shorten the
polymerization time of such thermosets. Photoinitiator-free
photopolymerization of VDM and AESO was carrded out.'* Even
though the polymerization rate was in order of minutes, the
mechanical properties of obtained polymers were insufficient due
to the low yield of insoluble fraction.

Reactive diluents such as petroleum-derived bi- or triacrylates were
added to reduce the high viscosity (19000-31 000 ¢cP-mPa™".s™")
of AESO.'® They not only efficienty reduced AESO viscosity but

4 APPL POLYM. SCi. 2020, DOL: 10.1002/APF.48708
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also  were  inserted  into  polymer network during  photo-
polymerization. Matural compound myreene (MYR) could replace
the petroleum-derived reactive diluents due to the very low viscos-
ity'® and possession of three reactive double bonds, which one is
conjugated. MYR, 7-methyl-3-methylene-1 6-actadiene, is a mono-
terpene and a significant component of the essential oils of several
plants, including bay, cannabis, ylang-ylang, mango, wild thyme,
parsley, cardamom, and hops."”

In this study, the resins composed of commercially available
AESQ, DVE, and MYR were photocross linked in various ratios,
and plant-derived VDM was used as a replacement of DVBE
(Figure 1). The investigation of photocross-linking kinetics of the
resing composed of aforementioned monomers was carried out
by the real-time photorheometry for the first time. The depen-
dency of photocross-linking rate and properties of the crosslinked
polymers on the resin compositions was determined. The resin
composed of only plant-derived monomers, AESO, MYR, and
VDM, molar ratio 1:1:3, showed characteristics comparable o
those of commercial petroleum-derived photoresing Autodesk
Clear PR48 and Formlabs Clear FLGPCLO2 and was selected as a
potential renewable photoresin for application in optical 3D
printing

EXPERIMENTAL

Materials

AESO (an average number of acryloyl groups per molecule caleu-
lated from "H-NMR spectrum is 2.7 and 0.3 of epoxy groups),
MYR, DVB, and 2,2-dimethoxy- 2-phenylaceto phenone (DMPA)
were purchased from Sigma-Aldrich. Chloroform was purchased
from Chempur. VDM was purchased from Specific Polymers.
Commercial photosensitive resins Autodesk Clear PR48 (PR48)
and Formlabs Clear FLGPCLO2 (FLGPCLO2) were purchased
from original supplier. All materials were used without further
purification.

Preparation of Crosslinked Polymers

Curing formulations were prepared by mixing adequate amounts
(see Table I} of AESO, MYR, and aromatic compound (DVB or
VDM) at 40°C temperature with magnetic stirrer. 3 mol% of
photoinitiator DMPA was added. Prepared resins were poured

e

A

AESO
|
MYR ovVE

WILEYONLINELI BRARY COM/APP
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Table I Compositions of Photoresing

Resin AESO fmol) MY R fmiol) DVBmol VDM {mol
co 1 1 = =
ci 1 1 1 -
L= 1 3 1 =
C3 1 5 1 -
c4 1 1 = 1
C5 1 3 - 1
ce 1 = = 1
c7 1 1 <] -
cB 1 1 = =
Ccs 1 1 - 3
c10 1 1 = 5

into a tablet-shaped (@ 15 mm, b 3 mm) Teflon mold and irradi-
ated with Helios Italquartz, model GRE 500 W lamp, wavelength
range was (250-450) nm, intensity was 310 mW.cm ™ at the dis-
tance of 15 em, until hard polymer tablets were formed.

Chemical Structure Analysis

Chemical structure of photocross-linked polymers was confirmed
by Fourer transform infrared (FTIR) spectroscopy with Perkin
Elmer Spectrum BX II FTIR spectrometer. The spectra were

acquired from 10 scams. The range of wavenumber was
4004000 cm™ .
Soxhlet Extraction

The amount of insoluble polymer fraction was determined by
Soxhlet extraction. Samples of prepared polymers were wrapped
into a filter packapge and put in a Soxhlet apparats. Extraction
was performed with chloroform for 24 h Extracted polymer
specimens were dried under vacuum to constant weight. The
amount of insoluble fraction was calculated as the difference of
the sample weight before and after extraction.

(=]
H DOHy

DMPA

H"iﬁ} ;
o

Figure 1. Chemical gmcture of acrylated epoxidized soybean oil (AESDY), myrcene (MYR), divinylbenzene (DVEB), vanillin dimethacrylate (VDM), and

2.2-dimethoxy-2-phenylacetophenone.
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Kinetics of Photocross Linking

The investigation of photocross-linking kinetics was carried out
with MCR302 rheometer from Anton Paar equipped with platef
plate measuring system. Peltier-controlled temperature chamber
with the wp plate PPO8 (diameter of 8 mm) and the glass plate
(diameter of 38 mm) was used. Measuring gap was set to 0.3 mm.
The samples were irradiated at ambient temperature by UV/Vis
radiation in a wavelength range of 250-450 nm through the glass
plate of the lemperature chamber using UV/Vis spot curing sys-
tem OmniCure S2000, Lumen Dynamics Group Inc. Irradiation
intensity was 9.3 W cm™ (high pressure 200 W mercury vapor
short arc). Shear mode with the frequency of 10 Hz and strain of
0.3% was used. Storage modulus @, loss modulus GV, loss factor
tand (tand = G"/G"), and complex viscosity n* were recorded as a
function of irradiation time. The mean values of two to five sam-
ples of each resin were caleulated. The onset of UV/VIS irradia-
tion was at 60 s after experiment start for all samples.

Crosslinking density was caleulated according o the theory of
rubber elasticity using the following equation:

G'=vRT (1)

where v is a crosslinking density (mol-m™ ) G' is the steady-
state value of storage modulus taken from the real-time photo-
reometry measurement curve after 1200 s (Pa) R is the universal
gas constant (8314 Tmol 1K ™"); and T is the temperature (K)."*

Differential Scanning Calorimetry

Glass transition temperature (Tg) of the photocross-linked poly-
mers was estimated by differential scanning calorimetry (DSCL
The measurements were perfformed on a Perkin Elmer DSC 8500
apparatus with heating—cooling-heating rate of 10 °Comin™"
under nitrogen atmosphere (nitrogen flow rate 50 mL-min~').
The T, value was taken as the middle point in the heat capacity
step of the glass transition.

Thermogravimetric Analysis

Thermogravimetric analysis (TGA) measurements of prepared
polymers were performed on a Perkin Elmer TGA 4000 appara-
tus in the temperature range from room lemperature to 800 °C
at a heating rate of 20 °Comin™' under nitrogen atmosphere
(nitrogen flow rate 100 mL min™"),

Mechanical Testing
Mechanical properties of the photocross-linked polymer tablets
were estimated by compression test on a BDO-FBOSTH (Zwick!
Roell) testing machine at room temperature. The crosslinked
polymer specimen of 15 mm diameter and 3 mm thickness was
placed in a Teflon mold of the same size in order to avoid the
expansion of the specimen to the sides during the test. A eylin-
drical steel rod with a flat end of 8 mm diameter was pressed to
the polymer specimen. The speed of the rod movement was
s mmmin . The specimen pressure was stopped when the
upper force limit of 100 W was reached. The compressive modu-
lus was caleulated by the following equation:

Fla

E‘!:E (2)
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where E. is a compressive modulus (- mm ") Fis a force (N}

5 is a surface area of the specimen that interacts with the steel
rod flat end (mm®); I is an initial thickness of specimen (mm);
and Al is the difference of an initial thickness of specimen and
the thickness of a loaded specimen (mm).

The mean values of 10 samples of each resin were calculated.
Results with variaton below 5% within group were taken.

RESULTS AND DISCUSSION

Real-Time Phototheometry

In this study, AESO was used as the main component which is
easily UV/Vis-curable, plant-derived, and biodegradable mate-
ral. ™ Synthetic, cheap, and effective crosslinking agent DVB™
was used to improve mechanical properties of the polymer. As an
altermative for DVE, plant-derived bifunctional VDM was used.™
MYR was used to control mixture viscosity and dissolve solid
components. Due to three double bonds, MYR acts as a reactive
diluent which connects into polymer network™”

DMPA was used as photoinitiator. It absorbs full range of UV
light and decomposes according to Norrish T mechanism. DMPA
molecule generates two reactive free radicals which initiate radical
polymerization.™ It was determined eadier, that 3 mol% was an
optimum  concentration of DMPA to  initiate the photo-
polymerization of acrylates **

Ten different resing C1-C10 (Table I) were designed o invest-
gate the influence of their composition o the reaction rate and
properties of the resulting polymers. The resin without aromatic
component (C0) and two commercially available resins PR48 and
FLGPCLO2 were investigated for comparison.

The kinetics of photocross linking of the resing CO-C10 was
monitored by the real-time photorheometry. In photorheometry
test, the photosensitive resin values of storage modulus G, loss
modulus G, loss factor tand, and complex viscosity 5* were mea-
sured. During the UV/Vis irradiation of the resins, the values of
&, G, and n* started w rise indicating the formation of 3D
polymer network. The wiscous liguid transformed into a hard,
elastic polymer when the wvalue of G' increased faster and
exceeded the values of G”. At the gel point (t4) (when G = G")
loss factor tand, defined as G"/G, started o decrease,™ then
values of G and G increased continuously until the final degree
of crosslinking was reached ™7 As an example, the dependencies
of &, G, tand, and 7* on irradiation time of the resin C9 are
presented in Figure 2.

The wvalues of G', G", n*, and lge1 of the resins CO-C10, PR48,
and FLGPCLO2 are presented in Table IL It was determined that
all components of photopolymerizable compositions have an
impact to the kinetics of photocross linking. The dependence of
the photocross-linking kinetics on the amount of MYR is shown
in Figure 3. It was determined that the higher amount of MYR
was used in the resin, the longer induction period was observed.
The induction period was determined as a period of time, when
G, G", and g* started to increase rapidly from the onset of irra-
diation. Moreover, with the increment of MYR in resins, the
values of & reached their platean much slower, what indicated

JLAPPL. POLYM. SCI 2020, DO 10 100G2AFP 48708
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Figure 2. Dependencies of storage modulus &', loss modulus G, loss factor
tand, and complex viscosity 5% of the resin 0% on irradiation time.

200 300 400
Time ()

the reduction of the photocross-linking rate and the sluggish for-
mation of polymer network™

The reduction of the G’ values with an increase of MYR amount
in resin was observed. High & values indicated better mechanical
properties of polymers determined by the high density of cross-
links,™ The polymers with the higher amount of MYR had the
rarer 3D polymer network and the worse mechanical properties,
thus MYR was used mostly in small amounts as comonomer to
adjust elastomeric properties as a soft block.™

It was determined that the resins C4-C6 containing plant-derived
VDM had the higher photocross-linking rate than the resins con-
taining petroleum-derived DVB C1-C3, which was determined
by the shorter induction period and tg of C4-C6. Moreover, the
resing with VDM had the higher &' values than the resins with
DVB which indicated better mechanical properties of the formed
polymers.

Time dependencies of storage modulus G of the resins C1, C4,
and C7-C10 with different amouwnts of aromatic compounds are

WILEYONLINELIBRARY COM/APP
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shown in Figure 4 Aromatic component (DVB or VDM) of the
resing caused the higher rigidity of the formed polymers, as it
was observed comparing the maximal &' values of the resins C1,
G4, and C7-C10 with aromatic compounds and that of the resin
0 without aromatic compound. C0 showed G values lower from
2 to 5 times in comparison to other resins with aromatic com-
pounds (Table II). Also, the addition of aromatic compound
shortened the induction period and tgq but this tendency was
not valid for polymers with higher amount of DVB (C7, C8). It
was noticed that, when amount of DVB was increased from 1 to
5 mol, the gel time was prolonged by 67 s, but &' values were
increased by 6.55 % 10° Pa (C1, C7, and C8). It confirmed that
DVB was not only an effective comonomer improving mechani-
cal properties of the polymer™ but it also highly prolonged the
photopoly merization time.

It was determined that VDM was more efficient aromatic com-
pound comparing to DVB, because the addition of it improved
tgr and & values” Short gel time of the resing with VDM
showed the high photosensitivity of the compound, which is one
of the most important features for optical 3D printing™ The
resin with 3 mol of VDM (C9) showed the best results of tyy
(12 5) and G' (7.78 % 107 Pa). The higher concentrations of
photoinitiator caused the high levels of surface erosslinking which
did not allow UV/Vis radiation to penetrate into the lower layers
of the resin effectively and harden them properly.

The different rate of photocross linking of the resins with DVB
and VDM can be explained referring to their structure. Even
though both compounds are bifunctional, DVB has two vinyl
groups and VDM has two methacryl groups. Lee et al.™ invest-
gated the conwversion of acrylic and vinyl groups and determined,
that only after ~ 85% conversion of acrylate double bonds was
reached, did vinyl double bonds began to react and form a highly
crosslinked network. Thus, due to the high reactivity, acrylates
are one of the most common rmaterials in optical 3D printing**

Time dependencies of storage modulus G of the resins C9, PR48,
and FLGPCLO2 are shown in Figure 5. Since the resin C9 showed

Table T. Storage Modulus (7)), Loss Maodulos (GY), and Complex Viscosity (g*) at 1200 s and Gel Time (tga) of the Resins C0-C10, PR48, and FLGPCLO2

Resin & MPa) G" (MPa) n*(kPa-s| Lga 5]

co 1552+ 245 5133+223 261 +0.05 60x+15

0% § 3410+125 797283 557+ 381 3542
c2 362+125 102+ 063 060 +0.01 323+ B7
c3 014 +007 0.01L +0.002 0.02 = 0.001 465+ 117
c4 4764 125 558+ 3.63 762+ 2.06 1Bx+07
Cc5 30.B1L+6.85 B.BY =+ 2.B6 508+ 263 20079
L ] 063020 0.07 = 0.01 010+ 0.02 402 120
c7 3561 +348 1723+ 135 581+1.17 4B+ 14
ce 4064 +£1.85 10893 £ 405 6.69 + 5.93 102+ 55
coe T7BE3+x311 943102 1251 + 3.27 12+00
c10 4493+ 6.09 1791 £ 420 F7631+1.59 1510
PR48 2591 + 099 B37 £ 0.BB 433 +010 12+00
FLGFCLOZ2 7122+ 3489 1040 = 308 11391+ 053 12+10
= Gel ime was calculated from the on=et of UWNIS irradiation.
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Figure 3. Time dependencies of storage modulus ' of the resins Cl-Cé
with different concentrations of MYR and different aromatic compounds:
VDM (black) and DWB (red). [Color figure can be wviewed at
wileyanlinelibrary.com|

the best results of all newly composed resins CO-C10 (Table II),
it was compared with commercial resing PR48 and FLGPCLO2.
The induction period of the resins C9 and PR48 was very close,
6 and 5 s respectively. However, the commercial resin
FLGPCLO? had no induction period, its photocross linking
started at the same time as the UV/VIS lamp was switched on
(Figure 5). All three resins C9, PR48, and FLGPCLO2 had very
similar values of the gel time in the range of 12-13 s PR48
showed the lowest &' values (2591 £+ 099 MPa), while & values
of C9 and FLGPCLO2 were wvery close, 7783 + 311
7122 + 349, respectively.

and

Characterization of Photocross-Linked Polymer Structure

The crosslinked materials were studied by FTIR, which spectra
showed the typical absorption bands of the polymers CO-C10
and the reduction of acrylic group absorption signal at
1637 em™ ', As an example, FTIR spectra of AESO, MYR, DVE,

10°

-
°-u

- =
on'.. ﬂ“

-
°_l

-
Q,

Storage modulus G' (Pa)

-
n.I!.

o 100 200 300 400 500 600

onset of UVAIS
Irradiation

Figure 4. Time dependencies of storage modulus ' of the resin without
ammatic compound CO (purple) and the resins C1, C4, and C7-C10 with
different amounts of aromatic compound: VDM (black) and DVE (red).
[Caolor figure can be viewed at wileyonlinelibrary.com)]
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Figure 5. Time dependendies of starage modulus ' of the resins C9, PR48,
and FLGPCLO2,

Time, s

VDM, and crosslinked polymers C1 and C4 are presented in
Figure 6.

All polymers with DVE showed new absorption signals of aryl
alkyl ether groups C—O—C at 1267 and 1295 cm™ ', Also, the
reduction of the absorption signals of AESD acrylic group C=C
at 1630 cm™' and DVB vinyl group =C—H at 897 em™" was
observed which confirmed the formation of polymer network
from AESO and DV B molecules.

Strong absorption signals of AESO aliphatic C—H groups at 2927
and 2855 cm™! and alkyl ether group C—O—C at 1160 cm™?
were observed in FTIR spectra of all polymers with VDM Also,
the reduction of the absorption signals of AESD and VDM
acrylic group C=—C at 1630 em™ and winyl group —C—H of
MYR at 890 cm™' was determined which confirmed the forma-
tion of the crosslinked polymer strocture from all three
MONOMErs.

Formation of polymer crosslinked structure was confirmed by
Soxhlet extraction. The yields of insoluble fraction of the
crosslinked polymers obtained after Soxhlet extraction with chlo-
roform for 24 h were in the range of 53-99% (Table IIT). It was
determined that the higher amount of MYR was added to the
reaction mixture, the lower yield of insoluble fraction of polymer
was observed. This confirmed the tendency of MYR to form lin-
ear and/or branched polymer chains™ Also, the FTIR spectra
showed the increment of methyl and methylene groups C—H sig-
nals at 1459 and 1407 em™" which corresponds tv —CH, and
—CH; bending vibrations of polymers C5-C6 and C9-CI0,
respectively” The photocross-linked polymers with VDM frag-
ments indicated the higher values of the yield of insoluble frac-
tion values than those of the polymers with DVE fragments. The
crosslinked polymers with VDM fragments as well as PR48 and
FLGPCLOZ indicated the highest values of the yield of insoluble
fraction which defined the acrylate ability to exhibit high reaction
rate and high density of crosslinks™ However, no significant
influence of the amount of aromatic component o the yield of
insoluble fraction of the synthesized polymers was observed.
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Figure 6. FTIR spectra of AESD, MYR, DVE, and the crosslinked polymer C1 (a) and AESD, MYR, VDM, and the crosslinked palymer C4 (b).

Thermal Properties values of the T, of all polymers were very low (from =106 to
DSC confirmed that all synthesized photocross-linked polymers —7 2C) even the polymers were solid materials at room tempera-
were amorphous materials. Only the glass transition was ture (Table IIT). Such low T values were determined by the fexi-
observed in the thermograms of all polymers synthesized The  ble chains of AESO and MYR The crosslinked structure of

Table WL Yield of Insoluble Fraction, Thermal, and Mechanical Analyss Drata of the Crosslinked Polymers

Polymer Yield of insoluble fraction™ {36) Dansity of crosslinks® fkmolm—) Tg‘: = Taac-10m (FC) E7 (MPa)
c1 4 1383 + 050 97 360 98+020
cz2 93 146 = 0.50 -BO 350 B4+ 006
Loxc 53 0.58 + 0.02 -70 350 1.1 0.02
c4 97 1923 x 5.06 -87 340 18.4 £ 0.2
=S 94 1241+ 281 -9.0 350 99+02
C& 58 0.03 = 0.01 -10.0 355 0.5+ 0.14
Cc7 BB 1440+ 141 -75 360 7.6+0.35
cg S0 1643+ 079 -10.6 360 9.7+ 0.20
co SE 3142126 -BEB 350 212+02
cio 9S4 1814 +427 -94 365 158+ 02
PR48 99 1052 + 0.40 nf n 169+ 03
FLGPCLOZ 99 2871+ 787 n n 131 +03

= After Soodhlet extraction with chloroform for 24 h.

" Density of crosslinks caloulsted scconding to the theory of rubber elasticity.
= Glass transition tempersture estimated by DSC.

4 Tempersture at the weight loss of 10% obtained from TGA curve.

=Y oung's modulus from the top pressure test.

"ot messured.
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Figure 7. Thermogravimetric curves of the polymers C4, %, and C10.

100 200

polymers caused their solid state at room temperature. These fea-
tures of the natural oil-based crosslinked polymers were observed
in earier studies™® Mo clear dependency of the amount of
MYR, VDM, or DVB on the T values of the synthesized poly-
mers was observed,

TGA confirmed that the photocross-linked polymers exhibited
high thermal stability. Thermal decomposition of all polymers
occurred in one step. As an example, TGA curves of the
crosslinked polymers C4, C9, and C10 are presented in Figure 7.
The 10% weight loss temperatures (Tie. me) of all photocross-
linked polymers were wvery similar and ranged from 340 tw
365 *C (Table HI). No clear dependency of the used aromatic
compound and amount of MYR on the Ty ime values of the
crosslinked polymers was observed.

Mechanical Properties

The mechanical properties of the synthesized crosslinked polymer
samples were investigated by the compression test. No visible
cracks were observed after the testing of all polymer specimens.
The dependency of Young's modulus of polymers with different
aromatic compounds on molar amount of MYR is shown in
Figure 8. It was observed that the wvalue of Young's modulus

20

- -
- LX) @
L L M

Young's modulus (MPa)

=
L

2 3 4 3
Amount of MYR {mol}

Figure 8 Dependency of Young's modulus of the polymers with 1 mol of
different aromatic compounds on maolar amount of MYR.
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decreased when the higher amount of MYR was present in the
resin. It could be explained by the formation of MYR soft and
flexible chains and by lower crosslinking density in such cases
leading to the loss of polymer stiffness.®

The higher yield of insoluble fraction of the crosslinked polymer
was observed when the higher value of Young's modulus was
reached (Table IIT). It was observed that the higher values of
Young's modulus of the photocross-linked polymers with VDM
fragments were reached comparing to the polymers with DVB
fragments. However, no significant influence of the amount of
aromatic component to Young's modulus of the synthesized
polymers was observed.

CONCLUSIONS

The novel crosslinked polymers were synthesized from AESO,
MYR, and VDM or DVB by UV/Vis photopolymerization. It was
observed that MYR significantly reduced not only the viscosity of
resin but also the rate of photocross linking, and impaired
mechanical properties of polymers. The replacement of the
petroleum-derived aromatic component DVB by plant-derived
VDM led to the higher rate of photocross linking, better mechan-
ical, and thermal properties of polymers. The resin composed of
only plant-derived monomers, AESO, MYR, and VDM, molar
ratio 1:1:3, showed characteristics comparable to those of com-
mercial petroleum-derived photoresing and was selected as a
potential renewable photoresin for application in optical 3D
printing.
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Abstract: In this study, acrylated epoxidized soybean oil (AESO) and mixtures of AESO and vanillin
dimethacrylate (VDM) or vanillin diacrylate (VDA ) were investigated as photosensitive resins for
optical 3D printing without any photoinitiator and solvent. The study of photocross-linking kinetics
by real-time photorheometry revealed the higher rate of photocross-linking of pure AESO than that
of AESCO with VDM or VDA, Through the higher yield of the insoluble fraction, better thermal and
mechanical properties were obtained for the pure AESO polymer. Here, for the first time, we validate
that pure AESO and mixtures of AESO and VDM can be used for 3D microstructuring by employing
direct laser writing lithography technique. The smallest achieved spatial features are 1 pm with a
throughput in 6900 voxels per second is obtained. The plant-derived resins were laser polymerized
using ultrashort pulses by multiphoton absorption and avalanche induced cross-linking without the
usage of any photoinitiator. This advances the light-based additive manufacturing towards the 3D
processing of pure cross-linkable renewable materials.

Keywords: acrylated epoxidized soybean oil; wvanillin dimethacrylate; wvanillin diacrylate;
photocross-linking; direct laser writing; nanolithography; optical 3D printing; two-photon
polymerization (2PP); multi-photon processing

1. Intreduction

In recent years, 3D printing or rapid prototyping as a flexible additive manufacturing technique
became very popular because of its simplicity, relatively low cost, and unlimited creativity. This
process enables the creation of complex three-dimensional objects which cannot be cut, assembled
or carved. It is possible because of Computer-Aided Design (CAD) modeling, where various objects
are generated and files are transmitted for the printing of 3D items [1]. Stereclithography (SLA) is
a process which obtains a high printing accuracy and speed, simple and low raw material usage
technology [2]. It is a layer by layer photopolymerization method, where the photosensitive resin is
polymerized by UV /VIS light.

Epoxy and acrylic resins are the most popular materials in optical 3D printing. Printed epoxy
polymers have low shrinkage and high structural stability, while acrylates have high light sensitivity,
low critical energy and viscosity, controllable mechanical properties and relatively high dependence
on temperature and humidity changes [3]. While epoxides have higher structural stability, acrylates
possess higher photosensitivity due to which they are more popular in the SLA process.

