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1. Introduction

The research for more eco-friendly and sustainable production methods and
materials is pushed in recent decades by the need to reduce the environmental
impact of human activities and to develop alternatives in all industrial areas. The
massive and sometimes misguided use of plastics is one of the most worrying
elements since the impact of the cycle life of this material in terms of production, use,
and disposal is seriously dangerous for the climate, the environment, and the living
species health [1].

The wide variety of fields of application due to the simplicity of processing, the high
strength-density ratio, the high resistance to physic-chemical degradation, and the
low price of polymers have quickly made these materials one of the widely used in
manufacturing [1]. According to the Organization for Economic Co-operation and
Development (OECD) report “Global Plastics Outlook Economic Drivers,
Environmental Impacts and Policy Options”, annual plastics production has reached
460 million tonnes in 2019, and the amount of plastic waste has been 353 million
tonnes. To get an idea of the growth of these figures, it is useful to compare them
with the annual production and waste in 2000, which were 234 million tonnes and
156 million tonnes, respectively. Much of this waste is poorly managed, again
according to the OECD report, in the 2019 year 22 Mt of plastic waste was dumped in
the environment and 6.1 Mt of these wastes have been leaked into rivers, lakes and
the Ocean. Obviously plastic pollution in the waters is a very serious and visible
consequence of plastic disposal and misuse but it is not the only one, the OECD report
explains that greenhouse gas emissions from the life cycle of polymeric materials are
worth 3.4 percent of global emissions and quantifies 2019 polymer materials life cycle
emissions of 1.8 gigatonnes (Gt) of which 90 percent come from production and
conversion from fossil fuels [2].

This scenario has directed environmental policies towards waste reduction and
increasing recycling and reuse, however highly valued and very used materials with
good physical stability and strength characteristics like thermosetting polymers are
also more difficult to recycle and indeed their recycling is a point on which research
is focusing [3]. Therefore, also considering the need to lower the consumption of fossil
resources in polymeric materials production, simultaneously reducing gas emissions,
in addition to reuse, another target is to find alternatives to conventional polymers.
In this regard among the most promising solutions there are bio-based plastics as
confirmed by the European Environment Agency, a UE delegacy that included the
market of these products as one of the six identified for “A lead market initiative for
Europe” [4]. Paul Anastas and John Warnern already included the use of renewable
raw materials in their 12 principles of green chemistry in 1998 [5], but today a
complete replacement of fossil-based plastics is unthinkable in the short to medium
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term, due to the higher costs and less availability and processability of bio-based
polymers. It is therefore desirable to contribute to the technological and scientific
research improving production and applications of these alternatives, in fact the topic
now follows an upward trend. This is confirmed by the dates of bio-based plastics
production in 2014 amounting to 1.48 million tonnes, 70% durable and 30%
degradable [6] and from the rising number of publications and citation about bio-
based polymers between 1988 and 2023 resulted by consulting the scientific citation
indexing service “Web of science” as shown in the graphic of Figure 1, “Times Cited
and Publications Over Time about Bio-based polymers”.

SLOHEIT
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Figure 1. Times cited and publications from 1988 to 2023 about bio-based polymers

Among the most innovative technologies to produce objects and parts made of
polymeric materials is additive manufacturing (AM), but even in this field, most of the
polymers used are of fossil origin [7], [8]. Research in the field of bio-based plastics is
now also concerned with proposing them as materials for additive manufacturing and
this possibility is of considerable interest [9]. If bio-based materials are already an
important opportunity for pursuing the goal of making human activity more
environmentally sustainable, also additive manufacturing has several aspects that
make it a potentially eco-friendly technology. Firstly, it is based on layer-by-layer
building approach, it is less wasteful than traditional subtractive manufacturing
processes, if well exploited [10]. Additionally, using AM, it is possible to redesign in a
completely different and flexible way since some functional limitations typical of
other manufacturing technologies are not imposed, improving resource exploitation
efficiency [11]. The absence of certain constraints together with the fast and direct
transition from virtual model to physical object and the automated production
process, make AM highly effective in the production of customised and on-demand
objects, leading also to a supply chain shortening and a manufacturing sites
delocalization [12].



1.1. Polymers

Polymers are large molecules, also named macromolecules, long chains made of
many smaller molecules, called monomers, linked together through the
polymerization chemical reactions [13], [14].

Macromolecular structures can have natural origin like natural rubber or cotton, or
they can arise via synthetic routes, in any case, they are characterized by high
molecular weight, typically polymers contain hundreds of thousands or millions of
monomers [14].

The characteristics of polymeric substances are closely tied to the molecular weight
of the polymer. For instance, polystyrene, a synthetic polymer, exhibits rigidity and
fragility at room temperature when its degree of polymerization, the average number
of monomer units in a polymer molecule, is 1,000, whereas it becomes soft when the
degree of polymerization is 10 [13].

The nomenclature "plastics" designates a composite of polymers materials and a
variety of fillers, reinforcing agents, and additives [13]. Plastics are fundamental
materials applied in many fields due to their lightweight nature, excellent optical
properties, electric and thermal insulating features, and lower cost and production
time, furthermore their great variety is reflected in the differentiation of the
characteristics that different types of polymer can provide hence in the diverse
applications for design engineers, varying for example from soft to hard, brittle to
ductile, and weak to tough [13], [15].

1.1.1. Classification of polymers and thermomechanical properties
Polymers are classified based on their behaviour when subjected to heating or
cooling. The first category includes the so-called thermoplastics, they can be remelted
several times through heating and can pass from liquid to solid by cooling, without
undergoing any substantial chemical alteration or degradation, so these processes are
reversible [16]. Thermoplastics are composed of long and flexible molecular chains
that are held together by weak intermolecular van der Waals forces [17]. Increasing
temperature, kinetic energy proper of each molecule is higher, causing interferences
between intermolecular interactions, reducing the effectiveness of the binding forces
between the molecules [18]. For this reason, the molecular chains tend to become
more mobile, resulting in the ability for the macromolecules to slide each other and
consequentially in the flowing viscous liquid behaviour of the thermoplastic polymer
at higher temperatures. Due to these secondary intermolecular interactions at lower
temperatures the long molecules are no longer allowed to move freely, instead, at
higher temperatures interactions are weaker and flowing is possible, these two
situations are reversible, so thermoplastics can repeatedly soften when heated and
harden when cooled without degradation[17].



The other category is thermoset polymers, they solidify starting from monomers or
oligomers, when subjected to a chemical reaction (also called curing process) by
means of heating or light irradiation and this irreversible process leads to the
formation of a cross-linked network.

Cross-linking is a chemical process that involves forming primary valence bonds
between polymer molecules, so density of cross-linking refers to the number of
covalent bonds between polymer chain, a high number of covalent bonds means
higher cross-linking density resulting in chain mobility reduction. Cross-linking,
additionally, does not allow the polymer to exhibit flow behaviour, as chains are no
able to slip past each other also at higher temperatures.