Most of the photosensitive resins for optical 3D printing are made from acrylic oligomers,
acrylic monomers and/or reactive diluents, photeinitiator and UV stabilizators/blockers [4].
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Polymers 2019, 11, 116 Zofl4

Fhotopolymerized acrylates are in an irregular molecular structure because of high curing speed.
Petroleum-derived acrylic resins such as polyesters, polyether oligomers or diglicidylether bisphenol
A acrylates are those that are mostly used for optical 3D printing [5]. Due to decreasing petroleum
recourses, it became crucial to search for alternative materials such as renewable resources [6]. Matural
oils are one of the best alternatives for petroleum-derived resins [7-9]. Due to their richness in double
bonds which can be polymerized or converted to other functional groups, biodegradability and
renewability, natural oils became a popular target of researchers [10,11].

Soybean oil is one of the most promising materials to replace petroleum-derived resins. It contains
a high amount of unsaturated fatty acids such as monounsaturated oleic acid (C-181, ~23%),
polyunsaturated o-linoleic acid (C-18:3, 7-10%), and linoleic acid (C-18:2, ~51%) [12,13]. Carbon-carbon
double bonds of fatty acids can be oxidized [14], polymerized [15,16] or conwverted to various reactive
groups [17-19].

Acrylated epoxidized soybean oil (AESO) is produced by the epoxidation of fatty acid double
bonds followed by epoxy ring acrylation [20-23]. Due to the high amount of various functional
groups such as the acrylic, epoxy and hydroxy groups, AESO is widely used in industry and is
commercially available under Ebecryl 860 trademark [24]. AESQO can be polymerized by UV/VIS
light using appropriate photoinitiators and can form a cross-linked polymer network. AESO is
already photopolymerized with polycaprolactone diacrylate and polyethylenglycol diacrylate [25],
tetrahy drophurphuryl acrylate [26,27], myrcene [28], and various thiols [29,30]. The addition of
comonomers improved the mechanical and thermal properties as well as solvent resistance of the
resulted polymers. Due to AESO fatty acid long aliphatic chains, cross-linked polymers are soft and
mechanically resistless. To improve the polymer mechanical properties, aromatic comonomers are
added. Such compounds such as styrene [31,32], divinylbenzene (DVB) [33,34], dicyclopentadiene [35]
and acrylepox ymethylester [36] were used as stiffening agents for AESO polymers. But these materials
are petroleum-derived and harmful to health [37-39]. Initially, we selected the plant-derived vanillin
acrylates to replace the petroleum-derived aromatic compounds because of their aromatic structure,
renewability and reactivity [40].

Vanillin dimethacrylate (VDM) or methacrylated vanillin alcohol is produced from lignin, one of
the most abundant natural polymers [41]. The bio-based thermosets made from VDM and maleinated
AESO showed high glass transition temperatures (63-79 “C) and high Young's modulus values (570-855
MPa), but a high viscosity of the mixture and very long reaction time (about 8 h) was also observed [42].
Vanillin diacrylate (VDA) is a bifunctional aromatic compound which can also be produced from
lignin. It has bwo acrylic groups which can be polymerized via free-radical polymerization, yet no data
was found of its usage in polymerization.

In this study, the plant-derived AESO, VDM and VDA (Scheme 1) were used as photosensitive
monomers for the optical 3D printing of thermosets. The monitoring of photocross-linking kinetics
was carried out by real-time photorheometry which provides a wide range of information on typical
rheological properties such as viscosity and shear modulus while the material is irradiated with
UV /VIS light. It enables us to track the occurrence of structural phenomena, such as gelation and
vitrification [43], indicating the moment, when the structural changes have started [44]. The chemical
structure of the polymers was investigated by FTIR spectroscopy. The formation of polymer
cross-linked structure was confirmed by Soxhlet extraction. The thermal properties of cross-linked
polymers were investigated by differential scanning spectroscopy and thermogravimetric analysis.
The compressive modulus was determined from the top pressure test. The plant-derived resins AESO
and AESO/VDM were laser polymerized using ultrashort pulses by multiphoton absorption and
avalanche induced cross-linking without a photoinitiator.
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Scheme 1. The chemical structure of acrylated epoxidized soybean oil (A ESO), vanillin dimethacrylate
(VDM and vanillin diacrylate (VDA).

2. Materials and Methods

2.1. Materials

Acrylated epoxidized soybean oil (AESQ, an average number of acryloyl groups per molecule
calculated from the '"H-NMR spectrum is 2.7 and 0.3 of epoxide groups) was purchased from
Sigma-Aldrich (Darmstadt, Germany). Vanillin dimethacrylate (VDM) and vanillin diacrylate (VDA)
were purchased from Specific Polymers. Chloroform was purchased from Chempur (Karlsruhe,
Germany). All materials were used without further purification.

2.2, Real-Time Photorieometry

UV /VIS curing tests of pure AESO and two resin series, AES0,/VDM and AESO/ VDA (Table 1),
without any photoinitiator and solvent were carried out with an MCR302 rheometer from Anton
Paar (Graz, Austria) equipped with plate/plate measuring system. A Peltier-controlled temperature
chamber with the glass plate (diameter of 38 mm) and the top plate PPO8 (diameter of 8 mm) was used.
The measuring gap was set to 0.3 mm. The samples were irradiated at room temperature by UV/VIS
radiation in a wavelength range of (250-450) nm through the glass plate of the temperature chamber
using a UV/VIS spot curing system OmniCure 52000, Lumen Dynamics Group Inc (Mississauga,
Omtario, Canada). The intensity of the irradiation was 9.3 Wecm 2 (high pressure 200 W mercury vapor
short arc). Shear mode with a frequency of 10 Hz and a strain of 0.3% was used. Storage modulus
G', loss modulus G”, loss factor tanb (tané = G”/G"), and complex viscosity n* were recorded as a
function of irradiation time. The onset of UV /VIS irradiation was at 60 s after the experiment start for
all samples.

2.3. Preparation of Cross-Linked Polymers

The homopolymer pAESO was synthesized from pure AESO and the copolymer series
pAESO/ VDM was synthesized from the mixtures of AESC and VDM without a photoinitiator and
any solvent. The mixtures of AESO and VDM (Table 1) were stirred at 40 “C for 24 h. Resins were
poured into a tablet-shaped (& 15 mm, h 3 mm) Teflon mold and irradiated with Helios Italquartz,
model GE.E 500W lamp with an intensity of 310 mW-cm 2 at the distance of 15 cm until hard polymer
tablets were formed.

2.4, Chemical Structure Analysis

Fourier Transform Infrared Spectroscopy (FT-IR) measurements of photocross-linked polymer
samples were performed on a Spectrum BX II FT-IR spectrometer (Perkin Elmer, Llantnsant UK.
The spectra were acquired from 10 scans. The range of the wavenumber was (200—4000) cm ™
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2.5, Soxhilet Extraction

The amount of the insoluble fraction was determined by Soxhlet extraction. Samples of
photocross-linked polymers were put into a filter package and placed in a Soxhlet apparatus
(Sigma-Aldrich, Darmstadt, Germany). Extraction was performed with chloroform for 24 h. Insoluble
fractions were dried under vacuum to a constant weight. The amount of insoluble fraction was
calculated as the difference of the sample weight before and after ex traction.

2.6. Differential Scanning Calorimetry

The glass transition temperature I:'I'g] of the photocross-linked polymers were estimated by
differential scanning calorimetry (DSC). The measurements were performed on a DSC 8500 apparatus
(Perkin Elmer, Llantrisant, UK) with a heating-cooling-heating rate of 10 “C-min ! under a nitrogen
atmosphere (nitrogen flow rate 50 mL-min 1) The Tlq value was taken as the middle point in the heat
capacity step of the glass transition.

2.7. Thermogravimetric Analysis

The thermal stability of prepared polymers was determined by thermogravimetric analysis (TGA).
The measurements were performed on a TGA 4000 apparatus (Perkin Elmer, Llantrisant, UK) in a
temperature range from room temperature to 800 “C at a heating rate of 20 °Comin~ ! under a nitrogen
atmosphere (nitrogen flow rate 100 mL-min—1).

2.8, Mechanical Testing

The mechanical properties of the photocross-linked polymer tablets were estimated by a
compression test on a BDO-FBO.5TH (Zwick/ Reell, Kennesaw, Georgia, USA) testing machine at
room temperature. The cross-linked polymer specimen with a 15 mm diameter and 3 mm thickness
was placed in a Teflon mold of the same size in order to avoid the expansion of specimen to the sides
during the test. The specimen was pressed with a cylindrical steel rod with a flat end diameter of 8 mm.
The speed of the rod movement was 5 mm /min. The specimen pressure was stopped when the upper
force limit of 100 N was reached. The compressive modulus was calculated by the following equation:
_F-ly
T 5-Al
where E; is a compressive modulus [:N,-‘m.mz}; F is a force (N); 5 is a surface area of the specimen that
interacts with the steel rod flat end (mm?2); Iy is an initial thickness of the specimen (mm); Al is the
difference of the initial thickness of the specimen and the thickness of a loaded specimen (mm).

The mean values of the ten samples of each polymer were calculated. Results with a within-group
wvariation below 5% were taken.

E: (1)

2.9. Direct Laser Writing 3D Lithography

Direct laser writing (DLW) 3D lithography experiments were conducted employing a Pharos
laser (515 nm, 300 fs, 200 kHz, Light Conversion Ltd, Wilnius, Lithuania), 20 x NA = 0.8 objective
and the combined movement of the linear stages and Galvano-scanners. A detailed description of the
experimental setup can be found in a previous publication [45]. The goal was to figure out if AESO and
VDM monomer based resins can be suitable for ultra-fast laser pulses initiated by 3D polymerization
in a confined space. An investigation test to assess the optimal fabrication parameters was performed.
A 3D model of so-called resolution bridges (EB) was programmed accordingly. It consisted of five
rectangle-shaped columns which were 15 um wide, 60 um long and 15 um high. Gaps between the
columns varied from 5 um to 20 um every 5 um. The five straight lines perpendicular to the columnar
long edges formed in the gaps. Such a structure corresponds to the RB suspended between the columns.
Each line was polymerized from a single laser beam scan. RBwere obtained with different longitudinal
and lateral sizes by varying the laser power (P), which corresponded to the light intensity (T) at the
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sample and the scanning velocity (v). It enabled the evaluation of the smallest features and their
dependence on the applied I which could be formed in AESO and VDM based resins. The capability
to form 30 microporous woodpile structures was demonstrated. They consisted out of two layers
separated via vertical 20 um height columns. The layers were made of a 15 um wide and 75 pm long
log pattern with a 15 pm gap bebween the logs, resulting in a 30 um period. Each log was made from
multiple scans whose number depended from the distance dyy between scans. dy, was 0.25-2 um every
0.25 pm. During the fabrication, the resin was placed between two glass slides, as shown in Figure 1.
After the exposure the samples were developed in 4-methyl-2-pentanone for 15 min, removing the
uncured resin and leaving only the formed structures on the substrate. The fabricated structures were
characterized using a scanning electron microscope (SEM, Hitachi TM-1000, Tokyo, Japan).

e}

ubstrate - microscopic glass slide

Cower - micrascopic glass slide
(6] Squsared resin

Figure 1. The explanatory scheme of a sample preparation and Direct Laser Writing (DLW) 3D
lithography: (a) Kapton tape attached to the glass slide and working as an infermediate, resin’s droplet
drop cast on such a substrate; (b) another glass slide used as a cover to squeeze the droplet and spread
it uniformby through the substrate; (c) laser beam focused through the cover glass into the resin and
initiating the 3D confined polymerization reaction.

3. Results

3.1. Kinetics of Photocross-Linking

In this study, the photocross-linking of AESO and the mixtures of AESO and VDM or AESO and
VDA was performed without any photoinitiator and solvent. The composition of resins is presented in
Table 1. Different ratios of AESO and VDM or VDA were used in the resin series AESO/VDM and
AESO/VDA. The resin AESO/VDM1 contains the maximum amount of VDM possible to dissolve
in AESQ without any solvent at 40 “C. The same amounts of VDA and VDM were taken in the resin
series AESO/ VDA and AES0/VDM for comparison.

Table 1. The composition of resins,

Resin Ratio of Functional Ratio of Amount of
Groups 1 Monomers, mol Monomers, g
AESO - 1 1.5
AESO/VDM1 151 11 1.5/0.375
AESQ/VDM2 31 105 1.5/0.187
AESO/VDM3 ixl 1:0.25 1.5/ 0004
AESO/VDATL 151 11 1.5/0.339
AESQ/NVDAZ a1 LS 1.5/0.170
AESQ/NVDASZ ixl 1:0.25 1.5/ 0.085

! Ratio of AESD acrylic groups and VIM or VDA acrylic groups.
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The kinetics of photocross-linking was monitored by reaktime photorheometry. In the
photorheometry test, when the photosensitive resin is being irradiated with UV /VIS light, the values
of storage modulus G, loss modulus G”, and complex viscosity n® start to increase. This increment
indicates the formation of a three-dimensional polymer network. During the process, the values of
G’ increase faster and exceed the values of G” showing the high viscosity Mewton liquid transforms
into a hard elastic polymer. In this transformation, the point where G" = G” is commonly used to
define the gel point (tg) [46]. At this point, the loss factor tand, the ratio of the viscous and the elastic
portion of the viscoelastic deformation behavior (G”/G") starts to decrease. Then, the values of G
and G” increase continuously and the tand value decreases until the final degree of cross-linking is
reached [47,48]. As anexample, the dependencies of G', G”, tand and n* on the irradiation time of the
photocross-linking of AESO are presented in Figure 2.

10°] ‘.-""_-””_‘--— ______

0] R
07T
L
w4 - -- - Storage Modulus G' (Pa)
1 — — - Loss Modulus G" (Pa)
10° 4 —-—- Loss Factor tana
—— Complex Viscosity n* (mPas)
10'4 :
b
104 N
“"-—- ___________________ —_—— e — .
10'd... ...
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Omsat of UV/VIS i
eradiets Tume (s}

Figure 2. The dependencies of storage modulus G, loss modulus G”, loss factor tand and complex
wviscosity n* of AESO on irradiation time.

The values of G°, G", n*, and ) of AESO, the resin series AESO/VDM and AESO/VDA are
presented in Table 2. It was determined that the rate of photocross-linking of resins containing AESO
and VDM or VDA was lower than that of pure AESO. The addition of VDM or VDA to the resins
caused a longer induction period and the higher tg) values. The values of Egel of the resin series
AESO/VDA were much higher than those of AESO or the resin series AESO/VDM. Moreover, the G
values of AESO were higher than those of the resin series AESO/ VDM and AESO/ VDA, indicating
the lower rigidity of the latter polymers (Figures 3 and 4).

Table 2 The storage modulus (G'), loss modulus (G”), complex viscosity (n*), and gel time (tg.) of

all resins.

Resin G Pa G" 1, Pa n* !, mPa-s Loels 5 2

AESO 476 % 108 1.47 x 10F 7.93 % 10* 49
AESO/VDMI 265 = 106 101 = 106 451 = 10% 98
AESCHY VM2 270 % 105 9.31 % 10F 455 % 10% 91
AESO/VDM2 351 = 106 L18 x 106 580 x 104 &6
ABESO/VDAL 589 % 10° 227 % 1P Lol x 10t TE2
AESO/VDAZ L1 x 105 374 % 1P 187 x 10* 531
AESO/VDAS 356 = 106 L17 x 106 5.96 x 104 290

1 atan irradiation Home of 600 s for AESO and AESD VDM, and 1800 & for AESOY VDAL T caleulated from the onset
of UV /WIS ircadiation
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It is known that the acrylic group is more reactive than methacrylic [49]. This explains the increase
of the induction period and tg) value during the photocross-linking of the resin series AESQO/ VDM
in comparison to AESQ. Additionally, the slope of the G” curve of AES(C was steeper than that of the
resin series AESO/ VDM indicating the quicker formation of the polymer network [50]. High G” values
indicate better mechanical properties of polymers caused by the high density of cross-links [41]. Thus,
the higher G’ values of AESQ indicate the higher density of cross-links in this polymer (pAESO).

10°]
1074
m
o gt
o ——AESO
© 1074 —— AESO/VDM1
= —— AESO/NVDMZ2
B 1077 —— AESO/VDM3
= 1

10° 4
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Figure 3. The irradiation time dependencies of the storage modulus G of AESO and the resin series
AESO/VDM.
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Figure 4. The irradiation time dependencies of the storage modulus G’ of the resin series AESO/ VDAL
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The irradiation time dependencies of the storage modulus of the resin series AESO/VDA are
shown in Figure 4. The photocross-linking kinetics of this resin series strongly depends on the VDA
concentration. The higher the amount of VDA was used, the higher the values of t ) obtained (Table 1).
The increase of the VDA amount caused the lower G values obtained to show a lower density of
cross-links in these polymers. The induction period of AESO/ VDA was longer and the G values were
lower compared to those of the resin series AESO/VDM. Due to these data, especially due to the very
high teal values of the resin series AESO/VDA, further experiments were performed only with AESO
and the resin series AESO/ VDM

3.2, Characterization of Photocross-Linked Polymer Structure

The chemical structure of the polymer pAESD and the polymer series pAESO/VDM was
investigated by FTIR spectroscopy (Figure 5). The reduction of the acrylic group signal at 1637 !
was observed in the FTIR spectra of photocross-linked polymers pAESO and all the polymers
pAESO/VDM in comparison to that of the FTIR spectra of AESO and VDM showing that most
of the acrylic groups were reacted. The more intensive signal of acrylic group C=C at 1630 em Lin
FTIR spectra of pAESO/VDM could be assigned to the free VDM methacrylic groups. The strong peak
at1513 em—lis assigned to VDM aromatic ring C=C vibrations.

R

]

1

C=C =

C-0C

T T T T T T T T T T T 1

2000 1300 1600 1400 1200 1000 800 &00
Wavenumber {cm™)

Figure 5. The FT-IR spectra of AESO, VDM, homopolymer pAESO and copolymer series pAESO VM.

The formation of polymer cross-linked structure was confirmed by Soxhlet extraction. The yield
of insoluble fraction of pAESO was much higher (88%) than that of the cross-linked polymers
PAESO/ VDM (31-63%) (Table 2). This showed that AESO tends to form densely cross-linked polymers
even without photoinitiators. Sucha low yield of insoluble fraction of the polymer series pAESO/VDM
could be explained by the tendency of VDM to form linear and/ or branched polymers. This staternent
is confirmed by the increase of the yield of an insoluble fraction with the reduction of VDM amount.
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3.3. Thermal Properties

DSC confirmed that all synthesized photocross-linked polymers are amorphous materials. Only
the glass transitions were observed in the thermograms of all the polymers prepared. The values of the
glass transition termperatures (Ty) were very low and varied from —4.5 °C to —1.6 °C (Table 2) even
though these polymers were solid materials at room temperature. Such low T, values were determined
by the flexible chains of AESQO. The lower Ty value of the polymers pAESO/VDM1 and pAESO/VDM2
than pAVDM3 could be explained by their lower yield of insoluble fraction. A huge amount of linear
and/ or branched macromolecules was formed in these polymers probably due to the different activities
of the functional group affected the T, value of these copolymers [51]. The cross-linked structure
of polymers caused their solid state at room temperature. Such a feature of the natural cil-based
cross-linked polymers was observed in earlier studies [30,52].

Table 3. The yield of the insoluble fraction and the thermal and mechanical characteristics of the
cross-linked polymers,

Polymer Yield of Insoluble Fraction " (%) Tg® (7))  Tyuoge * (°0) E. * (Pa)

PAESO B8 —45 356 062 + 0.1
PAESO/VDM1 31 26 295 0,19 £ 0.03
PAESO/VDM2 48 —26 318 0.46 £ 0.13
PAESO/VDM3 63 16 331 0.66 £ 0,13

1 After Soxhletextraction with chleroform for 24 h; ? Glass transition lemperature estimated by DSC; ? Temperatuse
at the weight loss of 10 % obtamed from TGA curves; 4 Compressve modulus from the top pressume test.

TGA confirmed that the photocross-linked polymers exhibited high thermal stability. TGA curves
of the cross-linked polymers are presented in Figure 6. The 10% weight loss temperatures (Tgec10m) of
PAESO and the polymer series pAESO/ VDM range from 295 °C to 356 “C (Table 3). It was noticed, that
the higher the amount of VDM was used, the lower the Tg..19%, value indicated. Lower Ty.q 109 values
and a two- or even three-step thermal decomposition of the polymers containing VDM fragments
could be due to the higher rate of linear and/or branched macromolecules while higher thermal
stability is related to the high density of the cross-links [53].

pAESO
— pAESONVDMI
— pAESONDMZ
— pAESOMNDM3

0 100 200 300 400 500 600 70O 800
Temperature (°C)

Figure 6. The thermogravimetric curves of the polymers pAESD and the polymer series pAESO/VDM.
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3.4, Compressive Modulus

The compressive modulus of the synthesized cross-linked polymer samples was determined
from the top pressure test. Mo visible cracks were observed after the testing of all polymer samples.
The higher value of the compressive modulus was observed for the polymer pAESQ in comparison
to that of the polymers pAESO/NVDMI1 and pAESQ/VDM2, and similar to that of the polymer
pPAESO/VDM3 (see Table 2). This shows the correlation of the compressive modulus and insoluble
fraction of cross-linked polymers. The higher yield of the insoluble fraction caused the higher value of
the compressive modulus. The tendency of the increase of the compressive modulus with the reduction
of the VDM amount in the resin was also observed.

3.5 Characterization of DIW 3D Lithography Produced Structures

RB and 3D microporous woodpile structures obtained via DLW 3D lithography out of AESO and
ASEQ/VDM]1 were characterized. These plant-derived resins were laser polymerized using ultrashort
pulses by multiphoton absorption and avalanche induced cross-linking [54,55]. Scanning Electron
Microscopy (SEM) images are shown in Figure 7. Figure 7a demonstrates RB—five columns with five
straight lines perpendicular to the column long edges. Figure 7b shows a close up view of RB from the
top. P was set to 0.6 mW (2 TW/ cm?) for the lines and each line was scanned with a different wvelocity
o, varying from 2 mm/'s to 6 mm/s. It can be seen that each line has a slightly different width: the
higher the ©, the narrower the line. Further 30 microporous woodpile structures were formed. Arrays
of 75 = 75 um? woodpiles are demonstrated in Figure 7c,e. Inboth cases, vwas set to 5 mm,/s and P
was varied in the range of 0.4-1 mW (1.3-3.3 T‘r'h’fcmz). It can be seen that an increased laser power
P higher than dyy can be used. Finally, the mm scale woodpiles were fabricated. Figure 7d shows a
1065 = 1065 um® woodpile with a 75 um period and 4 layers, v =5 mm/s, P= 0.4 mW (L3 TW/cm?).
However, it did not sustain itself due to the low mechanical rigidity. Figure 7f demonstrates a
1095 = 1095 u.m2 woodpile with a 120 pm period and 6 layers, v =5 mm/'s, P= 0.6 mW (2 TW,fcrnz).
The structure sustained itself and had a 3D architecture. To sum up, AESO and the resin AESO/ VDM1
can be the great candidates as new renewable materials for DLW 3D lithography technology [56]. It has
a wide working window ranging P from 0.1 mW to 1 mW (dynamic fabrication window aspect ratio
10 times). Spatial features of 1 um and a 6900 voxels /second throughput was achieved as a method
for the evaluation of normalized p-3D fabrication throughput [57]. We note that the possibility to the
photostructure without the use of photoinitiators is not limited to serial direct write (DLW /SLA), but
also can be extended to projection DLP lithography (SLM,/DMD based) if the peak exposure intensity is
sustained (for current case of employed material and light source the ranging within == 1-3 TW/ em2).

It is envisaged that the photostructuring without the photoinitiators is beneficial for the fields of
biomedicine, micro-optics and nanophotonics. The avoidance of toxic photoinitiators increases the
integrity of biodegradable cell-growth scaffolds and reduces the auto-fluorescence while performing
microscopy in vitro or in vivo. The absorbing materials are detrimental for the use in micro-optics and
nanophotonics due to their reduced optical resilience and induced signal losses [58]. Moreover, the use
of plant-derived materials in such technologies would benefit greatly due to their low toxicity, high
biodegradability, and improved recy cling options. Finally, it would reduce the dependency on limited
and increasingly expensive fossil resources as well as greenhouse gas emission, which are the targets
of the European Commission initiated * Europe 20207 strategy.
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(b) —“*: Tum, v=6 mm/s

4
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Figure 7. The SEM images of RB and 3D microporous woodpile structures: (a) a side view of RB at
the angle of 45 degrees and 1800 magnification. The applied power P to produce bridges was 0.6 mW
(2 TW/cm?), scan velocity v varied from 0.1 mm/s to 0.5 mm/s every 0.1 mm/s; (b) a top view of the
other RB at 4000 magnification. P = 0.6 mW (2 TVV/cmz), v=2-6 mm/severy l mm/s;(c)75 x 75 u.rn"'
woodpile structures with a 30 um period, =5 mm/'s, the scale at the top of the image demonstrates the
applied I; (d) a 1065 x 1065 um? woodpile with a75 pm period, 7= 5 mm/s, P= 0.4 mW (1.3 TW /cm?).
(a—d) The structures were fabricated out of the resin AESO/VDM1; (e) 75 x 75 um? woodpile structures
with a 30 um period, =5 mm/s. Scale on the left of image shows the distance dxy between neighboring
scans; (f) a 1095 x 1095 um? woodpile with 120 um period, =5 mm/s, P= 0.6 mW (2 TW/cm?).
(e, f) structures were fabricated out of AESO.