Another important characteristic of polymers is their structural morphology, they can
have an amorphous structure, with molecules solidified in a random arrangement, or
semicrystalline structure, with ordered three-dimensional structure along with the
amorphous parts, since during solidification some molecules stay aligned [13-17]. A
grade of crystallinity can be identified individuating the percentage of crystalline
phase present in the polymer and this grade can be maximum around 90% [16].
Thermoset polymers are characterized by an amorphous morphology instead
thermoplastic can be amorphous or semicrystalline [13].

Amorphous thermoplastics are characterized by molecular disorder that persists
during cooling, below their so defined glass transition temperature (Ty), they solidify
or becomes a vitreous substance.

Conversely, semi-crystalline thermoplastics solidify by establishing a certain
molecular structure order as they cool and begin to harden below their melting
temperature (T;;,). In semi-crystalline polymers, molecules that do not transform into
ordered regions remain in small amorphous regions, which lose their ability to flow
below their glass transition temperature. These amorphous regions exist within the
semi-crystalline domains.

The glass transition temperature (Ty) is defined as the temperature at which a glassy
rigid solid that is heated reach a softer and more rubbery state, while the melting
temperature (T,,), still considering the heating of a polymer, is the temperature to
eliminate the intermolecular forces holding of the ordered regions transitioning to
the liquid phase. The degree of crystallinity has no significant effect on the T, instead
its increase generally results in higher melting temperature [16]. Considering the
cooling of a melted polymer, the crystallization does not occur at Tm but for a lower
temperature that is defined crystallization temperature, additionally crystallization
occurs if cooling is not too quick, because the polymer structure would not have the
time to create an ordered structure [19].

This difference in cooling and heating for semicrystalline polymers is simply shown in
the Figure 2 [19], with specific volume trend of a polymer respect to the temperature
in a process of cooling and in a process of heating.
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Figure 2. Schematic trend of specific volume as temperature varies for a semicrystalline polymer

In Figure 3 [20] the specific volume of polymers respect to temperature is represented
in a qualitative way, highlighting the difference between the amorphous polymers
and semicrystalline polymers, it is also represented an ideal totally crystalline
behaviour [20].
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Figure 3. Specific volume as varing of temperature for semicrystalline, amorphous and ideal
cristalline polymer

For amorphous polymer when T, occurs during heating, expansion is faster and the
hard glassy solid became a rubbery material. As the temperature continues to
increase, the polymer changes from a rubbery state to a viscous liquid, gradually
viscosity decreases and if heat is still provided, decomposition occurs. In contrast, for
semicrystalline polymers, the velocity of the expansion and so the change of trend
slope at Ty is less significant because in this temperature range the crystalline
structures have not disintegrated and they are dispersed in a rubbery amorphous
matrix. At the melting temperature, the crystallites melt, resulting in a viscous state,
which persists above T, until degradation. An ideal fully crystalline polymer would
not show any physical change, and neither would the slope of its curve change at T,



only a phenomenon would occur at the Tm, the break of all the bonds of the
crystalline structure meaning direct passage from solid to liquid phase [20].

In Figure 4 [13], a trend for shear Modulus for polypropylene respect to temperature
is reported and it is clear the behaviour respect to the various crystallization grades.
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Figure 4. Shear modulus-temperature curve for polypropylene with various degrees of crystallinity

In Figure 5 and Figure 6 [13] the tensile strength (in red) and the strain at failure (in
grey and in black) for a thermoplastic amorphous and for a semi-crystalline are
shown. Below its glass transition temperature, the amorphous thermoplastic is brittle
and reaches failure under low strains, however, as the temperature rises, the
amorphous thermoplastic's strength diminishes, and it becomes more flexible. Once
the temperature exceeds Ty, the strength progressively decreases, and the maximum
strain continues to increase until the material reaches its flow properties and
mechanical strength is negligible, marked in the diagram with the temperature at
which polymer can flow T¢. Instead, semi-crystalline thermoplastics has a T, melting
temperature, is after this last that the polymer is a flowing viscous fluid, and respect
to the amorphous there is has an increase in toughness between the glass transition
temperature and the T,,,, due to the crystalline regions not yet broken up [13].
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Figure 5. Tensile strength and strain at failure typical for amorphous thermoplastic

Strength, 0 ——»
Strain at failure, g, 5

Temperature, T ——>
Figure 6. Tensile strength and strain at failure typical for semi-crystalline thermoplastic

There is indeed another type of polymers classified as elastomers, they exhibit the
characteristic property to have a glass transition temperature significantly lower than
room temperature. Consequently, crosslinked elastomers exhibit a highly compliant
and soft elastic solid behaviour at room temperature. The lower density of chemical
bonds between polymer chains allows them to stretch and retract easily to a large
extent make elastomers deform significantly and reversibly returning to their original
shape [13]. Elastomers are non-crosslinked if un-vulcanized, but after crosslinking
process, obtained through vulcanizing agents and called vulcanization, the ability to
flow is lost, new cross-links between polymer chains are created and chain mobility is
reduced while cohesion between them increased. Vulcanized elastomers are less
deformable but mechanical properties like resistance are improved [21].

In polymers with cross-linked structure, density of cross-linking is an important
feature in their behaviour during heating, due to the irreversibility and the elimination
of the transformation into a viscous fluid, and for the mechanical properties. By
analysing Figure 7 [13], the difference in shear modulus between highly crosslinked,
crosslinked, and non-crosslinked polymers, it can be noticed that in the glassy region,
cross-linking has less effect on the modulus, instead in the rubbery region, a higher
cross-linking density leads to higher modulus. Elastomers, lightly crosslinked systems,
display a low modulus above the glass transition temperature, typically below -50 °C,
resulting in softness and flexibility at room temperature. In contrast, highly
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crosslinked systems, found in thermosets, show a smaller decrease in stiffness as the
temperature is raised above the glass transition temperature, the reduction in
properties becomes less significant as the degree of crosslinking increases as can be
seen from Figure 8 [13], the strength, and the strain at failure of a thermoset which
indicates that the strength maintains a relatively constant level until it reaches its
thermal degradation temperature.
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Figure 7. Shear modulus of a polymer with different cross-linking density as Temperature increases
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Figure 8. Typical trend of strength and strain at failure respect to Temperature of a thermoset

Figure 9 [13] illustrates shear modulus curves for low molecular weight and high
molecular weight amorphous, semi-crystalline and cross-linked polystyrene, it is
highly useful in summarizing the differences that various structures and morphologies
of polymers exhibit, such as the presence of T, for semicrystalline polymers and a
less significant decrease in the shear modulus after T;, which would also be evident
for other properties. Additionally, in the zone after T, it shows the more pronounced



descent of properties for a lower molecular weight polymer, and finally, the absence
of degradation in the properties of a crosslinked polymer.
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Figure 9. Shear modulus respect to Temperature of polystyrene with different structures

Many of polymers and plastics most used are in the table in Figure 10 [13], where it
is possible to also notice their general shear modulus exemplificative of others
mechanical properties too, versus the reduced temperature that take in account T

of all the materials.
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Figure 10. Shear modulus for various polymers respect to Temperature

Interesting examples of application and characteristics materials in the graph of
Figure 10 are Polyamides, thermoset synthetic polymers with good mechanical
properties, there are polyamides with strength about 140 MPa but also high abrasion
resistance and toughness comparable to those of aluminium [22], but with density of
a half lower, in fact also having a low friction coefficient they are used in bearings and
gears productions [23]. Between the thermosets there is Polyurethane, very
interesting because it is an extremely versatile material that offers a wide range of
properties depending on its structure, this allows for a great deal of customization for
manufacturers, from soft coatings to rigid construction materials [24].