4. Conclusions

The real-time photorheometry study revealed the higher rate of photocross-linking of pure
acrylated epoxidized soybean oil than that of its mixture with vanillin dimethacrylate or vanillin
diacrylate without a photoinitiator and solvent. Novel plant-derived photocross-linked polymers were
synthesized from acrylated epoxidized soybean oil and its mixtures with vanillin dimethacrylate. Itwas
determined that the addition of vanillin dimethacrylate reduced the rate of photocross-linking and
the values of the glass transition temperature, thermal decomposition temperature and compressive
modulus. The formation of more linear and/ or branched macromolecules considered the vanillin
dimethacrylate effect as a plasticizer for acrylated epoxidized soybean oil in photocross-linking without
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a photoinitiator. It was experimentally demonstrated that the homopolymer of acrylated epoxidized
soybean oil and the copolymer of acrylated epoxidized soybean oil and vanillin dimethacrylate are
suitable materials for rapid 3D microstructuring by the direct laser writing lithography technique.
Spatial features of 1 pm and a 6900 vaxels/ second throughput was achieved. Since the 3D cross-linking
of the plant-derived materials was initiated using ultrafast laser inducing multiphoton absorption and
avalanche ionization, it does not require the usage of any photoinitiator and opens a new pathway for
green 3D p-printing as a flexible tool for rapid prototyping or advanced additive manufacturing.
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ARTICLE INFO ABSTRACT

Acrylated epoxidized soybean oil iz a very attractive photocurable starting material for synthesis of high bio-
renewable content polymers with a wide range of applications, however its UV, VIS-curing kinetico studies iz atill
lacking A detailed invectigation of photocross-linking kinetico of acrylated epoxidized soybean oil uring four
different photoinitiators was performed at various temperatures by real-time photorheometry for the first time_ It
waz determinad that the amount and type of photoinitiastor did not affect the gel time, but influenced the final
valuas of starage modulue (G'), which platesu values were in the range of (1.5-3.6). 107 Pa. Photocross-linking at
50 °C regulted in the faster growth of the ' values, though their plateau values mr:lm duz to the increased
oxygen inhibition by phosphine sxides. Obtained highly ph linked p hibited high thermal
atability with the thermal decomposition temperature at the weight loss of 10 % in the range of (337-352) “C and
the glass trancition temperature in the range of (41.1-50.9) °C. Higher amount of the used photoinitiators
increared the values of elastic modulus and tensile strength of the resulting polymers, though the values of
elongation at break were decreased. Phenyl bisi2,4,6-trimethylbenzoyl) phosphine oxide wan the most efficient
phowinititator in smaller amount forming a highly crose-linked polymer, though ethyl (2,4,6-thimethylbenzoyl)
phenyl phorphinare, az the liquid photoinitiator, facilitated it incorporation into the recin. Thiz work could help
integrate modified zoybean oil into UV VI3 curing systems using the most appropriate photoinitiator and tem-
perature, thereby reducing their anvironmensal impace.

Keywards:
Acrylated epaxidized saybean oil
Radical photainitiators

Biolased

Phitopalymerization
Phitarbeometny

1. Introductlon concentration and type of photoinidator, or temperature) iz crucial
(Kouzaalya et al, 2019; Jiang et al., 2016). Moreover, a detailed

The UV-curing of photopolymerizable syztems, containing mono- inwvestigation of the performance of biobazed materialz in UV-curing

mer/oligomer, photoinidator and additdves, has found an industrial
application, mainly in coatings, varnishes, adhesives, and microelec-
tromics (Liu et al | 2015a). Theze systems undergo prompt conversion
from liguid monomer,/oligomer into solid polymer sazily by exposure to
UV irradiation in the presence of photoinitiators (Sangermano et al.,
2014). In recent years, more and more petroleum-derived materialz ara
replaced by biocbazed compounds in UV-curing systems reducing envi-
ronmental impact and even improving properties of cured products
(Huang et al., 2018; Fernandez et al., 2018). The most cOMMmMON process
for commercial, as well as biobazed, acrylate and methacrylate cligomer
applications iz a free radical polymerization (Zhou et al, 2015} In
approach to replace petroleum-based (methlacrylates with biobased
materials, investigation of the photocuring kinetics determining reac-
tion propagation and termination mechanizmsz or understanding the
influence of wvarious process parameters (ie. light intensity,

* Corresponding author.
E-mail address: jolits oatraushaioe (ke Lt (). Osrauskaie).
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zystems enables their wider and easier application in various areas.

Photoinitator is well known key factor influencing the curing speed
and the throughout cure of the final layer. The effectiveness of photo-
inidator in UV-curable system can be investigated employing various
techniques, such as photo-differential scanning calorimetery (DSC],
real-time Fourier transform infrared (RT-FTIR) or realtime photo-
rheometry (Bastani and Mohzeni, 2015).

Photo-D5C iz the oldest (Tryzon and Shultz, 1979) and extensively
uzed evaluation method of the kineties of UV-curing systems. Photo-DEC
iz used to monitor the cure kinetics by measuring the change of enthalpy
during the curing (Bail et al | 2016), it iz effectvely zuited to compare
warious curing condidons (Kim et al., 2017; Saenz-Dominguez et al.,
2018) and different photoinitiators (Li et al., 2018; Radebner et al,
2017; ¥u et al, 2018). Although, the theoretcal value of the reaction
enthalpy is needed for the reaction process investigation, it is not always
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AESD

aMPA

Fig. 1. Chemical struceure of scrylated spoxidized zovbean oil (AESO), 2,2-di

s

(DMPA), =thyl (2,4,6-thimathylbenzor]) phenyl

thoxy-Z-phenyl acetoph

phosphinate (TPOL), diphenyl (2,4,6-trimethylbenzoyl) phosphine oxide (TPO), and phenyl bis(2,4,6-trimethylbenzoy]) phosphone oxide (BAPO)L

aceeszible for novel and complicated systems containing a mixture of
various materials (Castell et al., 2007). RT-FTIR iz a likewise spread
technique used for the monitoring of UV-curing reacdons due to its
relatively simple execution and ability to monitor prompt reactions
occurring in a short time zcale (Kazizomayajula et al., 2016). RT-FTIR is
used to measure the conversion of the selected functional groups during
the UV irradiation, in case of (meth)acrylates, the change of acrylic C—C
group signal at 1637 em ! is monitored (Meereiz et al, 2016). This
method offers a rapid and quantitative determination of the functional
groups, though poor temperature control (Eerbouc'h et al., 2004) and
inaceessible monitoring of funetional group conversion in deeper layers
(Fusu et al, 2012) confine this method. Real-time photorheometry is a
relarively new technique for the investigation of the UV-curing reaction
kinetics compared to photo-DSC and RT-FTIR. Real-dme photo-
rheometry iz usad to monitor rheological parameters such as storage
modulus (G'), loss modules (G7), and complex viscosity (n*) defining the
material mechanical properties and determining the gel point (FKazetaite
et al., 2018). At the gel point the microgels, groups of highly intra--
crosslinked chainz, are formed and the wiscosity rapidly increases
defining the material transzition from liquid to zolid (Bazzert et al., 2020;
Mohammad Baei Mayini et al., 2013). By thiz method the influence of
temperature, light intensity, concenmation and type of photoinitiator to
the photocrozs-linking process parameters, formation of the cross-linked
structure, rheological and mechanical characteristics of the
photocross-linked polymer can be determined.

Acrylated epoxidized sovbean oil (AESO) is a bio-bazed material,
eazily crosz-linked via UV-induced free radical polymerization, resulting
into a highly dense polymer. It has brought a lot of researcher’s attention
as a replacement for synthetic (meth)acrylates in UV-curable coatings,
varnishes, and even in optical 3D printing (Miao et al , 2016; Wu et al_,
2019). Even though it has a wide spectum of applications, the investi-
gation of AESO UWV-curing kinetics iz still lacking. Fouszaalya et al
(Eouzaalya et al, 2013) performed a photocalorimetry-based kinetics
study of AESD in the presence of two different photoinitiators, 2 2-dime-
thoxy phenylacetophenone and 1-hydroxyeyclohexyl phenyl ketone.
The effect of varying photinitiator concentration, temperature, and
light intensity on the extent of erosslinking were examined presenting a
vast and detailed data of AES0 photocuring kinetics, though thermal or
mechanical properties were not examined. Smdies of photocuring ki-
neties of initiator-free AESO-baszed resins (Lebedevaite et al, 2019b],
three component plant-based resins (Lebedevaite et al., 2019a), and
AESQ with aromatic dithiols (Miezinyre et al., 2019) by real-time phao-
torheometry have been reported by our group earlier. Although an
investigation of AESO-based pressure zensitive adhesive systems by
real-time photorheometry haz been reported (Lee atal., 2019), however,
a detailed smdy of AESO photocross-linking kinetics in bulk uzing
wvarious photoinitiators by real-time photorheometry has not yvet been
performed.

In thiz work, a detailed investigadon of pure AEZQ photocross-

linking kinetics using four different photoinitiators was performed by
real-time photorheometry for the first time. The photocross-linking of
AES0 using the most popular near-UV photoinitiator DMPA and phos-
phine oxides BAPO, TPO, and TPOL was compared (Fig. 1). The influ-
ence of photoinitiator type and conceniration on AESO photocrocs-
linking rate and rheological characteristics was inwvestigated. In order
to determine the influence of temperature to the photocross-linking ki-
netics and rheometrical properties, the real-time photorheometry tects
at different temperatures were performed. Thermal and mechanical
properdes of the synthesized AESO polymers were inwvestigaved and
compared.

2, Experimental sectlon
2.1. Materials

Acrylated epoxidized soyvbean oil (AESO, an average number of
acryloyl groups per molecule calculated from the TH-NMR zpectrum iz
2.7 and 0.3 of epoxide groups) and 2,2-dimethoxy-2-phenyl acetophe-
none (DMPA) were purchazed from Sigma-Aldrich. Phenyl biz(2 4,6-
trimethylbenzoyl) phosphine oxide (BAPO) and diphenyl (24, 6-tri-
methyl benzoyl) phozphine oxide (TPO) were purchased from Tokyo
Chemical Induzy. Ethyl (2,4,6-thimethylbenzovl) phenyl phosphinate
(TPOL) was purchazed from Fluorochem. Chloroform and acetone were
purchazed from Chempur. All materialz were used without further
purification.

2.2 Ulraviolet—visible spectroscopy

Ultraviolet—visible (UV/VI5) spectra of photoinitiators were recor-
ded using Lambda 35 UV/VIS spectrometer. The solutionsz of 0.05 % of
each photoinitiator in acetone were meazured in the wavelength range
of (200-600) nm.

2.3. Real-ime photorhecometmy

UV /VIS euring tests of AESO with four different photoinitiators wera
carried out using MCR302 rheometer from Anton Paar eguipped with
plate/plate measuring system. A Peltier-controlled temperature cham-
ber with the top plate PPOS (diameter of 15 mm) and the glass plate
(diameter of 38 mm) were used. The measuring gap was set to 0.3 mm.
The zamples were irradiated by UV/VIS radiation of (250-450) nm
through the glass plate of the temperature chamber at (25-50) “C using a
UV/VIS spot curing system OmniCure 52000, Lumen Dynamics Group
Inc. The intensity of irradiation waz 9.3 W.cm ® (high preszure 200 W
mercury vapor short arc). Shear mode with a frequency of 10 Hz and a
ztrain of 0.3 % was uszed. Storage moduluz &', losz modulus G, loss
factor tanf (anf = &"/G"), and complex viscozioy §* were recorded az a
function of irradiation time (MNavaruckiene et al., 2020). The onset of
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UV VIS irradiadon was at 30 s after the experiment start for all samples.
2.4 Preparation of the cross-linked polymer specimens

The AES0O was photocross-linked with four different photoinitiators:
DMPA, BAPO, TPO, and TPOL. Three different coneentrations, 1,3 and 5
mol percent (mol. %), of photoinitiator were used in the resins assigned
respectively (e.g. ADMPAL, ADMPAZ, and ete. ). The zolutions of 5 mal.
‘% of solid photoinitiators such as DMPA, BAPO and TPO were preparad
in acetone, blended with AESO, and placed in a wvacuum dryer to
evaporate acetone. Polymer tablets were prepared by pouring the resins
inte the tablet-shape Teflon mold (5 = 15 mm_ b= 3 mm) and irradiated
with Helios Italquartz. model GRE 500 W lamp with an intensity of 310
mW-cm ? at the distance of 15 c¢m untl hard polvmer tablats were
formed. Polymer Hlms were prepared by pouring the resinz on a poly-
amide film sheet uzing the layer forming frame with the gap of 400 pm
and irradiating at the same conditdons as for polymer tablets.

2.5 Chemical soructure analysis

Fourier Transform Infrared Spectroscopy (FTIR) measurements of
the photocrosz-linked polymer samples were performed on a Spectrum
BX II FT-IR zpectrometer. The spectra were acquired from 10 seans. The
range of the wavenumber was (400-4000) cm 1

Synthesized polymers FTIR (Alm): o = 34643460 (O-H),
29242885 (C-H), 1724-1733 (C=10), 1456— 1378 (C-H). 1160-1186
(C—0—C), 800313 (C-H), 724 (C-H) em .

2.6. Soxhier extroclion

The wield of insoluble fraction was determined by Soxhlet extracton.
Zamplez of the photocross-linked polymers were wrapped into a fAlter
paper package and placed into a Soxhlet apparams. Extraction was
performed with chloroform for 24 h. Insoluble fractions were dried
under vacuum to a constant weight. The yield of inzoluble fraction was
caleulared as the difference of the sample weight before and after
exraction and drying.

2.7. Themogravimetic analysiz

The thermal stability of the prepared polymers was determined by
thermogravimetric analysiz (TGA). The measurements were performed
on a TGA 4000 apparatus in a temperature range from room tempera-
ture to 800 °C at a heating rate of 20 °C min~ ' under a nitrogen atmo-
zphere (nitrogen flow rate was 100 mL-min 1].

2.8. Differentiol scanning calorimetry

The glass ransition temperature (Ty) of the photocross-linked poly-
mer: was estimated by differential scanning calorimetry (DSC). The
measurements were performed on a Perkin Elmer D5SC 8500 apparatus
with a heating-cocling-heating rate of 10 °C min~ ' under a nitrogen
amnosphere (nitrogen flow rate wasz 50 mL-min 1]. The ']"‘g wvalue was
taken as a middle point of the glass transition heat capacity step.

2.9, Mechanical testing

The mechanical properties of the photocross-linked polymer films
were estimated by a tensile test (150 527—3) on a BDO-FBO.STH Zwick,”
Roell testing machine at room temperamure. Test specimens with the
dimensionsz of (70 = 10 »x 0.2) mm were cut and placed between the
grips at the diztance of 50 mm. Test was performed at the speed of 50
mm,/min until the break of the fAlm. Elastic moduluz (Eg), tensile
strength (#) and elongation at break (£} were determined. The mean
values of the Aive zamples of each polymer film were calculated.

The mechanical properties of the photocross-linked polymer tablets
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Fig. 2. UV/VIS spectra of photoinitistors: TPOL, TPQ, BAPC, 2nd DMPA.

Table 1
Starage moduluz (G') and gel time (tyy) of all resins ar (25-50) "C.

Storage modalas [Pa]®

- qu s Glan Gan G'sa
Resin gt [5] Teuperatine
25°0 30°C 40 °C s0°C

ADMPAL 3 2.17-107 210107 237107 18107
ADME AT 3 286-107 407107 3.49-107 AG-107
ADMEAS 3 L61-107 A.84-107 288107 37107
ATPOLI 3 2.43-107 2.43- 107 171107 1.78-107
ATPOLS 3 3.31-107 213107 1.33-107 2.08-107
ATPOLS 3 215107 275107 1.31-107 1.96-107
ATPOL 3 278107 2 36-107 212007 1.52-107
ATPOZ 3 221107 2.94-107 242107 z.20-107
ATPOS 3 279107 3.14-107 262107 1.84-107
ARAPC1 3 315107 246107 227107 Ld4d-107
ABAFI 3 235107 226107 207107 1.96-107
ABAPCS 3 1.51-107 2.10-10F 177107 1.41-107

* Prom the onzet of UV VIS irradiation ar 257G,
" After 600 = from the beginning of the test.

were estimated by a compressiom test (130 604) on a MS00-50CT
Testometric apparatus. The cross-linked polymer specimen of a 15 mm
diameter and 3 mm thickness was placed between circular comprezzion
platens and compressed at the speed of & mm/min until the specimen
fracture. The mean values of the compreszive modulus (Eg) of the three
tablets of each polymer were calculated.

3. Rezultz and dizeussion

The UV/VIS spectra of BAPO, TPO, TPOL, and DMPA were measured
in the wavelength range of (325—450) nm for the purpose to evaluate
and compare the absorbance intensity of each photoinitiator (Fig. 2).
The irradiation absorbance of DMPA was registered below 390 nm
indicating the photo-stability of this photoinitiator in the visible light
region. All phosphine oxides (TPO, BAPO, and TPOL) absorbed irradi-
ation not only in UV region but also above 400 nm, indicating the
possibility of the rezinz with theze photoinitiators to photocross-link
under the visible light. This iz an advantage which prevents the health
issues caused by short-wavelength UV irradiation and eliminates
expensive equipment, however, the handling and storing of prepared
resins becomes more complicated (Ikemura and Endo, 2010). It was
determined that liquid TPOL absorbed light in the zrame wavelength
range ar the solid TPO, however, the absorption was less intensive.
BAPO showed the most intensive absorbance cowvering the widest
wavelength range what indieated the highest photosensitivity allowing
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it to be uzed in zmaller guantites.

Real-time photorheometry test was performed in order to investigate
the photocross-linking kineticz of AESO resinz. The storage modulus
(G, a meazure of the deformation energy stored by the zample during
the shear process and representng the elastic behavior of the material,
was analyzed (Mezger, 2014). The maximal values of G" of all resins
waried in the range of (1.3-3.6)-107 Pa (Table 1) indicating the for-
mation of a hard, highly cross-linked polymers (Liu et al, 2015b). A
clear dependence of the & values on the photoinitiator concentration
was observed only for the resins with BAPO at 25 =C, 30 “C and 40 *C.
The irregularitiez of G* values of the resins with BAPO at 50 “C could
have been obtained due to the increazed oxygen inhibition at higher
temperature leading to the formation of less croszs-linked polymer. The
G’ walues decreased with an increase of the amount of BAPO which
could be explained by the competition berween the reactions of primary
radicalz and double bonds during the initiation stage due to the higher
concentration of active species, i.e. radicals (Macarie and [lia, 2005).
Thiz shows that an optimum concentration of TPOL, DMPA and TPO was
3 mol% and 1 mol % of BAPO, indicating that BAPO was more efficient
in smaller concentration at (25-40) “C.

The comparison of the &' curves of the resinz with different con-
centrations of photoinitiators was carried out to determine the influence
of photoinitator to photocrozs-linking kinetics. Az an example, the
irradiation dme dependencies of storage moduluz & of the resins with
(1-5) mol.% of TPOL and with 3 mol.% of different photoinitators at 25
“C are presented in Fig. 3. The gel point of all AES0 resin: waz at 3 z after
the onzet of UV, VIS irradiation {(Takble 1), reaching the G’ plateau after
approximately 200 z from the onset of UV,/VIS irradiadon. Thiz indi-
cated a wvery high reactivity and a fast photocross-linking rate of AESO
resin comparable to those of thiol-ene and acrylic systems (Ding et al.,
2019; Ha, 2016; Tachi and Suyama, 2016; Zhang et al, 2018a) and
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Fig. 4. Tempesature dependence of ABSO viscosity.

made it a considerable candidate for replacing synthedc acrylates
(Meves et al., 20012} It was observed, that the concentration of photo-
inidator did not influence the gel time (Table 1), but had an impact to
the zhape of the & curves at the beginning of UWV/VIS irradiation
(Fig. 3a). The resin with 3 mol % of TPOL (ATPOL3) reached G” platean
1 z faster than the resin ABAPOS, conzidering it az an optimum con-
centration of TPOL (Fig. Zal. The rezin ATPOLS reached G plateau the
zecond, it was followed by the resin ATPOL] with the lowest concen-
tration of free radicalz and presumably the smallest amount of actiwe
centers. Several reporntz claimed that the curing rate and the degree of
polymerizadon of resin will at first rise with the increased concentration

a) W YY—Y—
o 1
a
oo 10°
@
=
= 107
o
E 1
o 10" — 2570
g —130°%C
£ qp7 A — 40 °C
n s —— 50
ol 100 200 300 400 500 600
Onset of UVVIS )
irradiation Time, s
b) A ——
w 10° ot
o 10y
[ 1w
2 10 o
= 2
- Wap s S 3 o
2 10°
2 —25%
£ 10° ——20°%
2 ——d40"C
@ —s0c
102 . . , . : .
o' 100 200 300 400 500 BOO
Onset of UVAVIS
irrariation Time, s

Fig. 5. The irradiation time dependencies of the sorage modulis @' of resin
with 3 mol6 of TPOL (2] and TPO (k) at (25-50) °C.
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of photoinidator, and after passing through a maximum or an optimum
concentration, the effect will rapidly decline {(Dogruyol et al, 20100 At
higher photoinitiator concentrations, a higher concentration of free
radicals at the surface are generated, which block the sufficient energy
from penetrating, leading to the decreased rate of polymerization
(Dogruyal er al., 201 2). This phenomenon could be seen in the cases of
the resins (ATPOLS, ATPO3, ABAPOS) with the highest concentration of
photoinitiator which did not reach the highest & values. Comparing the
photocross-linking kinetics of AESO resins with different photo-
initiators, the plateau of the &' values waz reached in the distinective time
(Fig. 3b) even the gel time did not change. This showed the higher
reactvity of BAPO and its ability to generate free radicals the fastest,
which enabled the rapid photocross-linking of AESO.

AESO contains acryl and hydroxyl functionalities which participate
in hydrogen bonding formation berween the riglyceride molecules and
increase the wizcosity of AESO (Liu et al, 201 5c), which is around 20,
000 mPa-s (Zhang et al., 20018b). AESO could be diluted with warious
reacdve or inert diluentz, but mechanical and thermal propertiezs of the
eross-linked polymer could be changed in such case.

Viseosity could also be controlled by a temperature change, which
facilitatez the AESD processability due to the improved mobilicy of
polymer chainsz at higher temperatures (Lin et al., 2016). The de-
pendency of AESO viscosity at (25-55) “C iz presented in Fig. 4. The
AEZ0 viscosity dropped from 20,000 mPa-s at 25 “C o 3000 mPa-s at
55 “C exponentially with an increase of temperature, which can be ftred
with the Arrheniuz equation (Campanella et al., 2009; Ehan et al,
2018). This 17,000 mPa-s viscosity descent in the mentioned temper-
ature range enablez the improvement of AESO proceszability (Palmer
Holland, 2018).

The dependencies of AESO photocross-linking rate and rheological
characteriztics on the reaction temperature and AESO wizcosity were
investigated by the real-time photorheometry. The irradiation time de-
pendencies of the storage modulus &7 of ATPOLS and ATPO3 at (25-50)
= are prezented in Fig. 5. It was obzerved that the temperature did mot
have any influence to the gel point {Table 1), even though the slight
changes in storage modulus surves were observed, the croszover point of
G’ and " did not changed. It was noticed, that the higher temperature
was, the more vertical G” eurve, after the start of the UV irradiation, was
registered. It demonswaved the faster formation of the AESO photocrozs-
linked polymer network at higher temperamire which was due to the
increased Brownian motion at higher temperature enabling the faster
free radical migration and leading to the more rapid active center
occurrence and the higher crosz-linking rave (Steyrer et al., 2018
Although, the reduction of the &' plateau values at higher temperature
was observed due to the formadon of more lineal or branched chains in
the polymer network or due to the increased thermal motdons. This
phenomenon was alzo obzerved during photocross-linking of AESO with
other photoinitiators. Comparing the photocrass-linking kineties of the
resins with TPOL and TPO (Fig. 5), the higher reactivity of TPO at higher
temperature could be seen. The G’ platean of the resin ATPO3 at 40 °C
and 50 “C was reached 1 s faster than that at lower temperatures. This
showed that TPO was more reactive at higher temperatures and faster
cleawed into free radicals than the liguid TPOL indicating the faster
photocrozz-linking. Such temperature influence on the degree of con-
version was also reported by Kousaalya et al (FKousaalya et al., 20019),
where the effect of type and concentration of photoinitiator, DMPA or
1-hydroxyeyclohexyl phenyl ketone, light intensity, and temperature on
the extent of cross-linking was calculated from the ratio of experimen-
tally measured reaction enthalpy and the theoretical enthalpy of reae-
tion by photo-DSC method.

UV-curing at higher temperature enables better rezsin procescability
because the descent of viscosity and the increased curing depth is
observed. Howewer, oxygen inhibidon in films increases with an in-
crease of temperature due to the fazter diffusion of oxygen (Studer et al.,
2003). This phenomenon was also noticed when AESO resin was cured
at 50 “C. The irradiatdon dme dependencies of the storage modulus G of
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Table 2
The wield of inscluble fraction, thermal and mechanical characteristica of the
cross-linked polymers.

Polymer YIF Tebuc- Ty Ec Ex B e [%F
|25 FCFF [MPal®  [MPal®  [MPa)
ral®
ADMPAL 7.6 338 475 3134 194 4 4.34 2 167
24 7 08 :
032
ADMFPAT 979 34z 48.1 335 = 734 5.48 =+ 15 =
62 11 now 036
ADMPAS  97.8 340 442 359 3252 5152 047
32 7 .47 2
012
ATPOL1  97.7 337 508 3182 2392 5.58 2,48
46 30 .86 :
042
ATPOL  97.2 337 466 3842 487 2 4,95 2 0,93
3z 11 1.0:2 + 0.2
ATPOLS 96.6 348 46.2 350 = S + 6,23 =+ 107
a5 12 o8 :
022
ATPOL 975 342 464 F73 4 135 + 4.2% 4 302
20 5 LE3 :
105
ATPOZ o501 340 411 359 4 2794 5.3% 4 16+
20 3 1.0l 036
ATPOS o7.8  aa7 447 350 b 5.2% 2 132
13 15 075 019
ABAPOL 972 a5z 457 g2 205 4.53 2 192
a3 B .38 017
ABAPCR 974 346 461 383 < 40+ 5.56 4 24+
24 16 1.E3 1.3
ABAPOS 971 345 457 4012 4502 5.42 2 093
22 33 035 :
007

* Yield of inzoluble fraction (¥IF) after the Soxhlet extraction with chloroform
for 24 b
Temperature at the weight losz of 10 % obmined from TOA curves.
Glazs trancition temperature obtained from DEC curves.
Compremive moduluz from the polymer tablet compression test
Elastic modulus from the polymer flm tencile teat
Tengile ctrength from the polymer film tenoile tect.
¥ Blongation at break from the polymer film tensile test

b
&
4
-

f

the AESO rezin with 5 mol.% of photoinitiator at 50 “C are shown in
Fig. 6. It was observed, that &' plateau was reached slower at higher
temperature than that at room temperamire. Furthermore, the highest
zenzidvity to oxygen of inwvestigated phosphine oxides waz obzerved due
to the very high sensitivity of phozphonyl radical to oxygen (Green,
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Fig. 7. Thermogravimetric curves of polymers with 5 mol % of photoinitiator.

2010). Although, DMPA did not suffer from the oxygen inhibition,
which makes it a suitable photoinidator in the UV-curing systems at
higher temperature. It was noticed that the rezin ATPOS G’ plateau was
reached the latest, indicating the highest sensitivity to oxygen from all
phoroinitiators uzed in thiz sudy. Though resins ATPOLS and ABAPOS
reached &' plateau at the similar dme, the & values of the resin ATPOLS
was higher, indicating not just the more crozzs-linked polymer formation,
but alzo an immense advantage of liquid photoinitiator.

Thermal properties of the synthesized AESO polymer: were investi-
gated by DSC and TGA. DEC confirmed that all synthesized polymers
were amorphous materials. Only the glass transition (Tg) was observed
in the thermograms of the eross-linked polymers. The glass transitdon
temperature of the photocross-linked polymerz was in the range of
(41.1-50.9) °C (Table 2) and waz higher than thoze of the photocrozs-
linked inidator-free AESO polymerz (-4.5 “C) (Lebedevaite er al,
2019E). This immense differences between Ty values could occure due to
the divergence in the yvield of insoluble fractdon. The yield of inzoluble
fracdon of AESCO polymers synthesized with photoinitdators was higher,
thus the higher Ty values were observed. The relation between the yield
of insoluble fraction and the Ty was clearly observed in the case of the
polymer ATPO3 when the lowest values of the yield of inzoluble fraction
(96.1 %) and the Tz (41.1 “C) were obtained. This tendency correlated
with that of other synthezized polymers in thizs study. It was obzerved,
that the highest T; value was not reached by any polymer with 5 mol %
of the uvzed photoinitiators, indicating the excesz amount of photo-
initiator. Although, the T, of 65 “C of the AES0 polymer
photocrozz-linked with nearly 5 wt.% of DMPA was reported (Fengas-
amy and Mannari, 2013). This difference of Ty values could be explained
by the used amount of DMPA which waz higher nearly five times than
that uzed in thiz study, alzo, thiz could happen due to the different
measuring parameters, system or the measuring conditions (Pelletier
et al., 2006).

TGA confirmed that all photocross-linked polymers exhibited high
thermal stability. TGA curves of the polymers with 5 mol % of photo-
initiator are presemted in Fig. 7. It war observed that the polymer
ATPOLS showed the highest temperature at the weight loss of 10 %
(Tas 10 %] from this group of polymers, indicating the highest thermal
stability which was determined by the higher density of the cross-linked
network (Ma et al, 2014). Although, when 1 mol % of photoinitiator
was used, the Tga., 10 % of ABPO1 was the highest, demonstrating the
highly cross-linked network, which implied the highest BAPO efficiency
in smaller amount The Ty 10 % of the symthesized polymers varied
from 337 “C to 352 °C (Table 2).

The mechanical properties of the photocrozz-linked AESO polymers
were evaluated by the tensile and compression testz. Mechanical char-
acterizties of the photoeross-linked AESO polymer films and the photo of
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TPOL

BAPD

Fig. 8. Elastic moduluz (Eg), tensile srength (o] and elongation at brake () of
crosa-linked polymers with 3 mol. % of photoinitiator (a); a broken polymer
film specimen after the tenzile teat (b).

the broken specimen after the tensile test are shown in Fig. 5. Though
the tensile strength values varied in the narrow range of (4.95-5.56]
MPa, the immense higher Ep wvalues of the polymer ATPOL3 indicared a
significant efficiency of TPOL. An increment of the elastic modulus (Eg)
and the decline of the elongation at break () were observed when higher
amount of photoinitiator was used (Table 2). Thiz showed, that when &
mol % of photoinitiator waz used, the swonger and stiffer photocross-
linked AES0O polyvmer flms were formed. The UV-cured AESOQ polymer
flms with 3 wit % of DMPA and specimen dimenszions of S0 mm x & mm x
0.5 mm showed about 40 MPa of Er and nearly 13 % of £ (Ma e al.,
2014, while the polymer films with 2 wt% of DMPA and specimen
dimensions of 45 mm x 5 mm x 0.17 mm indicated nearly 20 % of £ (Kim
etal., 2010). In both papers higher £ values of AESO film:s were reported,
although more narrow and thinner specimens were used in tensile test,
which could be the main reason indicating the differences in the ¢
waluez.

Most of the reported studies of the structural changes of polymers
cauzed by deformation were performed in a tensile mode. From a
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Fig. 9. 5 in curves of polymer tablats with DMPA.

fundamental point of view, deformarion by compression iz maore
important because of itz great advantage that the deformation iz nearly a
homaogenous process, and occurs without any significant deformation
inztabilities, such as neck formation observed in the tenzile test (Galeski,
2003). The stresz-strain curves of the AESO polymer tabletz obtained
using DMPA are presented in Fig. 9. The similar shape of the curves was
observed for other AESD polymers as well. At the beginning. the wsual
elastic response was obzerved (up to 30 % of strain) followed by the
sudden drop of the siress thowing a sample fracturing. This iz a gypical
eompression stress-strain curve of a brittle amorphous polymer, such as
polymethylmethacrylate, indicating itz souctural similarities to AESO
polymers (Swallowe and Lee, 2006). The compreszsive modulus (Eg)
walues of the photocross-linked polymer tablets varied in the range of
(3123-401) MPa (Table 2). It was obzerved, that E;- values were increasad
alongside with the amount of DMPA used, although nearly the lowest
wvalues of Ec were obtained comparad to the other polymers in this study.
Howewver, no clear dependency of the photoinitiator concentration on Ec
of the polymers syntheszized with BAPO, TPOL and TPO was obcerved.
Thisz irregularity of the data collected from polymers synthesized with
different amount of photoinitiator can be explained by the close E-
wvalues that overlap within the standard deviation range. The highest
values of E; were indicated for the photocross-linked polymers with
BAPO. These differences between Eg of the polymers synthesized with
different photoinitiators could be explained by the highest absorbance
and sensitivity to the wizible light of BAPO in comparizon to the all uzad
photoinitiators, while DMPA abezorbed UV irradiation only im lower
intensity.

4. Concluslons

The real-time photorheometry stdy revealed the high crosz-linking
rate of AESO with all investigated photoinitiators. Photocross-linking at
higher temperature indicated the faster polymer network formation
though the increased oxygen inhibition accurred and the smaller values
of srorage modulus were obtained. Formed highly cross-linked AESO
polymerz exhibited high thermal stability with the thermal decompozi-
tion temperature at the weight loss of 10 % in the range of (337-352) *C
and the glazz transition temperature in the range of (41.1-50.9) “C.
Higher amount of photoinitator in the AESO resins caused the higher
walues of elastic modulus and tenszile strength of the photocross-linked
polymers, but the lower values of elongation at break 3 mol % of
photoinitiator was considered as an optimum concentration leading to
the most favorable thermal and mechanical properties of the polymer
without an excess of photoinitator. Thiz work could help integrate
modified soybean oil inte UWV/VIS curing zystem: using the most
appropriate photoinidator and temperature, thereby reducing their
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environmental impact.
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Abstract

Green chemistry and green engineering concepts have been combined to
develop novel sustainable polymeric materials. Solvent free photocurable acry-
late resins with biorenewable carbon content of 75%—82% suitable for applica-
tion in DLP 3D printing technology were composed by commercially available
bio-based materials, acrylated epoxidized soybean oil (AESO), isobornyl meth-
acrylate (IBOMA), methacrylic ester (ME), tetrahydrofurfuryl acrylate
(THFA), and tetrahydrofurfuryl methaaylate (THFMA). They demonstrated
high printing accuracy and good adhesion between layers. The monitoring of
photocross-linking kinetics of high biorenewable content acrylate photoresing
by the real-time photorheometry and analysis of their rheological parameters
was carried out. Synthesized polymers exhibited high yield of insoluble frac-
tion and thermal decomposition temperature at the weight loss of 10% above
300°C. Polymers AESOQ/IBOMA and AESQO/THFMA showed the highest
values of tensile modulus and tensile strength. Biodegradability of the syn-
thesized polymers AESO/ME, AESQO/THFA, and AESQ/THFMA was investi-
gated by measuring oxygen consumption in a closed respirometer. Such
AESO-based polymers can be a competitive solution to replace petroleum-
derived polymeric materials in additive manufacturing and reduce the envi-
ronmental impact.
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1 | INTRODUCTION flexibility.* DLP uses high-resolution light engines

which can precisely polymerize a thin layer of a

Additive manufacturing, usually known as 3D printing,
is a technique brought in a few decades ago to manu-
facture objects, mainly for prototyping. 3D printing is a
group of methods, which could apply processes as
extrusion, direct energy deposition, powder solidifica-
tion, sheet lamination, and photopolymerization.' Dig-
ital light processing (DLP) is an optical 3D printing
technology employing vat photopolymerization for
construction of complex shapes and high design

photocurable resin reaching a precision of tens micro-
meters in X-, Y-, and Z-axes.® Another advantage of
DLP process is the low consumption of raw materials®
along with achieving high-resolution products by green
engineering principles. In such technology, the
replacement of petroleum-derived materials by mate-
rials derived from renewable resources will give the
ecological and economic benefits due to their low tox-
icity and high biodegradability, improved recovery and
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recycling options, and
emission.”

In the past decade, optical 3D printing of bio-based
materials has emerged employing epoxidized linseed oil,*
modified gelatin,® vanillin,”* camphene, ' isosorbibe
derivatives," and others. Ding et al.'? successfully
printed a bio-based resin consisting of guaiacyl methacry-
late, eugenol acrylate, and  vanillyl  alcohol
dimethacrylate, ratio 60:20:20 mol% with 2 wi% of TPO
as photoinitiator using a commercial desktop ster-
eolithopraphic 3D printer with 405 nm violet laser
source. Printed objects formed from softwood lignin
exhibited glass transition temmperature up to 130°C, ten-
sile modulus, tensile strength, and thermal stability suit-
able for high performance optical 3D printing.

Soybean oil derivatives have brought a huge interest
in prototyping of bio-based materials. The advantage of
using soybean oil is that it is biocompatible and possesses
reactive unsaturated double bonds, which make it easier
to functionalize than PCL and PLA."* Soybean oil is a
common feedstock for bic-based-vinyl ester resins
because it is comparatively inexpensive and easily avail-
able.'* Due to a high number of unsaturated sites in tri-
glyceride, acrylate, or methacrylate groups can be
introduced to soybean oil through hydroxy and epoxy
functionalities resulting in its higher reactivity in
photocross-linking reactions. Acrylated epoxidized soy-
bean oil (AESQO) available under trademark Ebecryl
860 is being widely used in plastics and coating industry
exhibiting good flow and leveling, and improving
flexibility."*

A microstructuring of initiator-free AESO' and a
larger scale prototyping of AESO with commercial
photoinitiator Irgacure 819 have been reported.'”'*
Although printed parts were free-standing solid poly-
meric materials, the prototyping of pure AESO had been
challenging and time-consuming process due to the high
viscosity of AESO. The AESO viscosity could be reduced
by adding reactive diluents (RD) which participate in
cross-linking reaction without deterioration of mechani-
cal properties. Petroleum-based RDs, such as isobornyl
acrylate,” trimethylolpropane trimethacrylate™ ™ trip-
ropylene plycol diacylate with dipropylene glycol
diacrylate,™ styrene® have been extensively used for the
synthesis of novel AESO-based UV-cured coatings and
composites, controlling AESO viscosity and improving
mechanical properties of cured polymers. As the demand
of bio-based material grows, researchers are focusing on
the synthesis of bio-based RDs, such as acrylated
sucrose,™ mycene derivative,”” itaconic acid derivative,™
eugenol-based acrylates,”®*® vanillin dimethacrylate®
tetrahydrofurfuryl acrylate (THFA)™ and fatty acid-
based acrylates,*® for AESO-based UV-cured coatings. Ma

reduce preenhouse gas

et al.** synthesized gallic acid-based cross-linking agent
(GACA) and copolymerized it with AESQO under UV radi-
ation. It resulted in the higher gel content, cross-linking
density, tensile strength, and modulus, as well as much
better coating properties of GACA cross-linked AESO
networks than those of synthetic triallyl isocyanurate
(TAIC) cross-linked AESQO networks. It was proved that
bio-based GACA could replace petroleum-based cross-
linking agents and the high-performance AESO-based
UV-cured coatings with the high bio-based carbon con-
tent could be achieved.

Optical 3D printing of AESO-based resins with bio-
renewable carbon content of 77%—80% has been per-
formed by Guit et al..”® Synthesized soybean oil (meth)
acrylates with different functionality were photocross-
linked with bio-based monofunctional RDs isobornyl
methacrylate (IBOMA) and tetrahydrofurfuryl methacry-
late (THFMA). Manufactured parts demonstrated com-
plete layer fusion and accurate print gquality with
competitive thermal and mechanical properties
employing bio-based materials, which can reduce the
usage of petroleum-derived materials in additive
manufacturing and thus the negative environmental
impact of this technology. Although the mechanical and
thermal properties of 3D printed parts were investigated,
the biodegradability of fully bio-based 3D printed parts
wis not examined.

Biodegradability of soybean oil-based polymers could
be predicted due to biodegradable triglyceride moieties,*®
through vadous RDs, cross-linkers, and additives change
the structure and density of cross-links and affect biode-
gradability of polymers. About 15%-16% of thermally
cross-linked AESO and vanillin dimethacrylate thermo-
sets degraded after a 3-month soil burial test.’” About
25% of 50% AESO blends with polyurethane acrylate
biodegraded in the presence of the soft-rot fungus
Chaetomium globosum after 130 days of exposure, ™ while
only about 6% of poly{ethylene glycol) diacrylate
photocross-linked with the same amount of AESO
degraded in 24 days in phosphate buffer solution®®
These moderate differences in the biodegradability of
AESO-based polymers indicate not only the huge effect
of comonomer, but also the type of the test used for
determination of biodegradability on the obtained results.

In this study, bio-based starting materials, solvent free
formulations of resins, and photocuring process,
corresponding to the concepts of green chemistry, explor-
ing ways of preparing materials in more environment-
friendly conditions from renewable resources, and green
engineering, focusing on the optimization of processes
and systems to maximize mass, energy, space, amd time
effidency, were used to develop novel sustainable poly-
meric materials. A series of AESO mixtures with bio-
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TABLE 1 Characteristics of bio-based materials used in this study
Material Structural formula Origin of material BRC, %
AESO Soybean Bh
> A DIRA
Dorge Do
IBOMA Pine trees 71
ME Vepgetable oil 76
Aot
n=12
o
THFA f\ﬁ/ﬂ\.@ Hemicel lulose &0
THFMA ’ﬁ]\/ Hemicel lulose 55
o]
TABLE 2 Composition and characteristics of the prepared resins
Resin Amount of AESO, wiL'% Amount of RD, wi.'% Amount of TPOL, wt.% BRC*, % 0, pas
AESOMBOMA 3871 39.14 215 T8RS 0.70 + 0.03
AESO/ME [i1.%. 7 29.52 1.61 819 064 + 0101
AESO/THFA GE.36 29.30 234 766 0.56 = 0.003
AESO/THFMA 68.46 29.34 2320 75.3 0.63 + 0.01
“Biorenewable carbon content calculated according to the Equation (1)
based commercially available RDs, such as TBOMA, 2 | EXPERIMENTAL
methacrylic ester (ME), THFA, and THFMA, with
biorenewable carbon content of 75%—82% were investi- 2.1 | Materials

gated as solvent free photocurable resins for DLP 3D
printing technology. The monitoring of photocross-
linking kinetics of fully bio-based photoresins composed
of above listed (methjacrylates by the real-time photo-
rheometry and analysis of their rheological parameters
was carried out. Additionally, thermal properties of
resulting photocross-linked polymers were investigated
by differential scanning spectroscopy and  ther-
mogravimetric analysis. AESO-based polymer specimens
prepared by molding and by DLP 3D printing with and
without postcuring were mechanically tested and com-
pared. The biodegradability of the synthesized
photocross-linked polymers was determined by measur-
ing the oxygen consumption in a closed respirometer in
an agueous medium.

100

Acrylated epoxidized soybean oil (AESO, MV = 1160 gf
mol, an average number of acryloyl groups per molecule
calculated from 1H-NMRE spectrum is 2.7 and 0.3 of epox-
ide groups) was purchased from Merck. Isobornyl meth-
acrylate (IBOMA, MV = 2223 g/mol) and methacrylic
ester C13-MA (ME, MW = 268.0 g/mol) were kindly
donated by Evonik Industries. Tetrahydrofurfuryl acry-

late (SA5100, THFA, MV = 1562 g/mol) and
tetrahydrofurfuryl methacrylate (SA6100, THFMA,
MV = 170.2g/mol) were supplied by Sartomer.

Photoinitiator  ethyl 24 6-thimethylbenzoyl) phenyl
phosphinate (TPOL, MV = 316.3 g/mol) was purchased
from Fluorochem. Chloroform and acetone were pur-
chased from Chempur. Commerdal photosensitive resin
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FIGURE 1 Tension load direction [Color figure can be viewed

at wileyonlinelibrary.com]

Monocure3D Rapid Gray (REF) was purchased from
Monocure3D. All materials were used without further
purification.

Characteristics of bio-based materials are presented in
Table 1, where biorenewable carbon (BRC) content was
calculated according to the equation:

Bio Sourced Carbon
Bio Sourced Carbon + Fossil Carbon

BRC.% = % 100.

(1

2.2 | Preparation of cross-linked polymer
specimens

The resins were prepared by mixing AESO with bio-based
RDs in the ratio 60:40 (AESO:IBOMA) and 70:30 (AESQO:
ME/THFA/THFMA) to achieve the required resin viscos-
ity of 500-800 mPa s for DLP 3D printing technology.
The added amount of TPOL was 3 mol% calculated from
amount of all monomers. Table 2 displays an overview of
all resin formulations.

Test specimens were prepared by molding and by
DLFP 3D printing as described below.

The first group of recangular (70 x 10 x 1 mm)
photocross-linked polymer spedmens (LAB) was pre-
pared in Teflon mold by irradiation of AESO resins with
Helios Italquartz, model GRLE 500 W lamp with an inten-
sity of 310 mW cm ™ at the distance of 15 cm until hard
specimens were formed in 5-8 min.

The second group of specimens was prepared by
DLP 3D printing without postcuring (3DWPC). Speci-
mens were printed using Ameralabs custom made DLP
3D printer. The printer was equipped with an Acer
H6518BD projector 400-600 nm with XY resolution of
374 pm and had a building volume of
71.8 x 40.4 x 230 mm. Layer thickness was 50 pm with
an exposure time of 6 s. 0.3% of carbon black pigment
was added in all resins before the printing process to
absorb light and control layer thickness. After printing,
specimens were removed from the printing head and
spaked in isopropanol for 15min to remove any
unreacted compounds.
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FIGURE 2 The dependencies of storage modulus G, loss
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The third group of specimens was prepared by DLP
3D printing with postcuring (3DPC). After printing and
soaking in isopropanol, specimens were post-cured under
LED light (i = 400-405 nm, 50 W) for 2 h at ambient
temperature.

2.3 | Characterization

UV/VIS curing tests were carried out with a MCR302
rheometer from Anton Paar equipped with a plate/plate
measuring system. A Peltier-controlled temperature
chamber with the glass plate (diameter of 38 mm) and
the top plate PPO8 (diameter of 15 mm) was used. The
measuring gap was set to 50 pm to simulate the 3D
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TABLE 3 Rheological characteristics and shrinkage of AESO-based resing

Resin [ G", MPa G", MPa Tan§* e pas Shrinkage, %
AESO/IBOMA 29+ 10 1363 67 Led+ 1.3 0.109 % 0.03 2185+ 108.7 100 %53
AESO/ME 22412 967 £ 04 L49 1 0.3 0.154 & 0.03 1S5.7x 71 12.7 £ 42
AESO/THFA 19+ 13 1044+ 18 251+ 0.6 0.243 = 0.07 1711 % 276 133+ 23
AESO/THFMA 37 x0.02 1334 % 20 L7103 0.131 & 0.4 2142 + 312 BO0x0

*Cel time caloulated from the onset of UV/VIS irradiation.

“Storage moedulus

“Loss modulus.

*Loss factor.

SComplex viscosity. G, G, tand, and * were calculated at an irradiation time of 600 5.

printing process conditions. The samples were irradiated
at room temperature by UV/VIS radiation in a wave-
length range of 250-450 nm through the glass plate of
the temperature chamber using a UV/VIS spot curing
system OmniCure S2000, Lumen Dynamics Group Inc.
The intensity of the irradiation was 9.3 Wem™ (high
pressure 200 W mercury vapor short arc). Shear mode
with a frequency of 10 Hz and a strain of 0.3% was used.
A normal force of 0 N was set for the upper geometry that
moved during the test. When the material shrank during
the photopolymerization process, the upper geometry
shifted downward to maintain a normal force of 0 N.
Storage modulus &', loss modulus G, loss factor tand
(tand = G"/C"), complex viscosity #*, and the gap change
between the parallel plates were recorded as a function of
time. Material linear shrinkage during the photocross-
linking reaction was determined from the ratio between
the actual gap and the gap before the reaction. The mean
values of three measurements of each resin were
calonlated.

The wviscosity of AESO resins with bio-based reactive
diluents IBOMA, ME, THFA, and THFMA (Table 2) were
measured with a MCR302 rheometer from Anton Paar
equipped with a steel parallel plate (top plate diameter of
15 mm) measuring system at room temperature (25°C).
The measuring gap was set to 0.3 mm.

Fourier Transform Infrared Spectroscopy (FT-IR)
measurements were performed on a Spectrum BX II FT-
IR spectrometer (Perkin Elmer). The reflection spectra
were acquired from 10 scans. The wavenumber range
was 4004000 cm

The yield of insoluble fraction (YIF) was determined
by Soxhlet extraction. Samples of photocross-linked poly-
mers were wrapped into a filter package, placed in a
Soxhlet apparatus and extracted with chloroform for
24 h. Insoluble fractions were dried under vacuum to a
constant weight. The yield of insoluble fraction was cal-
culated as a difference of the sample weight before and
after extraction and drying.