10



1.2. Bio-based polymers

The term "bio-based" refers to substances that are derived completely or in large part
from biomasses, which are organic materials of biological origin, such as plants, trees,
algae, marine organisms, micro-organisms, animals, etc. These substances include
bulk chemicals, platform chemicals, solvents, polymers, and bio-composites.
Therefore, bio-based substances are sourced from feedstock obtained from organic
waste, rather than from geological formations or fossil materials. [25].

The conversion of biomass into value-added products and fuels can occur through
various processes, including biochemical, thermochemical, or biotechnological
methods. In the case of bio-based polymers, the process may involve polymerizing a
monomer that has been synthesized conventionally or using bacterial processes from
biomass or starting from natural bio-based polymers and then modify them to meet
specific requirements [25], [26].

In terms of biodegradability, bio-based materials, like all polymers, possess this
property only if they can be transformed into natural substances, such as water,
carbon dioxide, and compost, through processes carried out by various organisms,
such as microbiological biodegradation. The biodegradability of a material is not
solely determined by its bio-based composition, but also by its chemical structure and
the conditions in which micro-organisms can degrade the material, such as in water
or soil and in the presence or absence of oxygen. Therefore, the fact that a material
is bio-based does not necessarily imply its biodegradability, and vice versa [27].

One approach to produce bio-based plastics is to use natural bio-based polymers,
including proteins, nucleic acids, and polysaccharides [26] the first generation of bio-
based polymers derived from agricultural feedstocks like corn and potatoes [26].
These bioplastics are part of the “Old Economy” bioplastics and include materials like
rubber, cellophane, celluloid, linoleum and cellulose acetate, materials commonly
utilized before fossil-based plastics explosion in the market but still used today. Today
vegetable oils are between the most investigated in scientific literature as bio-
resources, interesting is their application as starting substance to obtain bio-based
polymers due to their abundance and the presence of triglycerides that can be directly
polymerized or modified to add functional groups to polymerize [28].

New types of bioplastics, known as “New Economy”, bioplastics, have been developed
over the past 30 years, which include the so called “novel bioplastics” and “drop-ins”
[6]. Novel bioplastics have a unique chemical structure and properties, whereas drop-
ins have the same chemical structure as existing fossil plastics but are derived from
different feedstocks [6].

A clear classification of bioplastics divides them in these three categories, also Figure
11 [29] schematically represents the three categories. In addition, here explained the
division:
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e Renewable-resource-based bioplastics are either naturally synthesized from
plants and animals or entirely synthesized from renewable resources like
starch, cellulose, proteins, and lignin. Recent breakthroughs in technology have
also allowed for the synthesis of traditional petroleum-derived polymers like
polyethylene and nylon from biological resources [29].

e Petroleum-based bioplastics are synthesized from petroleum resources but are
biodegradable [29].

e Bioplastics from mixed sources are made from combinations of biobased and
petroleum monomers, like poly(trimethylene terephthalate) and some bio-
thermosets [29].

Petroleum based Renewable Resource based | Polymers from Mixed
Biodegradable Polymers Polymers Sources (Bio-/Petro-)
Poly (lacticacid) (PLA) Polyesters
Aliphatic polyesters _1 Y | ’ Y |
Ex: Poly(D-lactide) (PDLA), Ex: Paly (trimethylene
Ex: Polycaprolactone (PCL), Poly(DL-lactide) (PDLLA) terephthal ate) (PTT)

Poly(butyene succinate) (PBS)*

—'| Polyhydroxyalkanoates (PHAs) |

.| Aliphatic-Aromatic polyesters Ex: Polyhydraxybutyrate (PHB), Thermosets |
Poly( hyd roxybutyrate-co- Ex: Biobased Epoxy,
Ex: Poly(butylene adipate—co- hydra o !
wyvalerate) (PHBV)
| | terephthalate) [PBAT) | Biobased Polyurethane
—h’ Starch Plastics l
L.l Poly (vinyl alcohol) (PVOH) | | Ex: Wheat/Potato/Corn-based Plastics |
—] Cellulosics
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Figure 11. Classification of Bio-based polymers

Various biobased polymers can be found on the market and are now widely used,
between those completely synthesized from plants animals, or from renewable
resources there are Poly (lactic acid) (PLA) or Polyhydroxyalkanoates (PHA) [26], [29].
Poly(lactic acid) (PLA) origins from lactic acid and is a widely used biocompatible and
biodegradable polymers. Its thermomechanical properties are not comparable to
those of traditional thermosetting polymers. Despite these limitations, PLA offers the
advantages of low cost and easy availability, and is predominantly utilized in the
packaging, textile, and biomedical fields. Current research is focused on developing
PLA-based copolymers and composites to improve the materials' mechanical strength
and properties [26], [29].

Polyhydroxyalkanoates (PHA) have become increasingly popular in research as
environmentally friendly and attractive alternative to non-biodegradable synthetic
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materials due to their biodegradability, biocompatibility, piezoelectricity, microbial
origin, and non-toxic nature [30].

Examples of Polymers made from mixing biobased and petroleum-based monomers
are Poly(trimethylene terephthalate) (PTT) and Biobased Polyurethane [26], [29].
Finally, there are also biodegradable polymers derived from fossil resources like
Polycaprolactone (PCL) and Poly (butylene-adipate-co-terephthalate) (PBAT) [29].
PLA and PCL based polymers are very diffused in applications with 3D printing, they
have excellent processability and good mechanical properties [31], [32]. Others
various mixed bio-/petrol- polymers are used as resins or as diluents in 3D printing,
and there are several studies that try to find materials to replace especially the
classical non-bio-based thermosetting polymers with more environment friendly
materials in the field of additive manufacturing [32]-[34].
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1.2.1. Vegetable oil-based polymers and Soybean oil in polymers

In scientific literature, there are numerous studies exploring the use of materials
derived from natural oils, also known as vegetable oils [28], [35]—[38].

The use of natural or vegetal oils as a substitute for polymers derived from petroleum
has gained significant attention among researchers, various insights are about their
use in materials industry since they are not expensive, but abundant and renewable
natural resources available in large quantities from oilseeds or fruits.

Vegetable oils are liquid triglycerides at regular room temperatures that are products
of plants and insoluble in water. Triglycerides are ester compounds that are produced
by combining one glycerol molecule with three fatty acid molecules [39]. Figure 12
[39] represents schematically a triglyceride molecule, R;, R, and R; are three fatty
acid chains.

CH, — 0 — coO — R
CH — 0 —CO — R
CH, 0 co — Rj

Figure 12. Scheme of a triglyceride molecule

Using triglycerides as the main building block polymers can be produced because they
contain a high number of chemically reactive positions such as ester groups, C=C
double bonds, allylic positions, and the a-position of ester groups. All of them are
directly curable, for example the C=C double bonds through free radical or cationic
mechanism could form growing chains, but the internal double bonds and the other
groups in the triglyceride structure are used to be transformed in more reactive
functional groups to finally obtain chemical compounds like photocurable thermosets
[38], [35].