102

The glass transition temperature (T,) of the
photocross-linked polymers was estimated by differential
scanning calorimetry (DSC). The measurements were
performed on a DSC 8500 appamtus (Perkin Elmer) with
a heating-cooling-heating rate of 10°C min™' under
nitrogen atmosphere (nitrogen flow rate 50 ml min™").
The T, value was taken as a middle point in the heat
capacity step of the glass transition.

The thermogravimetric analysis (TGA) was per-
formed on a TGA 4000 apparatus (Perkin Elmer) in a
temperature range from room temperature to 800°C at a
heating rate of 20°C min~' under nitrogen atmosphere
{nitrogen flow rate 100 ml min™").

The mechanical properties of the synthesized poly-
mers were estimated by a tensile test according to the
standard 1SO 527-3 with some modifications. The ten-
sile test was performed on a Testometric M500-50CT
testing machine with flat faced grips HDFF100 at the
room temperature. Test specimens with the dimensions
of 70 % 10 % 1 mm prepared by molding and by DLP
3D printing were placed between the grips at the dis-
tance of 30 mm. Tension load direction was perpendic-
ular to the printed layers as shown in Figure 1. Test
was performed at the speed of 5mm/min until the
break of the specimen. Elastic modulus (Eg), tensile
strength (o), and elongation at break (£) were deter-
mined. The mean values of three specimens of each
polymer were calculated.

3D printed spedmens were examined using a micro-
scope Olympus BX41 at =50 magnification.

2.4 | Biodegradability test

The biodegradation of synthesized materials was deter-
mined under aerobic conditions in dosed respirometers
(OxiTop Control, WTW GmbH) by measuring oxygen
consumption according to the standard ISO 14851:1999.%
An aqueous standard test medium prepared as described
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in the standard ISO 14851 was inoculated with the acti-
vated sludge, prepared from compost purchased from a
local store. Samples and blanks (inoculated media with-
out test sample) were stirred at (28 + 2)°C for 60 days.
The biodegradahility (BD) was determined by comparing
the biochemical oxygen demand (BOD) with the theoreti-
cal oxygen demand (ThOD) and defined as follows:

BOD g5y — BODiyjac
BD, % = oot —BODbank o 2
% ThOD G O @

where BD is a biodegradability (%), BODws (mg/) is
BOD of the sample in a test bottle, BODyyp (mg/l) is
BOD of the activated sludge, Cp.q (2/1) is the concentra-
tion of the sample in agqueous test medium, and ThOD
(mg/g) s BOD of the sample calculated theoretically by
assuming that the polymer completely degraded into CO,
and H,0. The mean values of two parallel measurements
of each sample were calculated.

3 | RESULTS AND DISCUSSION

3.1 | Kinetics of photocross-linking

In this study, bio-based resins were prepared from AESO
and bio-based RDs in appropriate amounts (Table 2) to
achieve necessary viscosity (i) of 0.50-0.80 Pa s for DLP
3D printing technology. The viscosity values of prepared
resins measured by rheometer were in the range of 0.56—
0.70 Pa s. Resin AESO/IBOMA possessed the highest vis-
cosity even though the highest amount of bio-based RD
was used in it. This could be due to the poor dilution abil-
ity of IBOMA*

Real-time photorheometry test was performed to
investigate photocross-linking kinetics and linear shrink-
age of bio-based resins. During the measurement, storage
modulus (G7), loss modulus (G), complex viscosity (*),
and loss factor (tand) were recorded as a function of irra-
diation time. The shape of all resin curves was similar,
s0, as an example, the dependencies of &, G", tand, and
i* of resin AESO/THFA on irradiation time are presented
in Figure 2a. All measured parameters were constant or
nearly constant values before the onset of UV/VIS irradi-
ation, indicating the stability of the material over that
time. As the UV/VIS irradiation of bio-based resins had
started, the values of G', G", and 5* started to rise with
time and later reached the intersection of the G' and G”
curves which indicated a sol/gel transition point (gel
point iy«) where G = G”, corresponding to the transition
from liquid resin to solid polymer*® Finally, all curves
reached  asymptotically  constant show-
ing @ > " *

values

The irradiation time dependencies of G' of AESO-
based resins with different RDs are presented in
Figure 2b. The real-time photorheometry measurements
confirmed the high cross-linking rate of all resins. The
rapid growth of G values immediately after the onset of
UW/VIS irradiation was obtained. The values of lye varied
in the range of 1.9-3.7 s (Table 3). This rapid increase of
the G walues indicated the prompt formation of
photocross-linked polymer network yielding to a solid
polymer after irradiation. Since G’ correlates directly with
the cross-linking density,* the high G’ values of the mea-
sured resins ranging from 9.67 to 13.63 MPa, as well as
the plateau values of G, G”, and y* reached at the end of
photocross-linking process showed the formation of
highly cross-linked polymers.

Tand, the ratio of G' and G", determines the mechani-
cal properties of the cross-linked polymers in photo
rheometry: when tand > 1, the loss (viscous) modulus G”
dominates and the cross-linked material is soft and rub-
bery; when tand =< 1, the storage (elastic) modulus G
overcome G" indicating the formation of highly cross-
linked polymer™®® It was observed that resin AESO/
IBOMA showed the highest & values and the lowest tand
values indicating the robust polymer formed. Resin
AESO/THFMA showed the similar G’ values, although
the tand values were significantly different. The higher
tand values of resin AESO/THFMA imply a considerable
liguid-state behavior of the sample dissipating the energy,
expressed as the higher values of G". This G’ and tand
values irregularity was also observed in resins AESO/ME
and AESO/THFA. Resin AESO/THFA showed the higher
values of G’ and tand than those of resin AESO/ME.
Although parameters G' and tand contradict each other
comparing these two resins. However, tand really deter-
mines the mechanical properties of cross-linked polymer.
Tand indicates where liquid (tand >1) and solid
(tand < 1) regions predominate evaluating the G" values,
which highly affect mechanical properties of photocross-
linked polymer.¥ The highest tand values and thus the
highest values of G" of resin AESO/THFA indicated the
formation of soft rubbery polymer.

Resin AESO/THFA with the only acrylate RD used in
this study underwent the fastest photocross-linking pro-
cess at the beginning and reached the gel point the
fastest. However, the resins with slower reacting methac-
rylate RDs, AESO/IBOMA and AESO/THFMA, showed
the higher G' values at the end of the process and thus
more rigid polymers were formed in these cases. This
observation correlates with previously determined the
higher conversion of methacrylate groups in comparison
to acrylate groups resulting in polymers with better
mechanical properties.*® Moreover, it was observed that
the rate of cross-linking was associated with the material
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shrinkage during the photopolymerization.***® The
shrinkage is caused by the transformation of inter-
molecular distances ~3-5 A linked via weak Van der
Waals force into the typical C—C strong covalent bond
distance ~1.54 A.®' This change of distance during the
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FIGURE 3 The FT-IR spectra of AESO and copolymers
AESO/IBOMA, AESO/ME, AESO/THFA, and AESO/THFMA (a);
TG A curves of synthesized polymers (b) [Color figure can be
viewed at wileyonlinelibrary.com |

photocross-linking reaction is time dependent and caus-
ing a higher shrinkage at the higher conversion of func-
tional pgroups. Resins AESQO/THFA and AESQO/ME
showed the lowest ., due to the prompt photocross-
linking, which resulted in the highest shrinkage of the
samples.

3.2 | Characterization of photocross-
linked polymer structure

Chemical structure of the synthesized polymers was
investigated by FTIR spectroscopy. The reduction of C=C
stretching signal at 1637 cm ™' was observed in the FTIR
spectra of all photocross-linked polymers (Figure 3a)
indicating the formation of polymer which most of
(meth)acrylic groups were reacted. Due to aliphatic struc-
ture of bio-based reactive diluents, all the characteristic
peaks of these materials were in the fingerprint region
and overlapped with AESO characteristic peaks in this
region. Due to this overlap, the confirmation of the reac-
tive diluent incorporation into the photocross-linked
polymer network could not be made by FTIR spectra.
Therefore, the formation of photocross-linked copoly-
mers of AESO and bio-based RDs was confirmed by
Soxhlet extraction (Table 4).

The yield of insoluble fraction (YIF) of the
photocross-linked polymers varied in the range of 95.4%—
98.7%. Polymer AESO/IBOMA showed the highest YIF
value indicating its highest amount of the cross-linked
structure of bio-based polymers, whereas the lowest
vialues of YIF of polymer AESO/THFA indicated the low-
est amount of the cross-linked structure and increased
formation of linear and/or branched macromolecules
during photopolymerization, which was also confirmed
by the highest value of tans. The highest initial
photocross-linking rate of polymer AESO/THFA con-
firmed by the lowest fya value could cause the reduced
extent of its final double bond conversion™ and thus led

rAmEs vocedte e ouRe 0C e G
the cross-linked polymers AESO/TBOMA 8.7 60.8 308 15
AESO/ME 6.9 24.3 353 16
AESO/THFA a5 4 4.6 35 19
AESO/THFMA 6.3 43.7 351 20
REF WH n® 386 6.0
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*¥ield of insoluble fraction after Scochlet extraction with chloroform for 24 b
(ilass transition temperature determined by DSC.

“Temperature at the weight loss of 107 obtained from TGA curves.

4Char vield obtained from TGA curves.

“Could not be determined by DSC.
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(a) AESO/IBOMA AESO/ME
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3DWPC

FIGURE 4

AESO/THFA AESO/THFMA

REF

Images of the AESO-based polymer specimens and the commercial 3D printing resin (REF) specimens prepared by three

different methods: by molding (LAB), by DLP without post-curing (3DWPC), and by DLP with postcuring (3DPC)(a): microscope images of
the surface of the polymer AESO/MA specimens prepared by 3DWPC (b, left) and by 3DPC (b, right): images of the bolt wrenching toal
formed from polymer AESO/IBOMA (¢, top) and image of the human lower jaw fragment formed from polymer AESO/THFMA (¢, bottom),
both produced by 3DPC [Color figure can be viewed at wileyonlinelibrary.com|

to the lower YIF value compared to that of polymer
AESO/THFMA.

3.3 | Thermal properties
DSC and TGA were used to study the themrmal properties
of the photocross-linked AESO-based polymers. The glass
transition temperature (Ty) values of the photocross-
linked polymers determined by DSC varied in the range
of 4.6-60.8°C (Table 4). It was determined that T, values
strongly depended on the used RD. The T, values of the
polymers with methacrylate fragments were much higher
than that of the polymer AESO/THFA with acrylate frag-
ments which YIF was the lowest as well. The highest T,
of 60.8°C was obtained for polymer AESO/TBOMA which
yield of insoluble fraction was also the highest.

The thermal degradation behavior of the cross-linked
polymers AESO/RD was investigated using TGA under

nitrogen atmosphere. All unpigmented polymers AESO/
RD showed the thermal decomposition temperature at
the weight loss of 10% above 300° C, however these values
were lower by 33-78°C than that of REF (Table 4). The
TGA curves of polymers AESO/ME, AESO/THFA, and
AESO/THFMA (Figure 3b) showed a single stage degra-
dation characteristic to cross-linked networks with a sim-
ilar bond thermal stability. The two-stage degradation of
polymer AESO/TBOMA was caused by the loss of isobornyl
fragment through ester bond scisson which themnal stabil-
ity was lower than that of carbon—carbon bonds formed
during photopolymerization.™ Due to the low thermal sta-
bility of isobornyl fragment, the char yield 1.5% of polymer
AESO/IBOMA was the lowest. Polymers AESO/THFA and
AESO/THFMA indicated the highest char yield values,
1.9% and 2.0% respectively, which were caused by the ther-
mally stable furan ring moieties.> REF exhibited not only
the highest themmal stability, but also the highest char
yield, which was caused by the presence of pigments.
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TABLE 5 Mechanical characteristics of polymer specimens prepared by different methods

Polymer Type of processing Pigmentation Eg, MPa® §, MPa® £, %"
AESOMBOMA LAB Unipig men ted 48523 + 226.0 2572 & 3649 53+ 1.0
Pigmented 1986.2 + 44.6 1375 £ 663 6.7 %20
IDWPC Figmented 5543 & 101.4 131+ 07 156+ 2.4
IDPC Pigmented 47499 + 4.3 2504 £ 92 A5+ 0.4
AESO/ME LAB Utipig roern ted 289.7 &+ 21.7 190 % 16 6.6 % 0.6
Pigmented 2094+ 121 140+ 14 67+ 09
3DWPC Pigmented 409 + 3.7 L7 02 95+ 1.6
3DPC Pigmented 729 %+ 39 3307 128+ 3.1
AESOSTHFA LAB Unipig e ted 176.0 & 14.3 244 % 20 14.0% 2.1
Pigmented 136.4 % 15.7 79x 15 59% 1.3
IDWPC Pigmented 20+ 10 09+ 02 B6+ 0.6
3DPC Pigmented 366+ 1.4 25+ 04 10.5% 1.0
AESOSTHFMA LAB Unpigmented TO4E & 188.2 1102 & 300 143+ 3.4
Pigmented 306.1 = 40.2 407 £ 2.7 135+ 2.0
IDWPC Pigmented 524+ 101 3511 148 £ 0.9
3DPC Pigmented 6640 £ 338 37241 34 161+ 1.8
REF LAB Pigmented 6479.7 & 216.0 1088 + 89.32 40% 1.5
IDWPC Pigmented 1089.8 = 179.9 B71 %163 19.3% 3.2
3DPC Pigmented 64519 & 205.9 2527 £ 2.3 4704

“Elastic modulus.
*Tensile strength.
“Elomgation at break.

FIGURE 5 Tensile
characteristics of the cross-
linked polymer specimens
produced by molding (LAB), by
DLP 3D printing without
posteuring (3DWPC) (a), and by
IDPC: Elastic modulus (Eg),
tensile strength (§), and
elongation at beeak () (b)
|Color figure can be viewed at
wileyonlinelibrary.com|
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34 | DLP 3D printing and tensile test

All prepared bio-based resins were successfully applied in
DLP 3D printing technology. The images of the AESO-
based polymer specimens as well as a reference speci-
mens prepared by three different ways: by molding
(LAB). by DLP without post-curing (3DWPC), and by
DLP with post-curing (3DPC), are presented in Figure 4a.
3D printed parts demonstrated high printing accuracy
with smooth surface finishing after the post-curing. How-
ever, a corrugation at the surface of the specimens pre-
pared by 3DWPC occurred due to the washing away of
the unreacted monomer from the specimen surface,
while a smoother surface was obtained after post-curing
process ( Figure 4b). The complex architecture of the frag-
ment of human lower jaw printed from resin AESO/
THFMA with high definition (Figure 4c) confirmed the
suitability of the prepared bio-based resins for DLP 3D
printing tech nology.

Tensile testing was conducted to determine the effects
of RDs on mechanical properties of polymers. Since only
pigmented resins could be 3D printed on the used print-
ing equipment, pigmented and unpigmented specimens
were prepared by LAB to determine the influence of pig-
mentation to the tensile properties of bio-based polymers.
The considerable reduction of the tensile parameter
values of pigmented photocross-linked polymers was
observed (Table 5). The carbon black pigment is often
employed to control the cured layer thickness in DLP 3D
printing, as the light penetration is suppressed in deeper
layers and the resin could not be fully cured. This led to
the decreased values of Eg and & of pigmented specimens
prepared by LAB.

The tensile test was performed for pigmented samples
prepared by three different ways: LAB, 3DWPC, and
IDPC, when moving axis was perpendicular to printed
layers. Due to the different methods of specimen prepara-
tion, the adhesion between different layers during the 3D
printing process has been evaluated. The worst mechani-
cal properties were obtained when specimens were pre-
pared by DLP 3D printing without post-curing (Table 5).
Post-curing after photocross-linking generally involves
the removal of unreacted compounds using solvent
(e.g., ethanol, isopropanol) followed by UV-curing and/or
thermal curing to improve the conversion of functional
groups and increase the cross-linking density.*® The spec-
imens prepared by 3DWPC showed poor mechanical
properties because of an inevitable presence of unreacted
functional groups caused by the conversion gradient in
each layer.>®

Polymer AESQO/IBOMA showed the highest values of
elastic modulus (Eg) and tensile strength (5) (Figure 5).
Due to the bulky and rigid isobornyl bis-cyclic group,

20 ]
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FIGURE 6 Biodegradation kinetics curves of synthesized
polymers and cellulose as a reference material [Color figure can be
viewed at wileyonlinelibrary. oom |

photocross-linked polymer AESO/IBOMA was stiff and
inflexible™ with the lowest elongation at break (£) values.
IBOMA, as a bulk-toughening agent in AESO-based poly-
mers, improved the mechanical properties of the synthe-
sized polymer. Comparing tensile parameters of polymer
AESO/IBOMA prepared by 3DPC and unpigmented
LAB, the values of Ez and ¢ were nearly identical, indi-
cating the highly rigid specimens with a very high adhe-
sion between the printed layers. The huge differences of
tensile properties between pigmented specimens pre-
pared by LAB and 3DPC could be explained by the cure
depth caused by the carbon black pigment. Since the
layer thickness in DLP 3D printing was 50 pm, the layer
fully cured during the light irradiation, while preparing
pigmented samples by LAB there was a single layer of
1 mm thickness, which could not be fully cured due to
the restrained light penetration.

Polymers AESO/ME and AESQO/THFA showed the
lowest values of Ep and & indicating poor mechanical
properties and formation of soft rubbery polymers. The
specimens of these two polymers prepared by 3DPC
showed significantly lower Eg values than those of the
specimens prepared by LAB. As these two resins ( AESO/
ME and AESO/THFA) showed the highest shrinkage,
this huge reduction of tensile parameters of printed sam-
ples could be explained by the layer shrinkape during the
DLP 3D printing process, which could led to the weak
adhesion between the printed layers.

Higher YIF and T, values of polymer AESO/THFMA
led to the better mechanical properties compared to those
of polymer AESO/THFA. This was caused by the replace-
ment of methyl group in THFMA by hydrogen in THFA
followed by increased chain flexibility.”® Moreover,
methyl group in THFMA caused the lower shrinkape
during photocross-linking. Although both polymer
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AESO/THFA and AESO/THFMA spedmens showed
considerably high e values when were prepared by LAB,
compared to the specdmens prepared by 3DPC. Polymer
AESO/THFA showed a significant reduction of £ values,
what confirmed the poor adhesion between layers during
DLP 3D printing.

In general, all AESO-based polymers demonstrated
the tunable properties varying from soft to rigid. Poly-
mers AESO/IBOMA and AESO/THFMA exhibited the
highest values of elastic modulus. Tensile properties of
AESO/IBOMA specimen prepared by 3DPC were the
closest to those of the commercial petroleum-derived
resin REF. The highest Ex and & values of REF and
AESO/IBOMA prepared by 3DPC indicated the forma-
tion of highly cross-linked hard polymers. Although
nearly two times higher e values of AESO/IBOMA com-
pared to REF prepared by 3DPC, showed the higher flexi-
bility of AESO/TBOMA polymer due to the long fatty acid
chains in AESO molecule. The comparison of the tensile
properties of AESO-based polymers with those of REF
shows that they could be considered as a competitive sub-
stitute for commercial ones.

3.5 | Biodegradation of photocross-
linked polymers

The biodegradation of photocross-linked polymers was
determined by measuring oxygen consumption in the
closed respimometers in an aqueous medium under labo-
ratory conditions with an inoculum from compost. The
synthesized polymers (0%-7.5%) AESO/RD  were
biodegraded after 60 days while biodegradation of cellu-
lose, used as a reference material, was 19.1% after the
same period (Figure 6). Polymer AESO/TBOMA sample
did not consumed oxygen during the test and showed no
biodegradation due to the highly cross-linked polymer
network and non-biodegradable isobornyl moieties.”* ™
It was observed that cellulose did not reach the plateau of
BOD after 60 days indicating the continuing biodegrada-
tion process. Massardier-Nageotte et al.® investigated
cellulose biodepradability by measurdng BOD and
reported a biodegradation of 17.3% after 28 days con-
firming the slow biodegradation process of cellulose.
Since all synthesized photocross-linked polymers
were AESO-based, they all consisted of glycerol esterified
three fatty acids moieties. During aerobic degradation,
hydrolyzed fatty acids degraded via f-oxidation mecha-
nism by which saturated fatty acids were converted to
shorter fatty acid fragments by the repeated cleavage of
two-carbon molecules acetyl-CoA. Acetyl-CoA can then
enter the tricarboxylic acid cyde where it is further
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exidized to CO,** However, nondegradable linkages are
formed during cross-linking reactions and the biodegrad-
ability of triglycerides significantly decreases.® Due to
the formed cross-links or branches in fatty acid portion of
the triacylglycerol network, binding and activity of
lipases, which cleave the glycerol ester bonds is inhibited.
As the cross-linking of triglyceride increases some glyc-
erol ester bonds are cleaved but further metabolism of
fatty acids s blocked by the branch points leading to
decreased biodegradability.

It was noticed that polymers AESO/ME and AESO/
THFA with low YIF amd poor mechanical properties
showed the highest biodegradability. ME is obtained
from vegetable oils and is of the same origin as AESO for-
ming a complex network of cross-linked fatty acids which
are targeted by microorganisms and easily biodegradable.
Glycerol ester groups and furan ring in polymers AESQ/
THFA and AESO/THFMA were triggered by microorgan-
isms and participated in biodegradation process. Furan
ring moieties cleave in the place of oxygen heteroatom
forming various levulinic acid or 2-furoic acid derivatives,
which further cleave into smaller molecules.”*™ Due to
this degradation mechanism, all furan derivatives are bio-
degradable, although the rate of biodegradation is irregu-
lar as it was observed for polymers AESO/THFA and
AESO/THFMA. The rate of biodegradation of these poly-
mers differs due to the different density of cross-links.
The higher YIF led to the lower biodegradability of poly-
mer AESO/THFMA.

4 | CONCLUSIONS

In this study, bio-based photocurable resins were composed
of commercially available materials and applied in DLP 3D
printing technology. Acrylated epoxidized soybean oil was
mixed with bio-based monofunctional (meth)acrylates to
obtain the required resin viscosity for DLP 3D printing of
557.5-699.3 mPa s. Bio-based resins with biorenewable car-
bon content of 75%—82% indicated high photocross-linking
rate, yield of insoluble fracion, and thermal decomposition
temperatre at the weight loss of 10% above 300°C. DLP 3D
printing of developed resins resulted in smooth surface
finishing and good layer adhesion. Photocrosslinked soy-
bean oil-based polymers with methacrylic ester,
tetrahydrofurfuryl acrylate, and tetrahydrofurfuryl methac-
rylate fragments indicated slow biodegradation process with
a biodegradability up to 7.5% after 60 days showing their
suitability for production of the long-term usage products.
Investigated bio-based resins can reduce the petroleum-
based carbon footprint in additive manufacturing and
reduce the environmental impact.
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ARTICLE INFO ABSTRACT

Keywards:
A. Particle-reinforeement

A. Polymer-matrix composite
A. Biodegradable material

E 3-D printing

In thiz study, nowel photocurable biobased and biodegradable composites with functionalized fillera from in-
duatrial inorganic waste have been developed and applied in optical SD printing technology. Hydrothermally
symthesized caleium silicats hydrates from aluminium fAuoride production wasee were used 2z Gllers in phowm-
resing based om acrylated epoxidized soybean sil-bazed. The uze of fillers synthesized from industzial waste led o
an improvement in the mechanical properties of palymer composites compared o filler synthesized from
impurity-free material. The high 3D printing accuracy, perfect layer adhezion, and smooth surface finiching of 3D
shjectz printed with = commercial digital light processing (DLP) 3D printer wers chown by the developed
composites. The biodegradability of ph ed pol - reached 19.6% in 60 daya. The developed
compeaites have the great potential to be 2 competitive alternative to conventional petrolewm-derived ones and

reduce the environmental impact.

L. Introduction

Optical 3D printing (O3DP) technologies, such az digital light pro-
cessing (DLP) or stereolithography (SLA), in which liquid resins are
layer-by-layer photocross-linked under UV or wisible light [1], hawve
gained a lot of interazt due to high printing accuracy, low raw material
usage, and the ability to create objects that cannot be cut, carved, or
aszembled [2]. However, since O3DP polymer products lack smength
and functonality, they are still used as conceptual prototypes instead as
operative constituentz [3]. Due to this, the induszmial applicadon of
D3DP polymers is still limited. The uze of composite materialz could
help overcome thiz drawback, as improved mechanical, thermal, and
other propertiez can be achieved by the combination of a polymer matrix
and reinforcements or Allers [45].