The difference between the oils in their application as basis for a polymer is given by
the fatty acids in their structure, each type of triglyceride oil possesses a unique fatty
acid distribution which is precisely what determines the presence of different
functional groups in triglycerides [39]. In fact, fatty acids vary from each other in
having hydroxyl, epoxy or oxo groups, or triple bonds and for their C=C double bonds
distribution, this last is displayed in Figure 13 [39], where they can be seen the
saturated (a), unsaturated (b), isolated (c), and conjugated (d) fatty acid chain.
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Figure 13. Type of fatty acid chains

An important feature is the presence of C=C double bonds being reactive, linseed oil
for example has a lot of unsaturated fatty acids that can be cured with atmospheric
oxidation and it is used in paint binder. Furthermore, epoxidation reaction is one of
the most effective modifications of triglycerides in which the C=C double bonds are
converted to oxirane (epoxide) rings, very reactive and exploitable to produce
important chemical compounds for polymer synthesis or for curable thermoset [38],
[40]. Acrylate is another highly reactive group and acrylate triglycerides can be
polymerized for thermoset polymer production [38] and copolymerized easily with
other commercial comonomers, and even to obtain acrylate double bonds it is
necessary to convert the triglyceride double bonds to an epoxide and after to open
the epoxy groups with acrylic acid [41].

Studies and applications of polymers from vegetable oils demonstrate respect to
other biomaterials specific characteristics and qualities, for example good
cytocompatibility and degradation properties of phosphoester cross-linked vegetable
oils and their metabolites that make them suitable biomaterials for implantation [37]
or soybean oil based resin to fabricate dental scaffold due to cytotoxicity analysis
resulting in better results than traditionally used polyethylene glycol diacrylate
(PEGDA) [37], [42].

Another aspect is the excellent compatibility with certain natural fillers, fibres,
henequen, cellulose, bamboo, carbon black particles and carbon nanotubes [43].
Since triglycerides are composed of aliphatic chains, the resulting triglyceride-based
materials may lack the necessary rigidity and strength required for some applications
[35], but the possibility to produce composites with additives could bring them closer
to mechanical and thermal properties of petroleum-based polymers or to improve
specific characteristics for specific applications [43].

Soybean oil is an exemplary model of production of polymers and polymer
composites, it contains an average of 11% palmitic acid, 4% stearic acid, 23% oleic
acid that has 1 double bond, 54% linoleic acid that has 2 unsaturated chains, and 8%
linolenic acid that has 2 unsaturated chains [43]. Soybean oil contains an average of
4.5 double bonds per triglyceride molecule, making it quite reactive compared to
other vegetable oils such as palm oil, which contains only 1.4. Soybean oil mainly
consists of unsaturated fatty acids such as oleic, linoleic, and linolenic acids. This gives
it good reactivity in polymerization processes [43].

In the past soybean oil have already been utilized in printing inks and paints [43],
furthermore considerable research has been devoted to transforming soybean oils

15



into solid polymeric materials with viable mechanical properties [44], but epoxidized
soybean oil (ESO) is a significantly more used compared to pure oil, it is a good
plasticizer of PVC products alternative for example to phthalates [45] for this purpose.
Compared to raw soybean oil ESO suffers less thermal and oxidative deterioration due
to the absence of allyl hydrogens, in fact its potential application is as high-
temperature lubricant [46].

Another particularly interesting derived of soybean oil is Acrylated epoxidized
soybean oil (AESO), already used in plastic and coating industry, it displays excellent
characteristics such as flow and levelling properties, as well as enhancing flexibility
[43], [47] and is currently being evaluated for its potential as the primary monomer
of a resin for 3D printing. A 3D printing resin for a photopolymerization process must
be highly reactive at certain wavelengths and must also be easily processable. AESO
is @ monomer rich in functional groups and highly reactive [47], making it an ideal
candidate for additive manufacturing. Additionally, its biocompatibility and bio-based
nature are also being studied [42]. Numerous studies have explored the use of AESO
as a primary monomer for 3D printing, demonstrating its suitability for various types
of printing on different dimensional scales [48]. However, a critical issue regarding its
application is its high viscosity, which is around the interval 18000 - 32000 cps at 25
°C and makes printing difficult [47], [49].

To overcome this issue, synthetic reactive diluents are commonly used, but these
diluents are not bio-based or biodegradable [38], [43], [50]. There are studies
proposing the use of bio-based diluents as an alternative to conventional reactive
diluents [47]. To improve the processability of AESO in 3D printing, bio-based diluents
such as IBOMA and THFA are being investigated [47]. The aim is to obtain a completely
bio-based polymer that can replace traditional polymers in the field of 3D printing,
thus contributing to the reduction of the environmental impact of the manufacturing
industry.
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1.3. Additive Manufacturing

Additive manufacturing, also known as 3D printing, is a process of creating three-
dimensional objects from a digital model by adding layer upon layer of material, such
as plastics, metals, or ceramics [51].

Additive manufacturing has many applications in various fields, including aerospace,
automotive, healthcare, and consumer products to create prototypes, customized
products, and even replacement body parts, such as dental implants [52]-[54].

This is attributable to the remarkable capability of generating intricate geometries
that would be challenging or unfeasible to manufacture using conventional
production methods [55]. Additionally, additive manufacturing can be used to create
objects with unique properties, such as lightweight structures with high strength-to-
weight ratios [56].

The first patent about a layer manufacturing production process was registered by
Charles Hull, consisting in a stereolithography system, in 1984, was a primary example
of rapid prototyping, using the CAD softwires it was possible to build layer by layer
physical objects [57]. The name rapid prototyping is referred to the creation of a
prototype directly from the CAD file in few hours but the progress in this field brought
process to became already a commercial reality in 1987, and in 1990 pieces built with
layer-by-layer manufacturing technology were used as casting patterns, in 1995 as
tools and in 2000 as production parts. Since these years it has been possible to create
directly end usable parts with these manufacturing processes and this approach has
broadened its scope from rapid prototyping to the definition of additive
manufacturing or 3D printing.

Not surprisingly, the market of this manufacturing process, products and services is
growing in last years as all the predictions anticipated [58], form “Statista” research
about Global 3D printing products and services market size it is noticed that in 2020
it was valued at around 12.6 billion U.S. dollars, the results are in Figure 14.
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Global 3D printing products and services market size from 2020 to 2026 (in billion U.S.
dollars)
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Figure 14. Global 3D printing products and services market size from 2020 to 2026

In 2020 3D printing devices for design amounted to 550,000, they are based on a lot
of different technologies invented from the 1980s to today as reported on the graph
in Figure 15 showing the most used 3D printing technologies, from the research on
the portal to provide statistical data “Statista”.
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Which 3D printing technologies do you use?
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Figure 15. Most used 3D printing technology in 2021

Thus, the first technology to be invented was stereolithography, in the following years
the other techniques have been developed, in 1991 were commercialized three 3D
printing processes [59]:
e fused deposition modelling (FDM) technology in which thermoplastics are
extruded in filament form [60];
e solid ground curing (SGC) based on UV-light to solidify entirely one layer of the
liquid polymer;
e laminated object manufacturing (LOM) technology with cutting and sticking of
the starting material that is in form of sheets [61].