Filler reinforcements are widely used to enhance the polymer prop-
erties of the matrix in QO3DP due to their low price and simple incor-
poration into liguid photoreszins. Fillers such az aluminum Dxide CALyOy)
[6], diamond microparticlez [7], carbon nanotubes [Z,9], graphene
oxide [10], titaniom dioxide [11,12], and muuh:uurj.llumte nanoclay

* Garrecponding author.
E-mail address: jolita oatrauskaite@kia It (J. Ostrauskaite).

hittpa://doiorg/10.101 6/ compositesa BOX2. 106329

[13] hawe been uzed in photosensitdwve resins and improved thermal,
mechanical and electrical propertdes of O3DP objectz. Although an
enhancement of the composite properde: was observed, the incorpo-
rated fllers were inert particles connected to the polymer matrix only
wia weak intermolecular interaction. Due to this, the addition of fAllers is
limited to a certain value, called the threshold point, bevond which the
filler particles begin to form clusters and increase the accumulation of
woids, leading to deterioraton of the mechanical properdes [14,15].
This problem could be solved by adding modified fillers with functional
groups that react with the polymer matrix and promote a more efficient
bonding to the polymer matrix. [156]. Silane-treated AlzOs [17], gra-
phene oxide [12], 5i0; [19], barium titanate [20] and f-carboxyethyl
acrylate treated boshmite [21] were incorporated into photoresins and
zigmificantly improved the mechanical properties of O3DP composites.
Furthermore, waste materials could be used to produce fillers for com-
posite materialzs: calcium zilicate hydrates could be synthesized from
aluminiuvm fAuvoride productdon waste, an altermative source of zilicon
dioxide [ Although thiz waste iz contaminated with aluminum and
Huoride ions, theze ions could be bound to chemically inert compounds
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zuch as karoite and cuspidine during hydrothermal treatment [23]. In
thizs way, the consumption of waste material and the conversion of it into
the added value produet would be combined. Calcium zilicate hydrates
of variouz composidons are the primary binding phases in concrete,
bazed on Portland cement, and the main products of the caleium oxide-
zilica-water system under hydrothermal conditions with hydrolyde
decomposition at low pH [24-28]. Cryztalline calcium silicate hydrate
compounds such az gyrolite (Cal and 5i02 molar ratio (C/5) = 4,/6) and
1.1 nm tobermorite (C/5 = 5/6) exhibit a lamellar (2D} nanascale
structure [29,30] , while xonotlite (C/5 = 1) tends to form needle-
shaped nanofibers (1D structure) [31], which make: theze minerals
zuitable for use as souctural fllers in polymer composites [32]. Caleinm
zilicate hydrates can be modified with silanes to improve the interaction
between the hydrophilic filler and the hydrophobic polymer matrix in
composite materialz. Such fllers synthesized from waste materialzs could
provide an added walue to polymeric materials by improving their me-
chanical and thermal properties [33]. Howewer, its application for
polymer composites for O3DP har not been sufficiendy invesdgated.

Most O3DP marterials are petroleum-derived, non-biodegradable
(meth)acrylates, which hawve a significant negative impact on the envi-
ronment [16]. AESO iz a commercial biobased material that could be
photocrozz-linked by free radical polymerization producing a =zolid,
biodegradable polymer [34 35]. AESO iz suitable not only for UV-cured
coatings, but alzo for O3DP [36-40]. UV-cured AESO compound:z with
modified montmorillonite nanoclay of alkylamine [41], funcdonalized
graphene or graphene oxide [42], modifed cellulase nanocrystals [43],
acryloyl group functionalized graphene [44], and ecarbon nanotubes
functionalized with tannic acid [45] hawve been prepared. The reported
modified fillerz improved the mechamical and thermal properties of
AES0-based polymers at a concentration of 1 wib. Wu et al. [45] have
produced winyl palm oil-based biocomposites with methaerylic anhy-
dride modified micro-scale bamboo fberz by SLA 3D printing. Inoo-
duced modified fiberz to the bio-based matrix not only improved the
mechanieal and thermal properties of the biocomposite but could alzo be
recyeled after mild degradatdon of the composite mamix. AESO-based
biocompositez with nanohydroxyapatite for bone tiszue engineering
were produced by extrusion-based 3D printing with simultanecus UV
curing during layer-by-layer deposition by Mondal et al. [47]. Liu et al
[40] employed the zame method to produce AESO and methacrylic
anhydride-modified ethylesllulose macromonamer (ECM) composites
with ECM weight contentz of up to 30 wt%. Improved mechanical
properties such az elongation at break, tensile strength, and elazde
moduluz as well az glass ransition with higher loading of ECM showed
excellent Aiber-matrix interaction of printed composites with modified
fller. AESO biocomposites with improved properties have a huge po-
tential for use in optical 3D printing, yet their application in conven-
tional 3D prindng such az SLA and DLP iz inzufficient and needs to be
further investigated for a broader commercial use.

The aim of this work was to develop novel AESO-based composites
with functionalized calcium silicate hydrare-bazed fillers from waste
material and apply them in optical 3D printing. Calcium silicare hydrate
fllers were hydrothermally synthesized from the Cal and 5i0;-rich
aluminium fAuworide production waste while the remaining hazardous
aluminivm and Auoride ions have been bound into chemically inert
compounds. The performance of the fller synthezized from production
waste was evaluated by comparing it with the filler synthesized from
impurity-free 5i0: The interaction between the filler and the AESO-
bazed polymer matrix was improwed by modifying the fillers with
acrylic groups containing silane. Complex and precize 3D objects have
been proeduced by DLP 3D printing from AESO-bazed polymer compos-
ites and their mechanical, thermal propertiez and biodegradability were
inwvestigated.
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2. Materlals and methods
2.1. Materials

Aecrylated epoxidized soybean oil (AEZ0) and UV blocker 2,5-bis{S-
tert-butylbenzoxazol-2-yl) thiophene were purchazed from Merck
(Taufkirchen, Germany). Biobazed isobornyl methacrylate (IBOMA) was
kindly donated by Evonik Industries (Eszen, Germany). Ethyl (2,4.6-
thimethylbenzoyl) phenyl phosphinate (TPOL) was purchazed from
Fluorochem {(Hadfield, England).

The material uzed to synthezize the fAllers: zilica gel waste, a by-
product of the aluminium fluoride manufacturing process, was kindly
donated by Lifosa (Fedainiai, Lithuania). The dried waste marterial (at
room temperature until a constant mass) was milled uszing a Fritzch
Pulverizette 9@ planetary mill (Idar-Oberstein, Germany) (950 rpm, 2.5
min), 5, = 1540 m*%g (by Cilas LD 1090 granulomester (Orleans,
Franeel), p = 2350 l'uz;,-"J:l:l3 (by Quantachrome Instruments Ultrapye
1200e gas pycnometer (Bovnton Beach, Florida, USA)). The detailed
composition of the silica gel waste iz available in ref: [53 54]. CaO
(obrained by ealeining Ca(OH);, for 1 h at 550 “C, >96%) was purchased
from Honeywell (Seelze, Germany). Calcium oxide waz milled (350 rpm,
30 =), free Ca0 — 9406, p = 2840 kg/my, 5, = 2050 m*/kgHydrated
amorphous zilica — 5i02nH20 was purchazed from Reaktiv (Saint-
Petersburg, Russia). Hydrated silica was milled (850 rpm, 2.5 min), lass
of ignition (LOT) — 11.79 wtle, o = 2300 kg/m®, 5, = 1430 m”/kg [49].
For modification of the fllers, acryloxypropyltrimethoxysilane (APTMS)
was purchaszed from Alfa Aesar (Kandel, Germany).

2.2, Synthesis and functionalization of calcium silicate hydrates

Twao type: of unmodified Allers, calcium zilicate hydratez, were
synthezized by hydrothermal treatment at 200 “C for 12 h according to
Ref. [49]: filler X, where amarphousz hydrated zilica (5i05:nH0) was
used azs the source of 510z (Ca0 and 5i0: molar ratio was 1:1). Filler X5,
where aluminium fluoride produetion waste, AlFs-rich zilica gel was
uzed, (Cal and (5i0,; + Al;O3 - F ) molar ratio was 1:1). The initial
mixmrez were homogenized uzing a WAB Turbula Type T2F homoge-
nizer (Muttenz, Switzerland) at 49 rpm for 1 h. Subzequently, the ho-
mogeneous initial mivtures were combined with water (distilled) to
prepare 400 mL suspensions with a liquid to solid ratio (by weight) equal
ta 20 in a Parr Instrument 4560 autaclave (Moline, Nlinois, USA), where
they were hydrothermally treated with stirring at 50 rpm for 12 h ac
200 *C. Subsequently, the suzpensions were filtered and the fillers ob-
tained were treated with acetone and dried at 105 = 0.3 “C undl a
constant mass. The composition of the obtained unmodified fllers is
given in Table 1 [49].

The functionalization of hydrothermally syntheszized calcium silicate
hydrate fillers was carried out az follows. APTMS (10 wt3 of the un-
modified filler weight) was added to the diztilled water, which was
acidified with acetic acid (0.1 mol L ") to reach a pHof3-4at70+C. The
APTMSE was left to hydrolyze for 30 min under stirring and then the
fillers were added to the solution to prepare a suspenzion where w,/s =
10 (by weight). Funcdonalization was carried out in stirred suzpenszions
for 5 h at 70 °C and then dried at 70 “C until a constant mass. The dried
fillers were rinsed with isopropanol to remove weakly attached silane
maolecules and homocondenzate of APTMS, and then dried again at 70 °C
until a constant mass. The functonalized X and X5 fllers were named,
respectively, XM and XSM. The composition of functionalized fllers is
given in Table 2.

Equations (1)-(4) show the main chemical reactdons that occurred
during the silanization process [50,51].

Hydrolysis and condensation of APTMS:

R'-Si(0-CHz)3 = 3Hz0 — R-8i-(0OH)3 = 3CH50H )

R-Si-{OH)3 + 3HO-Si={silicate) — R—Si-{O-Si=(silicate))s + 3H0 (2]
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Table 1
Composition and <h ictice of unmodified Gllera [49]
Unmudified S0y, sparce Chemical composition, % Mineral compasition Tapped density Denssity o°,
fillers oy giml wiml
X Amorphous hydrated silicy 404 B Call, 4718 % SiCk,, B.78 % LOL{CO; + HO) Tabermoribe, xonotlite, C-5-H{T), 0070 31063
(S0 i) eleite (races)
Xs Aluminium fuoride ALZY wih Call 3587 witth S0z, 4.26 withh AlxOs, Tabermuorite, cuspidine, katoite, C LX) 34094

production waste 3.67 wi%s F14.97 % LOI (OO + HaO)

ST, calcite (races)

* measured by gas pyenometer

Table 2
Compozition of caleium zilicate hydrase fllam from the STA dara.

Filler  Mass boss at — 340-620°C, %  Amount, %

Acryloxypropyl CH0z group  Organic carbon € Organic hydrogen H Organic oxygen O Silane silicon $i Silane coating
X 175

X§ 379

XM 396 221 1.46 019 0.56 049 270

XSM 549 1.70 112 0.15 0.43 0.37 207

The sum reaction:

R-Si-(0-CHyl - 3HO-Si=(silicate) 3R—Si—{O-Si{silicateJj; — 3CHzOH
2

The hydrolyzed silane may also undergoe homocondenzadon and
produce silicone:

RR—Si{0H}; — (R-5i+0—j)y = 3nHz0 4

2.3, Characterization of funchonalised calcium silicate hydrate fillers

Simultaneous thermal analysiz (STA) was used to quantify the zilane
coating on the modified fillers. 5TA was performed on a Linseiz PT 1000
(Selb, Geramany) apparatus as in Ref. [23].

The Perkin Elmer Spectrum BX II FT-IR spectrometer (Llantrizant,
UK) was used to perform Fourier transform infrared spectroscopy (FT-
IR) as in Ref. [25].

Tapped density of the inorganic fillers was measured using a capped
graduated cylinder {250 mL, readable to 2 mL) and a manual mechanic
tapping device (VTV, Moscow, Russia). The sample waz weighted to
0.0001 g, placed in a cylinder, and then tapped -~ 250 times until the
tapped volume was constant. The obtained tapped volume Vi was usad
to calculate the tapped density g

2.4, Preparadon of photocurable resins

The rezinz were produced by combining AESOQ with IBOMA in the
weight rado of 60:40 and adding from 1 wi%: to 10 wi¥ of X filler or by
combining AESO with IBOMA in the weight ratio of 40:50 and adding 5
wi% of fllers X, X5, XM and XM (e.g. AS40,/160,/ X35 and AS60/140/X5,
where AS cthows weight rado of AESO, I shows weight ratio of IBOMA,
and the last part of the fller resin code stands for the fller used and
amount of it). Resins without filler were also prepared in both monomer
ratios (AS60/140/0 and AS40/160/0). The 3 mol.% of TPOL added was
calculated from the toral amount of both monomerz. The appropriate
amount of filler was mixed with the resin using an IKA T25 digital
ULTBA TURRAX (Staufen, Germany) disperser at a speed of 15000 rpm
at room temperature for 2 min. The composition of the prepared resins is
preszented in Table 3.

The viscosity of the resins was measured using a rotational Fungilab
SMART L viscosimeter (Barcelona, Spain) with L2 geometry under 20
RPM at 25 = C.

2.5. Investgation of photocuring Kinctcs

The kinstics of photocuring and linear shrinkage (Ad) were investi-
gated with an Anton Paar MCR302 rheometer (Graz, Austrial as re-
ported in previous studiez [37]. Average values were calculated from
three measurements of each resim

o= i
LT
2.6. Preparaton of polymer composite specimens in Teflon molds
Bio-bazed resins were photocross-linked in a rectangular Teflon mold
(70 = 10 x 1) = 0.08 mm under the Helioz ltalguartz model GELE 500 W
Table 3
Composition and theological parametem of the prepared resine.
Sample Moncmer ratio AESO: IBOMA (wifwt.) Filler Amaunt of filler, wi% Viscosity, mPass G*, MPa Ad, % o’ 5
AS60,T40,/0 [ ] o 746 18
ASG0,/140,X1 X 1 1007 1.0
ASH0,T40,/X3 3 1262 1.1
AS60,T40,/X5 5 56 1.4
AS60,T40,/X10 10 66D 1.7
AS40,T60,/0 G B 157 4
AS40,160,/X5 X 5 241 35
ASA0, 160,055 x5 5 30z 33
ASA0,T60,KMS X B 624 a7
AS40,T60,XSM5 XSM 5 66 38

* @ after 600 1 of irradiation
b _ ¢4 desermined from the beginning of UV/VIS illumination.

113



M. Lebedevaite ot al.

lamp (Cambiago, Ialy), intensity 310 mW em % ata gap of 15 em for 5
min until solid polymer waz formed.

2.7. DLP 3D printing of polymer composite specimens

A Phrozen Sonic Mini 4 K 3D printer (dezktop LCD/LED, Hzinchu,
Taiwan) was used for DLP 3D printing of polymer composite specimens.
The printer was equipped with a LED array (i = 405 nm) arranged
throughout the build area and a monochrome LCD zcreen az a mask to
zelectively filter LED light and thus project each layer of an object to be
printed. The acmal building volume was (69 x 121 = 132) mm. The XY
(lateral) resolution of the printer was 35 pm (6.1" 4 K Monochrome LCD
zsereen was used). 50 pm of layer thicknes: was chozen with zet exposure
for 12 5. Rectangular bars of (70 = 10 = 1) = 0.01 mm wers printed for
the tensile test and complex shape city models. All DLP 3D printed
zpecimens were cleaned with frezh isopropyl alcohol for 20 min and
post-cured in UV chamber (LED light sourse: i = 365 nm (45 W), i =
380 nm (25 W), i = 395 nm (70 W) for 60 min.

2.8. Characterization of photocress-linked polymer composites

The yield of the insoluble fraction (¥IF) was obtained by Soxhlet
extraction as previouszly reporved [37].

Thermogravimetric analysiz (TGA) was performed on a TGA 4000
apparatus (Perkin Elmer, Llantrizant, UK) according to the procedure
reported earlier [37].

Dynamic mechanieal thermal analysiz (DMTA) was carried out with
an TA Instruments BEA-G2 (Mew Castle, USA) equipped with 3-point
bending fAxtures at a frequency of 1 Hz with a strain of 0.01 % and an
axial force of 0.1 M. The test waz performed from 25 “C to 200 “C ata
heating rate of 3 “C/min. The storage modulus (E"), losz modulus ('),
and damping factor (tanf) were monitored az a funcdon of temperamre.
The glas: oansidon temperature (Tg) was establizshed by the peak
maximum of tand. The cross-link density (1) was determined according
to Ref. [36]

The mechanical properties of the synthesized polymer composites
were determined by a tensile test followed by the IS0 527-3 standard
according to the procedure reported earlier [37] with the use of PWG50
grips.

The morphology of the fllers and composite materials was investi-
gated with FEI Quanta FEG 200 scanning electron microscopy (SEM)
(Hillsboro, USA) with a magnification of 500 to 20,000. The acceleration
wvoltage waz 10 kV.
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DLP 3D printed specimens of polymer composites were analyzed
uzing an Olympus BX41 microscope (Shinjuku, Japan) at a magnifiea-
tion of 50 dmes.

2.9. Biodegradability test of photocross-linked polymer compeosites

The biodegradation of polymer composites was determined accord-
ing to the standard IS0 14851:1999 [52] under aerobic conditions in a
elosed respirometers OxiTop® Control (WTW, Weilheim, Germany) as

previously reported [37].
3. Resules and diseusslon
3.1. FuncHonalization of calcium silicate hydrate fillers

The FT-IR szpectrum of acryloxypropylmimethoxysilane (APTMS)
(Fig. la, eurve 1) shows a distinctdve peak at 1724 em-— 1, which refers to
the stretching vibradons of the € = O bond in the acrylate fragment of
APTMS. Other important peaks were the following: symmetric and
andzymmetric stretching of the C-H bond in the methylene CH; and
methyl CHy groups at 28422945 cm ', as well as seizzor-type swetch-
ing at 1466, 1403, 1185 and 775 cm 1, axial deformaton of the C=C
bond at 1636 em ', swetching and bending of the 5i-0-C bond at 1076
and 810 em ™! [53,54].

The main peaks in the unmodified fllers X (Fig. 1a, curve 2) and X3
(Fig. 1a, eurve 4) were the vibration of the stretching of the O—H bond of
the silanol groups in the range of 2900-3300 cm 1, the vibradon of the
bending of the H40 molecules ar 1640 em ™ !, the asymmetrie stretching
of the C-04" bond in the carbonate anion at ~ 1440 cm ' and 876
em™ ' The distincrive peaks of the silicate structure were the following:
the asymmetric stretching vibration of the 5i—0 bond in the 5i0, silicate
tetrahedra at ~ 971 em 1, the bending of the 0-5i-0 and 5i-0-5i bonds
were characterized by peaks at and ~ 450 and ~ 670 cm ™! respectively
[25,55].

The FT-IR spectra of the funcdonalized fillers XM (Fig. la, curve 3)
and XSM (Fig. 1a, curve 5) contain a peak at 1724 em ! that indicated
acrylate fragmenes (acrylic C = O bond); therefore, it could be staved
that APTMS had reacted with the filler successfully. Other segments of
the spectra differed slightly from the unmodified Hller and raw mate-
rialzs: a peak at ~ 3615 cm 1 waz better revealed, which iz common to
Ca0-H bonds of Al-substituted tobermorite and xonotlite [56] together
with a decreased peak in the range of 2900-3800 cm 1 possibly due to
the decrease in the amount of free silanol groups, and the broadening of
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Fig. L. a) FT-IR curves of: 1 —APTMS, 2 — fller X, 3 — filler XM, 4 — fller X5, 5 — fller X5M: b) 5TA curves: 1 - TG and 2 — DSC of filler XM, 3 — TG and 4 — DSC of

Hller X5M.
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the peals in the range of ~ 700-1400 em ™ ' which could be causzed by
the increaze of different types of 5i-0 bonds.

The 5TA data of the functionalized fllers XM (Fig. 1b, curves 1{TG)
and 2(DSC)) and XSM (Fig. 1b, curves 3(TG) and 4(DS5C)) differ from the
eurves of the raw materialz, as they contain an exothermal peak in the
range -~ 340620 “C which refers to the oxidation and decomposition of
zilane residues. The mass loss in the unmodified fillers in the afore-
mentioned temperature range was 1.75 % for fller X and 3.79 % for
Hller X5, while in the functionalized fAllers: XM — 3.96 % and XM - 5.49
%. The difference in mass losz due o the presence of silane coating was
221 wi% and 1.70 wt%, respectively, which correzponds to the
decomposition of the carbon chain part (acryloxypropyl group) of the
zilane coating connected to the filler. The calculated amount of coating
and its elemental composition in the filler are given in Table 2.

The other thermal effects from the STA curves are as follows:
141-145 “C — decomposition and dehydration of calcium silicate hy-
drates, 322 “C (XS fller cnly) — decompositdon of katoite, 671-710 “C —
decomposition of calcite, ~ 840 °C - recryztallization of semiamarphous
caleium zilicate hydrate phases into wollastonite [497].

SEM image:s of the unmodified fller XS (Fig. 2 a) and the funcdon-
alized X5M (Fig. 2 b) showed the prezence of zemiamorphous C-5-H(I)
which could be dizstinguished by large agglomerates of needle-shaped
particles [25], tobermorite could be recognized by itz translucent
plate-chaped particles [29]. Small dense round-shaped particles could be
antributed to katoite [57] or calcite [25], as the filler contained traces of
the latter mineral idemtified by STA [4%]. The CSH{Il agglomerates
underwent rome disintegration during the coating process, but the
particle shape and zize of other mineral: remained unchanged. The
changes in the surfaces were not visible as a result of the low concen-
tration of APTMS.

3.2. Resin characterisation and photocuring kinetics

The viscosity of conventional 3D printing resins at 25 “C iz usually in
the range of (200 — 15001 mPa-5, enabling them to redizmribute them-
zelves in the resin tank during the movements of the Z axis [52]. Fillers
added to resin greaty influence viscoszity in two aszpects, the particle-
zolvent and particle-partcle interactions [59]. The higher amount of
fller from the ASG0/140 resin series significantly inecreased resin wis-
cosity, influencing the stability of the prepared rezinz (Fig. 3). The
higher amount of X filler in the AS60,/140 zample zeries tremendously
enhanced the viscosity of the resin due to the increased particle-particle
interactions [50] and improwed the stability of the resin showing no
sedimentation after 60 days with 10 wi¥ of X filler. The higher amount
of X fller in the AS60,/140 zample seriez wemendously increased the
wizscazity of the resin due to the increaze in particle-pardcle interactions
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[60] and improwed the ztability of the rezin showing no sedimentation
after 60 days with 10 wt¥ of X filler. Such AS60,/140,X10 rezin stability
was monitored due to increased viscosity [61] and decreased sedimen-
tation velocity az the concentraton of X filler increazed [62]. Az the
denzity of the X and XS particles was greater than 3 g/ml (Table 1) and
higher than thar of the fluid, the mixture iz influenced by the gravita-
tional foree that leads to sedimentation. The XS fller showed a higher
tapped and real density compared to the X fller showing a denser
packing of heavier X& parteles, resulting in increased sedimentation.
Furthermore, due to the fiber-like X filler structure, the sedimentatdon is
qualitatively different from the zedimentation of zpherez, leading to
zlower fiber orientation diztribudon-dependent zedimentation [63].

The resin zhould be stable and homogeneous for the maximum
period of time and remain uniform throughout the 3D printing process.
Resin AS40/160 with added fillers showed a suitable wiscosity for O3DP
in the range of (241-624) mPa-z. As the SEM imagesz did not show
obwvious strucmural changes in the XSM fller after functionalization, the
resins AS40/160/X55 and AS40/160,/XSMS had reladwvely similar wvis-
cosity values (Table 3) and demonstrated similar resin stability (Fig. 3b).
The resin AS40/160/XMS showed the highest viscosity of 624 mPa s,
which could be affected by the steric hindrance of the XM fller with a
higher amount of APTMS coupled to the filler pardeclez.

The photocuring kinetics of biobased resinz and the influence of the
filler on the rheological parameters of the resins were studied by real-
time photorheometry. It was determined that the fllers reduced the
final values of the storage modulus (G") of all the resins investigated
(Table 3). In the AS60,/T40 zeries, 1 % of fller X significantly reduced the
final values of G’ compared to the same resin AS60,/140,0 without fllar
(Fig. 4a). The additdon of a larger amount of filler increased the final
value of G" and thus improved the rigidity of the composite. Howewer,
the AS60,/140,/X10 rezin with the highest amount of filler did mot hawve
the rame final G" values az the AS60,/140,/0 rezin without filler, showing
that the inert filler acted az a physical barrier for the formation of the
polymer network and thus deteriorated the rigidity of the composite.
When comparing the slope of the &' curves of AS60,/140 resins, no sig-
nificant differences were observed, showing that the amount of filler had
no significant influence on the photocuring rate. The addidon of Aller to
the rezin led to decreased values of the gel point () (Table 3) due to the
increased photocross-linking reaction. During the photopolymerization
reacdon, the mobility of the radical species is restricted by the formed
polymer network, leading to the diffusion-controlled termination step,
which lead: to an increased concentration of the free radical and
therefore to the polymerization rate [1]. The effect of the inorganic filler
network iz analogous to that of a cross-linked organic network on the
curing process that resules in the accelerated photopolymerization re-
action [64,55]. The lowest shrinkage was obzerved when there was no

Fig- 2. SEM image: of a) uncoated X3 filler; b) coated XSM filler. Indices: T — tobesmorits, K — katoite, € — C-8-H{1).
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Fig. 3. Stability of rezinz in the 60-day period: resinz AS60/140,/0-A560,/140,/X10 with different amounts of X filler (2) and AS40/160 resin with 5 wt9% of X5 and XSM

fllers (b).
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Fig. 4. Storage moduluz G curves of AS60/140 (2) and AS40/160 zeries (b).

filler in the resin As resins without fillers showed the slowest
photocross-linking reaction with the highest G’ values, clower formation
of cross-links led to lower polymer shrinkage [66]. The resins with
different amounts of X filler showed no dependency between the amount
of filler and shrinkage. This irregularity could be cauzed by inhomoge-
neous resin, where smaller or larger filler particles were unevenly
distributed in the 50 ym gap of the measuring system during the real-
time photorheometry test.

Functi lized fillers & i the final values of G’ compared to the
unmodified ones, confirming the formation of mechanically stiffer
composites (Fig. 4b). A significantly higher final value of G” of resin
AS40/160,/XSMS compared to resin AS40,/160/XS5 (Table 3) indicated a
successful bonding of the XSM filler to the polymer matrix. In addition,
the resins with modified fillers showed a higher fz) and slower photo-
curing process, followed by the formation of a stiffer polymer network
and a higher final value of G".

3.3. Characterization of polymer composites by SEM

SEM images of photocured posi les with dified filler
XS (Fig. 5a and 5c¢) and functionalized filler XSM (Fig. 5b and 5d) show
the distribut of tob orite C-S5-H{) lumps and katoite
‘dots’. The particles of unmodifted filler XS tend to agglomerate as they
are hydrophilic. The functionalized filler XSM showed better interaction
with the polymer, as its particles were better distributed in the hydro-
phobic matrix.

3.4. Thermal properties of polymer composites

Fig. 5. SEM imagez of UV-cured composite zamples filled with unmodified
filler XS (3, c) and functionalized filler XSM (b, d). Indices: T — tobermorite, K -
katoite, C — C-5-H(I).

by thermogravimetric analysis (TGA). The TGA curves are presented in
Fig. 6. The th 1 d posit: p was d ined at a
weight loss of 10 % (T .jon) of the composites was above 308 °C,

The thermal stability of biob

A

d polymer was
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Table 4
Thermal characterizticz of AESO-based ph linked i
Sample TGA DMTA
Tec- 309, °C Char yield, % Tp°C tans at Ty E's0", MPa E'rpez0”, MPa v, mol m™?

AS60/140/0 308.5 L49 99.2 0.644 21558 385 3655.7
AS60/140/X1 308.3 253 91.6 0.545 14283 337 32618
AS60/140/X3 3202 .09 91.2 0510 1511.0 36.2 3498.8
AS60,/140/X5 320.2 6.43 91.0 0.49% 1693.7 413 3999.0
AS60/140/X10 3195 11.60 89.4 0.465 13469 44.2 4296.9
AS40/160/0 306.5 1.73 1148 1019 3184.1 716 6546.0
AS40/160/X5 3203 6.88 110.0 0.808 3024.4 93.1 8618.4
AS40/160/XS5 3182 579 108.5 0.845 2340.8 105.0 1013L.3
AS40/160/XM5 3159 532 106.8 0.755 2628.8 721 6727.5
AS40/160/XSM5 318.8 5.34 115 0.963 2511.8 74.5 6872.1

* — E values 2: 30 °C
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Fig. 7. DMTA curves of polymer composites: AS60/140 seriez E* (3) and rond (b) curves, AS40/160 zeries B’ (c) and tond (d) curves.
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% of filler X did not have an impact on the thermal stability of the
compound, while the higher amount of filler X increazed Tg..jgs at
maore than 12 “C in the AS60/140 sample series. Tax o of composite
AS40,/160/0 was lower compared AS60,/T40/0 due to the increased
loszz of izobornyl fragments through ester bond sciszsion [67]. Despite the
decreazed thermal stability of the polymer matrix, all fillers in the AS40/
160 series significantly increased Tge..jpe. The largest changes in Tgp.
109 were observed between the composites with fller X and filler XM
Almost 5 “C lower Tge.poe Values were obzserved when the modified
fller was used. Thiz consequential reductdon in the thermal stabilicy of
the AS40/160,/XMS5 composzite eould be related to the scizsion of the
zilane fragments in the compaosite, az a higher amount of silane coupled
to the filler XM was registered, as confirmed by STA (Table 2). The lower
char yields of composites with functionalized fllers were related to the
loss of silane from the fller.

Thermomechanical properties of photocrozs-linked composites were
carried out by dynamic mechanical analysiz (DMTA). In general, for
most thermosecting resing, the tand maximum peak appears at Ty
allowing easy and exact monitoring of T values [52]. It was observed
that T; values decreazed when a higher amount of filler was used in the
zample series ASG0/140 (Table 4). The reduced T, values indicated the
high effect of the inert filler on the polymer matrix and itz increased
flexibility. On the other hand, a higher amount of filler caused higher
values of E'rg, 5p (Fig. 7a) leading to the enhanced v, Although the inert
Hiler acted az a phyzical barrier in polymer network formation, causing a
reduced Tgvalue, the mobility of the filler restrained the polymer matrix
maobility at higher temperatures and increased thermal stability.
Furthermaore, since the height of tand peaks is associated with structural
homogeneity and chain mobility, cross-linking often decreazes mand
wvalues in the glaszs transition region [59]. This reladon was clearly seen
in the composite series ASG0,/140 (Fiz. 7b) when the increased amount of
filler cauzed lower tand values at T; peak resulting in higherv,.

The composzites of the AS40/160 zeries chowed a slight peak above
100 “C in the E' curves (Fiz. 7c). The most characteristic peaks were
obtained in the composites with filler X and filler X5 as the peaks in the
E' curvers of samples with functionalized fillers were barely noticeabls.
This peak could be related to the unreacted acrylic groups in the polymer
because unmodified fillers caused spatial irregularities as a physzical
barrier that blocked the cross-linking of polymer chains and left rezidues
of unreacted monomerz. The zmaller peak in the E' curves of the com-
posites with funetionalized fllers indicated a more effective composite
formation leaving a lower amount of uncured resin. The composites of
the AS40,/160 series had lower T; and E'y; compared to the polymer
without filler. Howewer, all composites from zeries AS40,/160 showed
higher E’yp. zp values indicating higher polymer stability at higher
temperatures compared to the unfilled polymer, as confirmed by TGA.
The decreased Ty values of 3D printed polymer composite with func-
tionalized fller were also reported by Liu ef @l [70] where Ty of the
composite with 5 wit% of functionalized filler was reduced by 5.6 “C.
Although lower Tyvalues were determined for composites A540/160, the
higher cross-link density was obtained showing improved polymer

Table 5

Yield of inzoluble fraction and tencile characteristica of polymes compouites.
Sample YIF, %  Eg GPa 5, MPa £, %
AS60,T40,/0 5989 5.6 4 0.1 177.0+ 183 47+ 1.2
ASG0,T40,/X1 6.1 6.4 4 03 176.1 + 16.2 394 08
ASGO,/ 140,03 960 127.5% 14.4 23+ 03
ASG0,T40,/ X5 952 95.6 + 10.1 16+ 0.2
AS60,T40,/X10 5.0 1048 + 228 1.9+ 06
ASA0,T60,0 9.7 a6 + 4.1 14+ 002
ASA40,160,/X5 Qa9 1036 4+ 44.5 22404
ASA0, 160,55 3.5 TEA £ 113 08+ 02
AS40,T60,H55-3D 943 1286+ 17.4 13+ 02
ASA0,T60,/XMS Qa1 483 + 4.6 0.6+ 0.1
ASA0, 160, M5 927 974 £ 4.1 12+ 03
AS0, 160, HSM5-3D 93.1 1374 59 1.3+ 01
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matrix rigidity when filler waz used. Furthermore, a reduction of v, was
observed when functionalized fller was uzed. Thiz could be cauzed by
the slight disablement agglomerates of C-5-H(I) during fller functdon-
alization, which led to a weaker interaction between the filler and
polymer matrix, thus reducing not only v but alzo ¥IF (Table 5). It wasz
obzerved that only the composite with funcrionalized X5 filler showed
enhanced Ty and E 'z values compared to those of the unmodified filler.
This showed that filler X5M is superior not just because of its recycled
origin but also becauze of the improved thermomechanical propertiez of
the composite, which distinguishes it az a potential material for O3DP.

2.5. Tensile test of polymer composite specimens

The tenzile propertiez of biobased composites were smudied uszing
gpecimens prepared in Teflon molds. Representative stress-sirain curves
of the ASS0/140,/0-AS60,/140/X10 polymer composite samplez (Fig. £a)
showed a reduction in elongation at break (£) when filler X was used.
The AZG0/140/X1 polymer composite specimens showed a slight in-
erease in tensile stress (§) compared to the polymer specimen without a
filler AS60,/140,/X0, although increazing the amount of filler resulted in a
decrease of § and £ values. This reduction in mechanieal characterizsties
was observed with an increasing amount of filler due to the weak
interaction between an inert filler and the polymer marrix, where the
filler acted az a phy=zical barrier for the formation of cross-links [19]. Li
et gl [71] reported a similar trend where celluloze nanocrystal rein-
forced polyiethylene glyeol) diacrylate composites were DLP 3D printed
and by the load of 5 wi¥ of filler zignificantly reduced the £ and 4.

In the AS40,/160 composite seres, fillers significanty increased Eg
values. The composite with filler X showed the highest § and £ values,
while the composite AS40/160,/XM5 showed the lowest values of the
paramerers mentioned. This demonstrated thac the filler XM did not
form a strong interaction with the AESO-based polymer matrix, leading
to deteriorated elasticity and tenzile strength. The composite with fllsr
X5 chowed a significant increase in values of § and £ when functonalized
filler waz used. This proved the strong interfacial interaction between
the functionalized fller and polymer matrix with increazed elazdeity,
confirming the suceessful functionalization of X5 and allowing the use of
it az a reactive fAller in photocurable resins for DLP 3D printing.

2.6. DLF 3D prindng of polymer composite objects

The resinz with fillarz X5 and XM were chozen for use in DLP 3D
printing due to the highest values of tensile parameters, thermal sta-
bility, and cross-linking densicy of the composites with filler XSM and its
recyeled origin. For comparizon, the resin with the unmodified filler X5
was DLP 3D printed as well. DLP 3D printed objects of polymer com-
posites showed high printing accuracy of zmall details with zmooth
surface finizhing (Fig. 9a). Microscope images of AS40,/150,/X5M5 sur-
face top layers at the beginning of the DLP 3D printing and the botitom
layerz at the end of the DLP 3D printing (Fig. 9c) revealed the zedi-
mentation of the larger particles during the printing procesz. Sedimen-
tation could be accelerated by the heat generated during an exothermic
reaction of the (meth)aerylate photocross-linking reaction [72], which
leads to reduced viscozity. SEM images confirmed a good adhezion of the
filler/matrix, as the particles were s5till embedded in the matrix with
visible tobermorite and katoite clusters (Fig. 9b).

Furthermore, (70 = 10 = 1) = 0.01 mm sample: for the tenszile test
were DLP 3D printed to determine the adhezion between the printed
layers and to compare the mechanical parameters with those of com-
pasite specimens prepared in the Teflon mold. Swess-srain curves of
DLP 3D printed specimens AS40/160,/X55-3D and AS40/160,/XSM5-3D
and those prepared in the Teflon mold AS40/160,/X55 and AS40/160/7
XSMS are presented in Fig. Sb. The tensile test thowed that DLP 3D
printed composite specimens improved mechanical properties
compared to mold-prepared composite zpecimens. Inereazed § and ¢
wvaluez of the DLP 3D printed specimens demonsmrated strong adhesion
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Fig. 8. Stress-strain curves of polymer composites AS60/140/X0-10 (2); stresz-strain curves of AS40/160/XS5 and AS40/160/XSMS5 3D printed specimens and
cpecimenz prepared in the mold (b).

a) ASADIS0IXSS

Fig. 9. DLP 3D printed objectz of AS40,/160/XS5 (top) and AS40/160/XSMS5 (bottom) (2); SEM pictures of DLP 3D printed AS40/160/XSMS (b) microzcope pictures of
the surface of the specimen AS40/160/XSMS: 1 — top layers at the beginning of DLP 3D printing, 2 — bottom layers at the end of DLP 3D printing (c);
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between the photocross-linked layers and increazed elasticity of polymer
chainz [73]. Photoeross-linking of the thinner resin layer during O3DP
compared to the preparation of the specimen in the mold led to better
light peneration following higher ¥IF and & with £ values (Table 5). DLP
3D printed specimens with X5M filler attained higher values of all three
tensile parameters compared to AS40/160/X55-3D due to the use of the
functionalized filler and formed covalent bonds between the functon-
alized fAller and the polymer matrix.

2.7. Biodegradability test of polymer composites

The biodegradation of polymer composites was evaluated by
measuring oxygen consumpiion in closed respirometers under labora-
tory conditions with inoculated test medium. Polymer composites pre-
pared showed biodegradation of (0.7 — 19.6) % after 50 days, and
cellulose, a reference material, was biodegraded by 54.4 % after the
zame period (Fig. 10). The highest biodegradation rate of the investi-
gated polymer composites was observed to be recorded in 14 days. After
thiz period, a relative plateau was reached and the biodegradation
process was wvery slow. The decreazed biodegradation rate could be
related to the insufficient concentration of microorganisms in the test
medium zelectively degrading biobazed polymer, but monitored oxygen
consumption in closed respirometers determined the potential biode-
gradability of biocomposites in natural environments [52].

The highest biodegradability of the inveztigated polymer composites
was shown by AS40/160,/X5MS5 with functionalized fller synthesized
from aluminum fluoride production waste. Compared to the polymer
composite containing unmodified X5 Aller, the biodegradability (0.7 %)
wias the lowest, the functionalization of the filler increazed the biode-
gradability of the polymer compozite. Due to the noticeably lower crozs-
linking density of AS40,/160,/X55 compared to that of AS40,/T60,/X5M5,
the penetration of aqueous test medium and microorganizms or enzymes
(i.e., cellulaze and lipaze) into the specimen was increazed and biodeg-
radation increazed [74]. It was observed that the polymer composite
with the filler X showed a relatively higher biodegradability compared
to the polymer composite with the fller ¥5. Thiz difference could be
related to the structure of the Hllers, as xonotlite and tobermorite
dominated in the filler X, while cuspidine and tobermorite dominated in
the fAller X5 [49]. Az the average cry=tal size of xonotlite is twice that of
tobermorite [75], the easzier the penetration of microorganizsms into
polymer compasites with the filler X and the higher biodegradation
could be regiztered.

4. Concluzlons

In this study, a new way of using of industrial inorganic waste and its
conwverzion into environmentally friendly products by optical 3D print-
ing vechnology that iz applicable in a wide range of areaz haz been
proposed. Novel photocurable biodegradable compaosites in which the
polymer matrix iz derived from renewable raw material and the func-
tionalized fillers are derived from industrial inorganic waste material
were developed. Acrylated epoxidized soybean oil-bazed photoresinz
with calciom silicate hydrave fillers funcdonalized with acrylox-
ypropyloimethoxyzilane were successfully applied in commercial digi-
tal light proceszing 3D printing.

During the hydrothermal synthesis of calcium silicate hydrate fillers
from aluminium fluoride producton waste, the remaining hazardous
aluminivm and flueride ions were bound into chemically inert com-
pounds. The uze of fller synthesized from industrial waste led to an
improvement in the characteristics of the composites, such as the glass
transition temperature, the eross-linking density, Young's modulus, the
tensile strength, and the elongation at break, compared to filler zyn-
thesized from impurity-free initial marterial. The biodegradabilicy of
photocured polymer composites reached 19.6 % in 60 days. The high 3D
printing accuracy, perfect layer adhesion, and zmooth zurface finizhing
of 3D objects printed with a commercial digital light processing 3D
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——— AS40/IG0
ASAIEUHS
—— AS4IEIXSE
ASAIGAHSME
— Cellulose

Biodegradability, %

Time, days

Fig- 10. Biodegradation of polymer composites and reference mate-
rial cellalose.

printer have been chown by the developed composites. The composite
with 5 witht of functionalized filler synthesized from aluminium fluoride
production waste was considered the most suitable for digital light
processing 3D printdng. The developed composites have the great po-
tential to be a competitive alternative to conventional petroleum-
derived ones and reduce the environmental impact.
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10. APPENDIX

10.1. MB “AmeralLabs” Trial production act

C

AMERALABS

TRIAL PRODUCTION ACT

DLP 3D printing of acrylated epoxidized soybean oil-based resins in the MB “AmeraLabs”
production line

In the period 2020-2022 years, novel acrylated epoxidized soybean oil (AESO)-based resins
developed by PhD student Migle Lebedevaite supervised by prof. dr. Jolita Ostrauskaite has been
applied in digital light processing (DLP) 3D printing by the company “Ameralabs™. The 3D printing
parameters have been validated, and the 3D polymeric objects have been DLP 3D printed according
to the standardized company procedure. The 3D printing parameters of AESO-based resins were
compared with those of commercial petroleum-based resin, and the overall quality of the printed
objects was evaluated.

The first set of AESO-based resins was composed of AESO and four different bio-based
reactive diluents (RDs): isobomnyl methacrylate (IBOMA), metacrylic ester (ME). tetrahydrofurfuryl
acrylate (THFA) and tetrahydrofurfurul methacrylate (THFMA). with different biorenewable carbon
content (BRC) and suitable viscosity for DLP 3D printing (Table 1). Additionally. for the printing
layer thickness control and light absorption. 0.3 % of carbon black pigment was added. AESO-based
polymers were 3D printed using a custom Ameralabs DLP 3D printer equipped with an Acer
H6518BD projector 400-600 nm. The 3D printing parameters are presented in Table 2. After printing.
the objects were soaked in isopropanol for 15 min and post-cured under LED light (4 = 400-405 nm.
50 W) for 2 h at room temperature. Commercial petroleum-based resin was also 3D printed for

comparison.
Table 1. Characteristics of AESO-based resins Table 2. 3D printing parameters with custom
Resini Ratio of BRC, | Viscosity, 3D printer

AESO:RD, wt % mPa-s Parameter Value
AESO/TBOMA 60:40 785 700 Building volume | 71.8 x40.4 x 230 mm
AESOME 70:30 819 640 XY resolution 374 pm
AESO/THFA 70:30 76.6 360 Layer thickness 50 pm
AESO/THFMA 70:30 753 630 Exp time 6s

3D printed polymeric objects showed high printing accuracy with smooth surface finishing
comparable to commercial petroleum-based resin (Figure 1).

\\\“
2 3 4

Figure 1. DLP 3D printed object of AESO/IBOMA (left) and 3D printed lower human jaw bone
fragments of commercial resin (light) and AESO/THFMA resin (black) (right).
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It was noficed that according to the bio-based RD used, different properties of 3D printed
objects were obtained. The 3D printed AESO/IBOMA polymer samples were tough and firm while
the AESO/ME polymer samples were soft and elastic (Figure 2).

Figure 2. DLP 3D printed specimens of AESO/IBOMA (left) and AESO/ME (right)

Later. AESO-based polymer composites were 3D printed of AESO resins with IBOMA and two
different fillers. Fillers were synthesized from local company production waste material (XS) and
additionally functionalized with acryl silane (XSM) (Table 3). For light absorption and layer thickness
control. 0.08 % of UV blocker 2.5-bis(5-tert-butyl-benzoxazol-2-yl) thiophene was added. DLP 3D
printing was performed with a Phrozen Sonic Mini 4K 3D printer. The 3D printing parameters are
presented in Table 4. After printing. the objects were soaked in isopropanol for 20 min and post-cured
in UV chamber (LED light source: 4 = 365 nm (45 W), A= 380 nm (25 W). 4 = 395 nm (70 W)) for
60 min.

Table 3. Characteristics of AESO-based resins Table 4. 3D printing parameters with
Ratio of Amountof Viscosity custom 3D printer
Resin AESO:IBOMA, filler, iPas : Parameter Value
wt wt.% Building volume 69 x 121 x 132 mm
AS40160/XS5 4060 5 241 XY resolution 35 um
AS40160/XSM5 ) 266 Lavyer thickness 50 um
Exposure time 125

3D printed polymeric composites were successfully produced from AESO-based resins with
fillers derived from local company production waste. The 3D printed objects were highly detailed
without any significant marks of filler sedimentation (Figure 3). Due to the incorporated fillers,
surface whitening was noticed.

Figure 2. DLP 3D printed AESO-based composites: complex shape object of AS40/160/XS5 (left) and
action figures of AS40/160/XSM3 (middle and right)



AFS0-based polymer composites were successfully DLP 3D printed by Ameral abs for the first
time. AESO-based resins could potentially replace commercial petroleum-based 3D printing resins.
Such an innovation would benefit the environment by reducing the consumption of petroleum-based
materials and providing competitive properties for 3D printed objects.

Conclusions

1. Acrylated epoxidized soybean oil-based resins with different bio-based reactive diluents
were 3D printed with a custom-made DLP 3D printer. Printed objects indicated high
printing accuracy and appearance similar to those printed of the commercial petrolenm-
based resin. Depending on the chosen reactive diluent, different properties of 3D printed
bio-based polymer objects can be obtained.

2. Acrylated epomidized soybean oil-based composites with fillers developed from the
local company production waste material were 3D printed with a commercial DLP 3D
printer. Printed polymeric composite objects were highly detailed without significant
filler sedimentation noticed and could potentially replace commercial petroleum-based
products in DLP 3D printing.

MB “Ameral abs™ representative: KTU representatives:

Prof.dr. J. Ostrauskaite (/507 ~

PhD student
M. Lebedevaite

125



126

10.2. JSC “3D Creative” Trial production act

% saulius@3dcreative. &
+370 604 06862

TRIAL PRODUCTION ACT
Optical 3D printing of medical fittings from acrylated epoxidized soybean oil-based resins on the
JSC “3D Creative” production line

In 2021. a novel acrylated epoxidized soybean oil (AESO)-based resin developed by PhD student
Migle Lebedevaite supervised by prof. dr. Jolita Ostrauskaite of Kaunas University of Technology (KTU)
has been applied in the industrial line of JSC 3D Creative™. Before this, AESO-resin was tested for a small
optical 3D printing at the Laser Research Center (LRC) of Vilnius University (VU) by PhD student E.
Skliutas supervised by prof. dr. M. Malinauskas.

Computer Aided Design (CAD) models of medical fittings were created using the 3D scanning
technique readily available at JSC 3D Creative. They were converted to STL models and adjusted for
specific 3D pnnters: Asiga Pico 2 UV (VU) and later for Zortrax Inkspire (3D Creative) (Figure 1).

Figure 1. STL model previews of the medical fittings.

Firstly, a small-scale medical fitting was produced mn VU LRC from commercial standard resin Asiga
PlasGray (Figre 2a) to evaluate the STL models and to find the most appropriate 3D printing parameters
like layer hmght and exposure duration. Then the chosen manufacturing conditions were adjusted to the
AESO-based resin to produce quality 3D printed objects (Figure 2b).

a)

Figure 2. Reduced size 3D printed med.lcal ﬁﬁmgs of commercial resin Asiga PlasGray (a) and AESO based resin (b)
using Asiga Pico UV 3D printer at VU LRC

After the developed AESO-based resin fulfilled the requirements for the produced objects, the
manufacturing was transferred to JSC 3D Creatice. Despite the differences in the equipment switching from
Digital Light Processing (DLP) to Liquid Crystal Display (LCD) techniques and from 385 to 405 nm
irradiation wavelengths. judging from geometrical and mechanical properties, the produced objects
revealed suitability for the intended use (Figure 3).

UAB 3D Creative” |m. k.: 303414481 AJs. LT167200000016467010
Moksfininky g. 24, PVMmok_ k.: LT100008344215 AB Citadele bankas
LT-08412 Vilnius, Swaft: INDULT2X Banko kodas: 72200
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Figure 3. 3D printed medical fittings produced in 3D Creative by Zortrax Inkspire 3D printer.

True to shape with smooth surface finishing 3D printed medical fittings of the developed novel AESO-
based resin proved its suitability for replacing commercial petroleum-based resins for rapid prototyping
and additive manufacturing.

Conclusions

Acrylated epoxidized soybean oil-based resin produced lookalike 3D printed objects as the
commercial standard resin Asiga PlasGray. Real-scale 3D printed medial fittings of developed bioresin

were produced in the industrial line of JSC 3D Creative demonstrating its suitability for the intended use.