A scheme of the technique for FDM and for LOM process are reported in Figure 16
[60], [61].
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Build Platform

Figure 16. FDM 3D printing and LOM 3D printing schemes

In 1992 was born Selective laser sintering (SLS), as can be observed from Figure 17
[62] the process uses material in form of powder fused by heat from a laser obtaining
the part layer by layer. In 2001 was presented digital light processing (DLP) technology
to polymerize an entire layer at once [59].

. e/ Laser
Adds new material

to the next layer

"

Sintered part

I
|
|
| Powdered material

Moves down one layer thickness
when previous layer has been sintered

Figure 17. SLS 3D printing scheme

These are some of the discoveries that have expanded the range of possibilities for
additive manufacturing technologies. Today, there are many techniques available and
classifying them into distinct categories can aid in comprehending their applications
and enable informed decisions for production requirements or for the material being
processed. There are various methods to distinguish them and one of the first
classifications, in 1998 was by type and condition of the raw materials: particles,
laminated solid films, and liquid/molten materials [63]. It's possible to classify the
technologies as well as by materials also by the type of machine used and the
transformation of the material during the process. Today the standard for the
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terminology about the AM techniques and their classification is defined by the
ISO/ASTM 52900 [64], according to the technical regulation the processes are:

Material Extrusion (EXTR) which works by means of a heated nozzle, selectively
depositing material in form of plastic filament onto a platform where it cools
and solidifies to build the solid object layer, in this category falls the FDM [65];
Powder Bed Fusion (PBF), also SLS is one of the techniques in this category in
which particles of thermoplastic powders, metal powders or ceramic powders
placed on a print bed are selectively fused together via a heat source to create
the part layer by layer, each layer of material is subsequently deposited and in
turn fused until the process is complete [66];

Directed Energy Deposition (DED) schematized in Figure 18 [67], a 3D printing
process in which the material, is in the form of wire or powder and is deposited
and simultaneously melted by a powerful thermal energy, such as a laser or
electron beam [68];

MNozzles for powder flow and inert gas

Laser
beam

Electron
beam unit
/ Electron
beam

Wire feeder

Deposited Inert gas Deposited -— Wire feed

1y B
material \ '-:",- and powder material \

Substrate Substrate

(A) (B)

Figure 18. DED systems schemes: (A) based on laser and with powder feedstock; (B) based on

electron beam and with wire feedstock.

Sheet Lamination (SHL), one of the processes in this category is LOM. SHL
involves the use of very thin sheets of materials like paper, polymer, or metal,
that are placed on top of each other and cut one at a time and fused together
using heat or binders [69];

Vat Photopolymerization (VPP) uses liquid photopolymer, this in a vat or tank
is selectively subject to curing, polymerisation is activated by a light source,
curing is repeating layer by layer until the 3D object is formed. Two examples
are Stereolithography (SLA) that selectively irradiates polymers with a mobile
laser and DLP, that selectively irradiate one whole layer at a time [70], [71];
Material Jetting (MJET) in which droplets of material such as photopolymers or
wax are deposited in a controlled manner and polymerised by light on a printing
plate forming the final object, like schematized in Figure 19 [72];
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Figure 19. MIJET 3D printing process scheme

e Binder Jetting (BJET), a process with a printhead that moves across the surface
of a bed covered by material like sand, polymer, or metal powder. Binder
droplets are deposited by the head to bond together the powder particles and
generate the layer of the object [73]. BJET functioning is in Figure 20 [74].
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Figure 20. Scheme of BJET3D printing process

Each of these technologies offers unique characteristics, for example Vat
polymerization methods offer a key advantage over other 3D printing techniques in
the fact that the starting liquid material, the photopolymer, can be customized by
adjusting its chemical composition and this opens a wide range of possibilities for
producing parts with tailored properties. By fine-tuning these primary elements,
functional 3D printed objects can be obtained with precise, application-specific
properties [75], [76].

Additive manufacturing processes are automated systems that employ 2D layers of
computer data, derived from a 3D object file created in a CAD environment, to
construct 3D solid objects layer by layer. The layer-by-layer characterizes all the types

of process, the difference lies in their specific modes of final object construction. The
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entire process of manufacturing starts from the 3D CAD software to design the 3D
CAD model and to transform it into the tessellated model, saved in the STL file form
[77]. STL format has been developed by 3D Systems, which named the file format
'Standard Triangulation Language' and put it in the public domain, it is a standard
format that can be found in almost all solid modelling CAD systems [59]. To construct
an STL file, the surface of the object is divided into triangles, three sided planar facets,
each triangle is described by three points and a vector with a direction normal to the
face of the triangle and positive sense towards the outside of the surface [78]. This
topological information constitutes the STL file in two different ways, it is stored in
binary form as 32-bit single floating-point format as per IEEE standard 754, or in ASCII
strings. The second storage method is larger and human readable, the arrangement
of the STL file in ASCIlI format initiates with the term "solid", proceeded by the
appellation of the document, then the triangles are delineated by specifying the facet
normal and the vertices' coordinates and concludes with "endsolid” [77], [78].

In additive manufacturing, the use of tessellated representation has some critical
issues, including the first-order approximation of the original CAD model. There is
always a so-called chordal error, like shown in Figure 21 [79] it is the difference
between the points on the surface of the original CAD model and the tessellated one,
in the image, Pg4p is the point on the CAD file surface, while Pgr; is the point on the
tessellated model, especially when the surface of the part is curved, the two point are
not coincident. Increasing the number of triangles would make the surface more
accurate and smoother, approximating the original one with sides and faces of
triangles that are closer to it, however this leads to much larger data files [77].

CAD Surface

Chordal Error

STL Surface / l

Figure 21. Chordal error between CAD and STL model
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Once the STL file is generated using CAD software, the latter can be transferred to the
machine software for 3D printing, by now all additive manufacturing machines have
adopted the STL format. This makes possible to print any object regardless of the
software that was used to design it and regardless of which machine will be used to
print it [77].

The next phase is slicing, which is the intersection of the CAD model with a plane to
determine 2D contours. The software creates the slicing of the STL model, a sequence
of 2D parallel slicing planes which are the layers that one at a time will be built by the
printer. An important parameter is the thickness of the slicing, and it can be chosen
by the users, a smaller thickness permits achieving better surface quality and a more
detailed shape, in some cases the slicing can also be adaptive, varying layer thickness
along the vertical axes of the model, high-curvature surfaces are sliced with less
thickness while low-curvature surfaces with more thickness [77], [80]. From Figure 22
[81] it can be noticed the difference between the curve surface quality using thicker
or thinner layer, in the first case the printed part surface will exhibit a more evidently
the so called “staircase effect” [80].
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Figure 22. Difference in quality surface varying slicing thickness

In the AM machine software is also possible to orient the piece in the building area of
the printer and to generate the supports, after that, once entered layer thickness As,
is generated the slicing of the STL model [82]. Then, it is possible to pass this file
processed from the printer’s software to the printer itself. When the file is available
for the printer, only its settings and parameters must be chosen, depending on the
model and the materials used and by starting the process it will form each layer one
after the other overlapping them and obtaining the final object. Once the final part is

ready, it is collected from the machine and supports and material in excess are
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removed, the very last passage is post-processing, consisting in different passages,

some of them are cleaning, post-curing, polishing, painting.
The sequence of all the passages is illustrated in Figure 23.

Conversion to 3D model

STL file format printing

* Creating of a 3D file | |+ For recognition of * By Slicer: adjusting * By variety of * Treatment:
the designed file of model size, machines Removing, Cleaning,
location and Curing, Panting

orientation
Figure 23. Steps of Additive Manufacturing production




1.3.1. Additive Manufacturing Sustainability and Cost-

effectiveness

3D printing has a completely different setting from traditional manufacturing, the
possibility to produce parts of various forms and with different materials with a single
machine and a single process is very interesting especially in fields in which the scope
of the product imposes an exclusivity of the shape, like dental or biomedical areas
where is needed anatomical personalization, or when it is required ergonometric
design or customization and individualization [83], [84].

In addition, moulds, tools, and special equipment are not needed to print 3D objects,
and no personnel or operators are required during production; finally, the complexity
of the object does not affect the cost of production, and shapes that are not envisaged
in traditional production, such as undercuts, are allowed at the design stage [83]-
[85]. In Figure 24 [85] a graph compares the cost of additive manufacturing and
traditional manufacturing respect to the complexity of the piece, there is a breakeven
point, consisting in a level of complexity at which producing with 3D printing is more
convenient because this technology is not affected by shape complexity, in fact its
trend is a horizontal line.

Conventional
manufacturing

Complexity
for free

Additive manufacturing

Manufacturing costs per piece

\

>

Geometric complexity
Figure 24. Costs of manufacturing processes respect to geometry complexity of the product

The graph before is referred to costs per piece but the convenience of usage of one
approach over the other, depending on production volume too, in fact a large volume
of production of identical pieces is a typical approach for conventional manufacturing.
Conventional and additive manufacturing are not mutually exclusive, but they can
also be used on different specific stage of the product development and production
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[83], [84]. To summarize additive technologies are generally better suited for small
parts and very complex or intricate designs, instead with larger batches, larger
objects, and less complex parts, subtractive processes become more competitive.
The certain freedom of design inherent in this technology also opens others
interesting scenarios, for example a particular approach has developed thanks to the
possibility of producing objects with 3D printing, the topology optimisation [56].
Objects can be lightened of certain parts that would only be needed for production
reasons in traditional manufacturing and nowadays various software packages allow
components to be topology optimised at the design stage [86]. In this approach
material is removed in areas where it is not structurally or functionally necessary,
permitting to reduce the number of parts in the initial design and at the same time
ensuring an improvement in minimum weight achievement, static strength, dynamic
behaviour, and thermal performance [56], [87].

Through this software for topology optimization, it is possible to specify the types and
values of the loads that undergo each part to stress, the functional use of the part and
the requirements for thermal resistance or dynamic behaviour, software will process
this incoming data and intersect all the designer's requirements to return a part with
a shape optimized based on the inputs [86]. An example of Topology optimization
application is presented in Figure 25 [87].

-»’

Original design Original part FEA result

Final design validation FEA result Final optimized design

Figure 25. Example of Topology optimization steps on a mechanical component

From the point of view of sustainability, additionally to the possibility to produce

pieces on demand, avoiding overproduction, to decentralize production centres also
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shortening supply chain and to consider ad hoc repairs [12], the logic of the
production of parts with additive manufacturing processes can be exploited to
produce smaller amounts of waste material respect to classical manufacturing
processes [10]. Additive manufacturing technology or 3D printing is based on the
layer-by-layer concept and if used smartly makes possible savings in raw material
consumption, costs, and energy, especially as the complexity of the object to be
produced increases [88]. Considering the processes and the workflows of traditional
manufacturing, in some cases they may not be very efficient from the point of view
of material utilization, in fact the process is subtractive, starting from an initial block
of material some portions are removed by machining such as grinding, milling, rolling,
turning, and drilling [84]. In contrast, 3D printing is an 'additive' process in which the
machine realizes the design coming from CAD software and, working layer by layer,
spaces can be leaved where no material is needed. The volume of initial material used
is almost equal to the volume of the final product since the only waste would be the
supports which, however, are still placed by the designer who can try at the design
stage to minimize them [11].

Anyway, with additive manufacturing it can be possible to have the tendency to
reduce waste due to machining but at the same time obtaining parts that meet the
requirements of the sector of use, especially for customized and unique part and this
trend can be aimed to contribute to environmental sustainability[88].

Of course, the designer must consider the limitations of the additive manufacturing
since the size of the product is imposed by the size of the machine, just as the
materials or colours of the object are limited to those that the printer can handle, and
the speed of the machine strongly defines and limits the production time of the part
[56].

Also, to be included in the assessment of the criticalities of additive manufacturing
processes are the issues related to the limited number of materials available on the
market and thus the limited functionality and high cost in the field of polymers, for
example, which still drive research to find new ones and make them more functional
and environmentally and economically sustainable [8].
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1.4. Vat polymerization 3D printing

Vat polymerization (VP) 3D printing is a process where a liquid photopolymer in a vat
undergoes photopolymerization upon light irradiation, resulting in the selective
curing of the material. The part is built sequentially layering polymerized on a
movable platform along the z-axis [64], [89].

There are two types of possible configurations for VP printers, the top-down
configuration and bottom-up configuration like it can be seen from Figure 26 [90],
[91].

In the top-down configuration, the print platform is located above the vat containing
the liquid resin. A lifting system of the print platform positions the working surface of
the platform itself in the liquid, and UV light is emitted from a source placed above
the tank, polymerizing the resin on the platform surface. The platform is then slightly
lifted, and the process is repeated to create the next layer. This process continues
until the finished object is complete [90]-[92].

In the bottom-up configuration, the print platform is located inside the vat,
completely immersed in the liquid resin. UV light is emitted from the bottom of the
tank, polymerizing the resin on the platform surface. When one layer is complete, the
platform is slightly lifted, and the process is repeated to create the next layer. Also in
this case, the process continues until the finished object is complete [92].

The top-down configuration can produce more precise objects, but it may require
more time for the preparation and positioning of the printing platform, on the other
hand, the bottom-up configuration is generally faster but may be subject to layer
adhesion issues to the printing platform [90]-[92].