JSC “3D Creative” representative:

General manager
S. Lileikis

s

KTU representatives

Prof. Hg)fémuskaitc

PhD student
M. Lebedevaite %

VU LRC representatives

e

Prof. dr. M. Malinauskas

PhD student .

E.Skliutas =777 7

UAB 3D Creative”
Moksininky g. 24,
LT-08412 Vilnius,

Im. k.: 303414481 AJs. LT167200000016467210
PVM mok_ k.: LT100000344215 AB Citadele bankas
Swift: INDULT2X Banko kodas: 72000
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10.3. Life Cycle Assessment. Optical 3D printing of dental models using
acrylic resin on soybean oil

Rathish Rajan, Egidija Rainosalo, Migle Lebedevaite, Ostrauskaité Jolita, Vaidas Talacka
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TINTRODUCTION

To facllitate the current transition toward a circular economuy, the avallability of renewable materials for additive
manufacturing also becomes Increasingly Important. Additive manufacturing started In the 1980s with the development
of the stereolithography apparatus (SLA) by Hull at 3D Systems (Hull 1984, Gross 2014). SLA printing Is the layer-by-layer
curing of liquid photopolymer resins using a focused laser beam. When a light projector is applied Instead, exposing the
entire layer to UV light simuitaneous!y, the process Is named digital light processing (DLP). Additive manufacturing via SLA
or DLP process Is applicable for high-resolution prototyping and fabrication of biomedical devices, for example, dental
Implants (I'Alzit 2022). The commercialized photopolymer resins used in SLA/DLP process are expensive and fossl! fuel-
based (Gross 2014, Voet 2021).

Figure 1: Schematic representation of curing of modified soybean oil-based resin during SLA/DLP method

The Increased Interest In blo-based products lead to active research and development that resulted In the development
of vegetable oll-based 3D printable resin formulations. It is Important to ensure that the new blo-based resin formulations
do not have unintended environmental or health Impacts from emissions during the production of novel Ingredients,
during the product use phase and during end-of-life disposal. Therefore, It Is necessary to apply a holistic assessment
tool to measure the sustainabillity of the resin formulation and the product made of It on a life cycle basls.

Life Cycle Assessment (LCA) Is a tool to assess the potential environmental Impacts and resources used throughout a
product’s life cycle, considering all potentially hazardous emissions and multiple categories of health and environmental
Impacts that result from those emissions (International Organization for Standartisation 2006). LCA can be used to
Investigate the most Important contributors to environmental Impacts by identifyuing the processes or materials in product
life. Thus, it will provide data for designers to guide material selection, assist in supply chain management efforts, compare
alternate deslgns or formulations, and provide product-level assessments that can be used for technology development
and marketing (Montazeri 2018).

The advancement in digital technolegy has Increased the options available for dental treatment. To produce solid casts
from digital data, there are two types of 3D manufacturing processes. Subtractive manufacturing Is one of the processes
that can produce 3D models (Kafle 2021). The other fabrication method being used Is additive manufacturing such as
3D printing. This method of fabrication includes many ad ges such as a minimum material usage with diminished waste

accumulation during the production and the abllity to create multiple products at a time (Kafie 2021).

Dental model printing generally requires exceptional surface quality and very high accuracy as these models are used by
dental technicians and dentists not only for a visual purpose but for the planning of dental treatment as well. Optical 3D
printing here Is also very beneficial as most of these prints are personalized, unique and applied to a specific customer
only. Currently, the dental models are made from petroleum-based acrylic resins. Cradle-to-gate LCA results are compared
across multiple Impact categories to highlight potential environmental benefits or impacts of printing a batch of dental
models from soybean oil-based resin formulation and provide recommendations for further improvements applicable to different
life cycle phases of the product.

5
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Figure 2: Representation of the SLA 3D-printing of dental models from resin formulation based on soyb oil
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2 METHODS

The LCA model Is bullt according to the International standards 150 14040 and 150 14044 (International Organisation for
Standartisation, 2006). To conduct the LCA, the SimaPro 9.0 software and ILCD midpoint+ method was used.

2.1 GOAL AND SCOPE

The goal of this study Is to compare the life cycle envirenmental impacts of blo-based photocurable acrylic resin for
3D printing dental models with existing conventional photocurable acrylic resins. The acrylated epovidized soybean oll
{AESO) Is used as the maln component of the blo-based photocurable resin with approx. 87.7% of blo-renewable carbon
(BRC) content. The functional unit of this study Is set to 30-printing of a batch containing 17 dental models using 0.25
ka of photocurable acrylic resin (blo-based or conventlonal) by digital light processing method. The cptical 3D printing
using both resins consumes 0.24 kg of Isopropancl (IPA) and 5 g of gloves.

Since this LCA alms to compare the environmental impacts in the production phase of blo-based and conventional acrylic
resins used for the production of dental models, the use-phase and EOL (End of Life) of the dental models are excluded.
These stages are excluded due to the lack of data about the emissions during production and because of simllarities
of end-of-life scenaros for both tupes of resins considered. Thus, a cradle-to-gate approach has been adopted which
begins from the raw material extraction and ends with the printed part ready for packing. The life cycle phases and
the unit processes of 30 printing dental models with blo-based resin and conventional resin are presented in Figure 3.
Capital equipment, infrastructure and employee travel are excluded. Since the factorles and Infrastructure are used for
preducing vast amounts of 3D printed products, the environmental iImpacts allocated to one batch of the dental model
are extremnely low. Therefore, these processes are excluded.



PRODUCTION OF PHOTOCURABLE ACRYLIC RESIN

Production of AESO = ¢ Production of
Transportation epoxy-acrylate
Production of IBOMA —
Production of
alkanclamine
Production of .
photoinitiator and Production

UV-blocker of photocurable Production of photo
acrylic resin initiator and pigment

3D-PRINTING OF DENTAL MODELS

Bio-based resin ¢ Conventional resin

o ]
Transportation
Production of IPA ~

Gloves

L

3D-printing dental model

‘Waste treatment

Figure 3: System boundary considered for 3D printing dental models from scybean oil-based resin and conventional
acrylic resin

2.2 LIFE CYCLE INVENTORY

The maln processes modelled for the study are described In the following sub-sections. Priorty was given to measured,
calouloted data obtalned from the ECOLABNET partners (KTU and AMERALABS). Other secondary data used In the study
Is collected from Eccinvent 3.1. database and the Iiterature. Literature and internet pages, as well as expert judgement
and personal communicaticns, were used as a source of Information to censtruct the needed processes and materials.
Wwhen the secondary data was not avallable or data was not avallable, estimates are applied to ensure the completenass
of the study. Simaproe 21 software was used to model the cradle to gate life cycle of 3D printing the dental models. The
country-specific Ecolnvent datasets of the electricity grid mix have been used for modelling the electricity consumed
during the 3D printing, and producticn of the photocurable acrylic resin. The Inventory results and the Impact assessment
are calculated using Simapro 9.
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2.21 MODELLING OF BIO-BASED PHOTOCURABLE ACRYLIC RESIN
The resins were prepared by mixing AESO (58.45%) with blo-based reactive diluent (IBOMA} (38.97%) to achleve the required

resin viscosity for DLP 3D printing technology. The added amount of photoinitiator was 2.5%. 0.08% of UV blocker was
used to control the UV light absorption.

Table 1. Compesition of photocurable AESO resin

S

acrylated epoxidized soybean oil (monomer) 5845
isobomylmethacruylate (monomer) 3897
diphenyl{24,6-trimethylbenzoyl) phosphine oxide (phatoinitiator) 5
2,5-bis(S-tert-butyl-benzoxazol-2-yl)thiophene (UV blacker) 0,08

The modelling of the blo-based acrylic resin was done based on the data provided by the resin producer (KTU). The
composition of the photocurable AESO resin s tabulated in Table 1. The AESC and IBOMA were not avallable in the Ecoinvent
database. The AESO was modelled using epoxidized soybean oll (ESO), acrulic acld, hydroguinene and trethylamine (Hablb
201, Salthal 2011). In addition, epoxidized soybean oll was modelled and used In the modelling of AESO. The Iiterature
data was followed for the selection of raw materials for AESO. The modelling of the process for the production of 1 kg
of AESO Is tabulated In Table 2. The electricity and heat data required for preducing 1 kg of organic chemical excluding
the upstream process Is included In the modelling due to lack of data (Kim 2003).

The production of IBOMA was modelled using methacrylic acld, camphene, hydroguinone, and zirconla sulfuric acld.
Camphene and zirconka sulfurlc acid are not modelled but replaced with “chernical organic’ avallable in the Ecolnvent

database. The raw materials used for modelling are based on the process of preparation of IBOMA in the US. Patent
US5719314A (Rlondel 1998). The material input and the data used can be found in Table 3.

Table 2: Modelling of the process for producing 1 kg AESO

e TTE—

Epaxidized soybean oil Epaoxidized soybean cil (Modelled) g
Acrylic acid Acrylic acid {RERY production | Cut-off, U 141 a
Hydraquinone monamethyl ether  Hydreguinone {RER} production | Cut-off, U 245 ]
Triethylamine Triethyl amine {RERY production | Cut-off, U gy q
Production

- Electricity, medium voltage {LT} electricity ~ voltage
Electricity transformation from high to medivm voltage | Cut-off, U o166 lwh

Heat, from steam, in chemical industry {RERY steam

fsatistean production, as energy carrier, in chemical industry | Cut-off, U Lr #1J
Heat - fuel Heat, digtrict or industrial, other than natural gas {LTY heat 018 MJ

and power co-generation, ail | Cut-off, U



Table 3: Modelling of the process for producing 1 kg of IBOMA

m-

Zirconia sulfuric acid (catalyst) Chemical, organic {GLO} market for | Cut-off, U Q
Hudroguinone monomethyl ether Hydroquinone {RER}| production | Cut-off, U 0107 ]
Methacrylic acid Methacrylic acid {RER}| production | Cut-off, U 55434 Qg
Camphene Chemical, organic {GLO} market for | Cut-off, U 808,05 Q
Production

s Electricity, medium voltage {LT} electricity voltage
Slectricity transformation from high to medium voltage | Cut-off, U aos Kwh

Heat, from steam, in chemical industry {RER}) steam

Heat - steam production, as energy carrier, in chemical industry | Cut-off, U 24 2
Heat - fuel Heat, district or industrial, other than natural gas {LT} heat 015 My

and power co-generation, oil | Cut-off, U

The modelling of the bio-based acrylic resin was done according to the formulation provided by KTU (Table 1). The UV-
blocker (0.08%) and diphenyl(24.6-trimethylbenzoyl) phosphine oxide (2.5%) was not modelled. it was replaced with the
‘chemical organic’ unit process from the Ecolnvent database. The data used for the production of bio-based photocurable
resin can be seen in Table 4.

Table 4: Modelling of the process for producing 1 kg of photocurable bio-based acrylic resin

[Moteriais/tvels _______[ootowsed ______________________lamount unk

AESO (Monomer) Acrylated epoxidized soybean oil (Modelled) 5845 g
IBOMA (Monomer) Isobornyl methacrylate (Modelled) 389.7 g9
diphenyl(2,4,6-trimethylbenzoyl
phosphine cxide (photoinitiator) Chemical, organic {GLO} production | Cut-off, U 258 ]
+UV-blocker

A Electricity, medium voltage {LT} electricity voltage
Electricity transformation from high to medium voltage | Cut-off, U 0166 kwh
Heat - steam Heat, from steam, in chemical industry {RER}| steam 77 MJ

10
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2.2.2 MODELLING OF CONVENTIONAL PHOTOCURABLE ACRYLIC RESIN
The modelling of conventional acrylic resin was done by following formulaticns of a commercial resin’s material safety

data sheet from Ameralabs. The average energy consumption for 1kg of organic chemicals was also incduded in modelling
(Kirm 2003,

Table 5: Modelling of the process for producing 1 kg of photocurable conventional acrylic resin

I P T S prowry oy

Epoxy-acrylate Conwventional photocurable_Epoxy acrylate {Modelled) 950 g
Alkanalamire Triethanolamine {RERY ethanclamine production | Cut-off, U 20 g
Photoinitiator Chemical, erganic {GLOY production | Cut-off, U 10 g
Pigment Chemical, organic {GLOYH production | Cut-off, U 20 ]

Electricity, medium voltage {LTH electricity voltage

Elactricity transformation fram high to medium voltage | Cot-off, U ons6 Kwh
~ Heat, from steam, in chemical industry {RERY steam

AEBEEEII production, as energy carrier, in chemical industry | Cut-off, U r/ L

Heat - fuel Heat, district or industrial, other than natural gas {LTH heat 015 Ml

and power co-generation, il | Cut-off, U



2.2.4. MODELLING OF PRODUCTION STAGE

The detalls about modelling of 30 printing of 1 batch of dental models by DLP method using blo-based and conventional,
photocurable acrylic resins are provided in this sub-section. One batch of dental models contalning 17 models takes 38
minutes to complete DLP 30 printing. The resin consumed during the printing of one batch of dental models and the final
welght of the cured models Is 255 g. There Is assumed to be 30 g/batch wastage of resin during printing. Around 3.7 L of
Isopropanol {IPA) Is used for washing and IPA Is assumed to be replaced after the production of 200 parts (Mele 2020).
The modelling of ble-based and conventicnal acrylic resin can be seen in Table & and Table 7.

Table & Modelling of the process for 3D printing 1 batch of dental models using bio-based resin

e

Bio-based acrylic resin Bio-based (Modelled) acrylic photo resin
P& for washing Isopropanal Cut-off, U {RERH preduction | 24586 g
Gloves Latex {RERY market for latex | Cut- off, U 5 g

Electricity, low voltage {LTH electricity voltage 0,038
transformation from medium to low veltage | Cut- off, U

Waste treatmant:

Process-specific  burdens, hazardous waste incineration

Electricity - Printing kwh

‘Waste treatrnant IPA plant {CHY] processing | Cut-off, U 245586 ]
Process-specific  burdens, hazardous waste incineration

‘Waste treatrnent gloves plant {CHY pr sing | Cut-off, U 50 g

Waste resin during printing Process-specific  burdens, hazardous waste incineration 300 a

plant {CH} processing | Cut-off, U

Transportation of resin from Transport, freight, lorry >32 metric ton, EUROS {RERY

& distance of 100 ki transport, freight, lorry >32 metric ton, EURCS 0,025 thrm
| Cut-off, U
. Transport, freight, lorry >32 metric ton, EUROS {RERY
:r:inmogfo%%fl::: LG transport, freight, lorry >32 metric ton, EUROS 0024 thrn
| Cut-off, U
12

139



140

Table 7: Modelling of the process for 3D printing 1 batch of dental models using conventional resin

m-

Conventional acrylic resin Conventional photo curable acrylic resin {Modelled) 255
IPA for washing Isopropanol {RERY production | Cut-off, U 245,86 g
Gloves Latex {RERY market for latex | Cut- off, U 5 g

. . Electricity, low voltage {LTH electricityvaltage transformation
RUEErifteed from medium to low voltage | Cut- off, U 0,036 3%

Waste treatment

Process-specific burdens, hazardous waste incineration plant

‘Waste treatment IFA {CH}| processing | Cut-off, U 24586 g
Process-specific burdens, hazardous waste incineration plant

‘waste treatment gloves {cH sing | Cut-off, U 5.0 q

Waste resin during printing Process-specific burdens, hazardous waste incineration plant 300 g

{CH} processing | Cut-off, U

Transport, freight, lorry >32 metric ton, EUROS {REARYH
transport, freight, lorry =32 metric ton, EVAROS 0,025 thrm
| Cut-off, U

Transportation of resin from
adistance of 100 km

Transport, freight, lorry >32 metric ton, EVUROS {RERY
transport, freight, lorry =32 metric ton, EUROS 0,024 thrm
| Cut-off, U

Transportation of IPA from
adistance of 100 km



3 LIFE CYCLE IMPACT ASSESSMENT METHOD

The life cycle Impact assessment method chosen in this study is ILCD Midpoint+. The full title of this method Is ILCD
recommendations for LCIA In the European context. The European Commission analysed several methodologles for LCIA
and made some effort toward harmonization. The endpoint methods, however, are not included in the ILCD method In
Simapro, because the list Is far from complete. However, In this study, all the type of LCI results are linked to 16 midpoint
categeries and ls connected through endpoint Indicators to the areas of protection such as hurman health, natural
environment and natural resources as per the ILCD handbook recommendation (Flgure 4).

Midpoint Indicators Impact catagory Endpoint Indicators fArea of protaction
aClimate change  —___
i I S
JvOronedepletion ——0u T ———
——
 Human toxicity [cancer/non- —
. ‘_’__'_' Human health
canees) i
- -
—— _,;#’M
_x PM/respiratory inorganics —_— e /
-~ -

—

_p lomizing radiation (fuman ="

" health/ecosystem)

Natural environment

_..-F'_'_'_F /
—
,_/_/_' —

shatachemical nzona farmation =

qavvYry

— *Acidification -

— Eutroghication, terrestrial —
——= Eutraphication, aquatic
" & Ecotoxicity

" Land use

.
——» Natwal resources
_——F

™~ Tk Resource depletion, water ———

“Resource depletion
{fossilirenswable)

Figure 4: Overall scheme of the ILCD Midpoint+ method showing the link through midpoint indicators and endpoint
indicators towards three areas of protection
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4 LIFE CYCLE IMPACT ASSESSMENT

Life cycle iImpact assessment (LCIA) results are presented In this section. The results of the iInventory analysls have been
characterized, and Impact assessment results are calculated vsing Simapro. LCIA results are abways relative expressions
and represent the potential envirenmental impact. Accoerding to IS0 14040 and IS0 14044, normalization and welghting are
voluntary parts of the Impact assessment phase. In this study, the LCIA results have not been welghted or normallzation
has been done.

In the characterization step, all the Impacts are sorted into 16 midpoint categories according to the effect they have on
the envirenment. The global warming potential s calculated for each of the different greenhouse gases and expressed
relative to the CO2 which Is therefore defined as unity. The results show that there Is a small savings of 015 kg CO2 eq
In terms of the climate change category. The maln process contributing to this Impact category In terms of blo-based
resin |s crude soybean oll. The lower savings In this category Is due to the modification process of soybean oll. The main
midpolnt categorles that showed Increased impact for blo-based resin were land cocupation, maring eutrophication
and water resource depletion. This Is cbviously due to the land occupation and other agricultural practices during the
cultivaticn of the soybean. The fertilizer run-off into the water bedies due to agricultural practices Is accountable for the
Increased impact of blo-based resin In the euvtrophication category. Howewver, the dental models printed with blo-based
resin showed reduced Impact in 12 out of 16 categories when compared to those made from conventional acrylic resin.

Table 8: Characterization results expressed in 16 midpoint categories for a batch of dental models printed with
conventional and bio-based acrylic resins

Dantal model- Dental modals-

Conventional
Midpoint impact category acrylic resin
Cirmate change kg CO2 eq 230E+00 215E+00
Ozone depletion kg CFC-1 eq 2.72E-07 155E-07
Hurman tosdcity, non-cancer effects CTUh 4 26E-07 A56E-08
Human toxicity, cancer effects CTuh &93E-08 7.37E-08
Particulate matter kg PMZ5 eq 1,25E-03 1.01E-03
lenizing radiation HH kBg U235 eq 1.68E-ON 1.24E-01
lonizing radiation E (interim) CTUe 573E-07 448E-07
Photochemical ozone formation kg NMVOC eq TBOE-03 6A6E-03
Acidification molc H+ eq 1.00E-02 BI94E-03
Terrestrial eutrophication molc N eg 1.78E-02 1.58E-02
Freshwater eutraphication kg Peq 571E-04 409E-04
Marine eutrophication kgMeq 1.70€-03 345E-03
Freshwater ecotodeity CTue LIZE+M 2ME+M
Land use kg C deficit 185E+00 132E+01
Water resource depletion m3 water eq 309€-03 463E-03
Mineral, fossil & renewable resource depletion ka Sheqg 366E-05 6.60E-05

A reduced Impact was found In terms of freshwater ecotoxicity for blo-based resins The process that influences this
Impact category was crude soybean cil used in the modelling of blo-based acrylic resin. Chemicals can be emitted to
the environment (air, water, soll) during all life cycle stoges of products. Emission Inventories of different products may
contain hundreds of chemicals, of which many will have the potential to cause ecotoxic Impacts on aguatic and terrestrial
ecosystemns, leading to damage to ecosystemn quality. It can be concluded that by using the soybean-based resin, fewer
chemicals are emitted into the envircnment during resin production. This should eventually improve the ecosystem quality.
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The three areas of protection linked through midpoint Indicators are human health, notural environment and natural
resources as seen in Figure 4. As seen in Figure 5, the dental models based on blo-based resin have a negative environmental
Impact on endpolnt indicator natural resources. This is becouse the midpoint categories (Jand use, water resource deplation
and mineral, fossil & renewable resource deplation] assigned to this endpoint Indicator are related to soybean oll cultivation.
The bic-based resin seems to be a better optlon than conventional resin in the case of endpoint indicater human health.

Human “ -S,ns'. ’ -l'!,msl @ -ls.snl

eai] Human taiciy, Hummn Tosic Ty,
non-cancer aliocts cances affects
Human 21,8% l, 262% l - -cvs)ml . o .’ P aram l
health/natural v @ o 1 LI
il E i i mical
environment i) hoalh tzane degletion Cimate changs: e
Natural -ﬂm"" i -X56% l N -mml ﬂ -u.ml
emironment Frashuatar Freshwester Torraatrial
catoxkity AT eutraphication
Matuiral 'ssg"'
envirenment/ =
resources Land use

Natural
resources

Figure 5: The environmental impacts of using bio-based resin compared to conventional resin to print the dental
models presented in terms of three areas of protection
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5 CONCLUSIONS

A cradle-to-gate life cycle assessment of optical 3D printing a batch of dental models by using blo-based and conventional
acrylic resin was conducted to compare the environmental impact of bath resins. The Inventory compliation was based
on Ecolnvent 31, database In Simapro software, Literature and internet poges, as well as expert judgement and personal
communications, were used as a source of information. The life cycle Impact assessment method chosen In this study
I3 ILCD Midpeoint+.

The blo-based resin has shown reduced impact on human health but increased Impact on natural resources. The emissions
from agricultural activities, especially the sulphur-containing diesel burmed In farm equipment and the surface runoff of
nitrogen and phosphorus compounds to water bodies due to fertilizer use, deteriorating alr and water gquality as seen from
the averall LCIA results. Additionally, aromatic, aliphatic and chlornated compounds added during soybean crushing and
degurmming, oll refining, and resin preduction all contribute to the Increased environmental Impacts when the soybean
cil-based resin s considered. Land use Is the major contributor to the endpoint indicator, natural resources and Is due
ocbvious reason for land occupation for soybean cultivation.

The results from this study clearly show the benefit of using bio-based chemicals for formulating the resin. However,
replacing petrochemical components with renewable chemical substitutes In new blo-based resin formulations should
not just conslder the amount of blo-based content, but ideally should consider more sustalinable bie-based feedstock
and the processing conditions with low environmental Impact to ensure environmentally preferable resin fermulations.
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OPTICAL 3D PRINTING OF DENTAL MODELS USING
ACRYLIC RESIN BASED ON SOYBEAN OIL

Green chemistry and green englneering concepts have been combined to develop novel
sustainable polymeric materials by formulating blo-based UV-curable 30-printable resins.
The blo-based resin Is composed of acrylated epoxidized soybean oll (AESD), isobornyl
methacrylate (IBOMA), phote-initiater and UV-blocker. Our previous studies have shown
that these resing show comparable properties 1o the fossil-based optical 30 printing resins
by providing the additienal benefit of using bio-based feedstock materials.

Life cycle assessment Is a tool used to measure environmental sustainability. This study
alms to compare the environmental impact of 30 printing a batch of dental models using
UW-curable, bio-based and fossli-based acrylic resins. This Is a cradle-to-gate study which
covers the raw material extraction and production of a batch of the dental model that
Is ready to pack. The software used for modelling the study Is Simapro 91. The life cycle
Impact assessment (LCIA) method used Is ILCD midpolnt+. All the 16 midpoint impact
categories are inked to three areas of protection (Human health, natural environment,
and natural resources).

The dental models printed with blo-based resin show reduced Impact In 12 out of 16
categories when compared to those made from cenventional petroleum-based acrylic
resin. There was no large difference between the two resins when the climate change
Impact category Is considered. The four Impact categories In which bio-based resin had
relatively higher environmental impact are eutrophlcation, land-use, water resource
depletion, mineral, fossil & renewable resource depletion. This is certainly due to the
cultivation practices, processing of soybean cll, and production of AESO which contributes
to the higher environmental impact of dental models printed by blo-based resin. The results
from this study clearly show the benefit of using blo-based materials for formulating
the UV-curable 3D-printing resin. In addition, the results also point out the importance
of selecting more sustainable blo-based feedstock and processing conditions with low
environmental iImpact when fermulating new blo-based resins.
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