During the process, the plate is re-immersed or remains immersed into the resin
together with already polymerised material, in general a partially printed part meets
the not yet polymerised resin and immerses itself in it, during the process [77]. Thus,
cured photopolymer repeatedly meets the still liquid resin, therefore, the solid
material obtained from photopolymerization must be insoluble in the liquid resin, it
is necessary that cross-linkable photopolymers which irradiated by sufficient light
energy reach the gel point, the state in which the liquid undergoes a sudden change
in its fluidity due to the formation of a three-dimensional matrix, the so called gel with
mechanical properties similar to solid material [77], [93].
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When the production of a part with a specific material is established, the printing
process must be set up and there are several parameters to evaluate and to choose
because they are fundamental for the printability [94], [95]:

e printing platform velocity during the downward run diving into the tank;

e printing platform velocity during the upward run to return in rest position;

e plate tank distance in phase of rest position;

e time during which the plate is stationary in the resting position;

e time before the irradiation start when the plate is the tank;

e time after the irradiation, before to upward run;

e Various irradiation times for specific positions in the part to print.

The printing parameters must be adjusted according to the type of resin used. The
viscosity of the resin affects the exposure times and the speed of movement of the
printing platform, as well as the rest times of the platform both inside and outside the
printing tank before and after light exposure [96]. In the presence of a highly viscous
resin, the time required for the resin to flow under the platform or for droplets to fall
from the platform increases. This can be addressed by adjusting the speed of the
platform and increasing the rest times. On the other hand, the light exposure times
depend on the reactivity of the resin: a highly reactive resin will require a longer
exposure time[96]—[98].

There are various vat polymerization technologies, the specific light source used for
irradiation, as well as the technique employed for directing this light to selectively
cure the liquid material at desired locations while leaving the surrounding material in
a liquid state, differentiates the various types: stereolithography (SLA), digital light
processing (DLP) and LCD printing, also called Mask stereolithography (MSLA) [82],
[89], [99].

e The SLA was the first technology to be invented in the field of the additive
manufacturing in 80’s years [57], [59], it uses a mobile laser to induce localised
polymerization irradiating selectively point by point each layer. The laser beam
is focused on the liquid photopolymer contained in the vat and trace the shape
of the layer planned by the STL sliced model to implement selective
photopolymerization, by using a computer-controlled mobile mirror to control
the laser pattern [100]. The optical arrangement of SLA devices is schematized
in Figure 26 [91];
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Figure 26. SLA 3D Printing schemes: a) Bottom-up configuration; b) Top-down configuration

DLP technology differs from SLA from the way to irradiate the layer, the former
illuminates and polymerizes entirely and not point by point. DLP 3D printers are
based on direct irradiation of the whole surface and its envisaged shape
through a projector with micromirrors in its lens to control the light pattern.
Micromirrors represents one pixel in the digital image and each micromirror
can be turned by the printer control to polymerise where foreseen in the layer
to be built [101]. In Figure 27 the projector is in the lower part of the image,
coloured in grey, it irradiates the entire surface. In the lower part of the Figure
27 and grey-coloured there is the printing platform with the polymerized resin
attached while rising from the vat like typically occurring in top-down

configuration [102];

Figure 27. Optical arrangement of DLP 3D printer

The last type is LCD printing, again as with DLP the resin in each layer is struck
by light entirely, however the light source used is an LED lamp and is conveyed
by an LCD screen. The pixels of the LCD screen are switched on or off as needed
to block the light or let it through by irradiating the resin to selectively
polymerise the layer to be built, basically the LCD screen acts as a mask for the
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light source (hence the name Masked SLA) [103]. In the image in Figure 28 an
LCD printer is reported, it is possible to notice the LED source selectively
irradiating the vat, passing through the LCD screen mask [104].
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Figure 28. Scheme of LCD 3D printer device

An overview about the principal features of these 3 types of VP devices is given in the
Table 1 [105]-[107] with three important characteristics, the type of lamp source with
the wavelengths and the resolutions in the axis x, y, z.

Table 1. Comparison of Vat Polymerization techniques

Technique Lamp source Minimum z resolution Minimum x-y resolution
(um) (1km)

SLA 355 nm laser 15-20 10
beam

DLP 385-405 LED 15-20 25
lamp

LCD 405 nm LED 15-20 32
lamp

For what has been said so far, the printing accuracy of any VP 3D printer depends on
several factors, considering firstly the resolution along the z-axis, it depends on the
smallest displacement the plate can make. Hence regardless of what type of printer
it is between SLA, DLP or LED, but depending on mechanics, so precision and type of
movement are mainly given by the motor, the motor driver, the various controls and
the actuation system which can be lead screw, belt or any other, there is a certain
value of resolution along the z-axis, axis of construction of the object, perpendicular
to the layer [95]. Resolution in this direction is precisely the minimum thickness of the
layer.

Resolution in x and y directions, on the other hand, must be evaluated based on the

optical arrangement and source, in SLA printers the xy resolution depends on the
32



diameter of the laser spot, in DLP on the dimension of the pixel, represented by the
size of the micromirror and in LCD printers on the dimension of the pixel of the liquid
crystal light masking display [108], [109].

Considering the properties that distinguish this technique from the others, it can be
highlighted which are the most convenient uses like the ability to realise complex and
intricate designs, so pieces not feasible using standard moulding methods, makes VAT
polymerization very competitive for small production lots or highly specialized
customization and a very fitting example is the dental field like the printing of
individual dental moulds, dentures, or temporary implants, VAT polymerization
machinery are used also to produce models for silicon moulding, to print parts for
aerodynamic or assembly tests and for flow analysis, for the biomedical field or when
it is required that a part to be produced and with a very complex shape be highly
detailed, for the style design, and it is often used in the artistic field such as to achieve
accurate reproduction of details for small works of art by lost-wax casting or even for
jewellery [89].

Materials for this technique are thermosetting and since supports are built in the
same material as the piece it is necessary to remove them mechanically, in some cases
this process can lead to part damage or resulting inaccuracies in addition to the time
and material required, furtherly, the limited dimensional stability of the components
due to residual stresses generated is intrinsic of this printing process.

Another point to highlight is that most of the materials applied in VP are
thermosetting polymers and it is complex their recycle, however the number of
alternatives in biopolymers is increasing [82], [99], [110].

Using this technology for research purposes means exploiting one of its main
advantages over the other due to the possibility of testing or varying a combination
of chemical compounds and reagents (both liquid and powdered) and thus
customising liquid photopolymers by trying to produce parts and designing them by
modifying material properties or thinking up new materials [110].
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1.5. Principle of photopolymerization

The polymerization is the chemical reaction that is exploited in VP, the polymers are
obtained by a process called chain polymerization that occurs thanks to a photo
initiator.
Photo initiators are compounds that when irradiated, absorb part of the light and
through a chemical transformation generate reactive species which can be radicals or
ions. Being immersed in a resin composed from monomers and eventually additives,
these radical, anionic, or cationic reactive species initiate the reaction to form a
polymer bonding to the monomers of the resin and starting a growth chain
polymerization [14], [111].
Radical, cationic, and anionic initiators cannot be used indiscriminately, because the
type of reactive centre causing polymerisation varies between different monomers.
Based on the type of species formed by the transformation of the photo initiator and
used to start the process, two classes of photopolymerization systems can be
distinguished: lonic polymerization and Free-radical polymerization [14], [111].
Just considering the before mentioned species, it becomes clear that the distinct
forms of chain polymerization necessitate dissimilar methodologies. In ionic
polymerization, a positive or negative electrovalence must exist at the terminus of
the expanding macromolecule, while radical polymerization requires an unpaired
electron at the end of the polymer chain [13].
Cationic and anionic polymerization are less used than the free-radical polymerization
because ionic initiation is more selective in terms of adaptability with respect to the
various monomers thus applications of cationic and anionic polymerizations are
limited respect to radical polymerization [13].
Free radical polymerization is widely used especially in additive manufacturing, it
consists in three different parts [13], [14], [111].
The first is called initiation, in this phase the photo initiator is hit from the light and
its decomposition occurs, this means that the photo initiator molecule is cleaved in
two elements called radicals equipped with an active site:

15 2R (1)
Where I is the photo initiator, R* is the radical with the active site and kq is the
constant for initiator dissociation, this reaction is driven by heat or light to break the
chemical bonds and to produce the radical species [14].
Thus, the radical is transferred to the monomer:

R*+ M- RM* (2)

Where M is a monomer in the liquid photo polymerization system and after the joint
with the radical group R it became RM* a polymer chain that can be defined M, * that
is still able to continue to react and for this reason is called active polymeric chain
[14].
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The kinetic of the initiation reaction is governed by the constant for initiator
dissociation because this reaction is slow respect to the kinetics of the transfer of the
radicals to the monomer, so the limiting factor is kq and r; [14], the rate of initiation

is:

r, = d[g“tl 1_ dg‘t] = 2k4f[1] (3)
Where [M;°], [R°] and [I] are the molar concentration respectively of the growing
polymer chain, of the radical and of the initiator and f is the efficiency factor, the
fraction of the produced radicals which successfully initiate the polymerization, to be
taken into account in the kinetics because the radical could be inactivated or
transferred back to other species in the chemical system before combining with the
monomer [14].
In the second step, called propagation, the active chain formed by one monomer and
the active radical centre, joins itself with another monomer, indicated by M, and the
active site is transferred to the new end of the chain, obtaining M,", a new polymer
active chain two monomers long [14].

M;"+ M lﬁ)) M," (4)

Where Kk, is the constant for the chain propagation.
At this point the polymer M," joins another monomer and transfers to it its active
site, with the consequent result of a new active chain polymer M3" longer by one
monomer in degree of polymerization than the previous. This process happens for
other monomers which will be joined through the active site transferred each time at
the new end of the chain [14]. In general, this reaction take place between an active
polymer chain of arbitrary length “i”, called M;°, and another monomer unit M,
forming a polymeric active chain with length “i+1” called M;,, ", so, it can be written:

K
M," + M-S M, (5)
K
M +M = Mj,," (6)
As noticed by the previous written reactions, for each single new monomer, the k,
propagation rate constant is assumed equal, therefore, the overall rate law for the
kinetic of the propagation process can be expressed in form of the sum of each rate

of the reactions occurred and can be related to the rate of consumption of monomer
M [14]. Indicating as [M] the monomer concentration, the rate of propagation is:

d[M] . . .
Iy = _T = kp[lvll 1M] + kp[Ml 1M] + "'kp[Mi 1M] (7)

Being kp the same value, as said before, Iy became:
rp = Kp[MI{[My "] + [My"]+ [My°] + -+ [M; T} (8)
The sum of the concentrations of all the active chains that take part in the process
can be represented by [M*], the total concentration of the active chains in the
process, in this way the rj, can be expressed as follows:
Iy = kp[M] [M*] (9)
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The last part of the reaction is called termination and in this part the radical is
transferred away from the active chain, consequentially there is the formation of
inactive polymers, they are no longer able to continue to react and elongate the
polymer chain because they have not a radical active site. This final step can occur by
means of two mechanisms and both can take place, but the occurrence of one of them
may prevail depending on the polymer in question and its conditions [14].

The first mechanism of the termination is called disproportion, when it arises, each of
the individual molecules possibly involved transfers away its radical and it forms a
inactive chain, so if for example there would be two involved active chain in the liquid
polymeric system, after the termination two resultant inactive polymeric chains will
be in the system [14].

Instead, in the other mechanism, the combination, a pair of active polymer chains
combines and forms a single inactive polymeric chain with length equal to the sum of
the lengths of its individual active constituent polymers losing their radical.

By indicating as M;" and M]-' two generic active polymers chain respectively with

length or polymerization grade “i” and “j”, it is possible to write the reaction
mechanism, disproportionation, and combination:
. . Ktd

« Ktc

M;* + M;" — Dyy; (11)

Where D; and D; are the polymeric dead chains or inactive chains with length
respectively of “i” and “j” and respectively formed from M;" and M;", instead D;,; the
polymeric dead chain or inactive chain obtained from the combination of the same
two active chains with length “i+j”.

Each of the two mechanisms has its own kinetic constant for the termination rate, in
the reactions above they are indicated with k.4, constant of termination for
disproportionation and k;. constant of termination for combination. To characterize
the kinetic of the termination process it can be used the overall termination rate ry,
this last is defined in term of the rate of consumption of the reactants, the active
chains and so it is necessary to take in account both the mechanisms and to indicate

the concentration of one of them in general, it is used same as in the previous part
[M°]:

aw:n
J

d[M°]
dt

re=— = 2keq[M][M"] + 2k [M°][M"] (12)

re = 2(Keg + ko) [M°]? (13)

r, = 2k [M*]? (14)
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So as noticed in the relations above, the overall constant of the termination can be
indicated as k; and it is equal to the sum of the constants for combination and for
disproportionation [14].
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Figure 29. Rate of polymerization as a function of conversion

In Figure 29 [112] it is reported the reaction of polymerization observing the rate of
polymerization respect to the rate of conversion of the reactants. Initially, there is a
liquid resin, which is a low melting thermoplastic material, up to about 10%, at which
point the degree of polymerization experiences a minimum after a plateau phase.
Subsequently, gelation occurs, which is the transition from a liquid state to a solid gel
state at macroscopic level due to the formation of a 3D network at molecular level.
This process is irreversible, and flow is hindered due to the formation of a cross-linked
molecular structure. The increasing viscosity of the polymerization system causes an
acceleration accompanied by an increase in the molecular weight of the polymer.
Finally, there is the vitrification phenomenon, which is the transition from a solid gel
state to a solid, glassy, and rigid state [112].
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Figure 30. Time-temperature-transformation (TTT) diagram for a thermoset

The curing behaviour of thermosetting resins can be characterized using the time-
temperature-transformation (TTT) diagram in Figure 30 [13]. This diagram displays
various lines representing constant degrees of cure, including the gel point C* = (,
and the fully cured resin C* = 1, each with their corresponding glass transition
temperatures Ty and Ty 4., respectively and it also shows T, for the uncured resin
and the S-shaped vitrification line are also shown. In the diagram are also represented
the viscous liquid region where the resin has not yet reached the gel point and the
“char" region instead should be avoided during processing to prevent thermal
degradation of the polymer[13].

During polymerization or curing process the conversion of the reactants, the
molecular weight and cross-linking density of the polymer increase, for this reason T,
of the curing polymer increases and depending on process temperature, vitrification
may occur. Vitrification is the transition from solid gel state to solid glassy rigid state,
it occurs when T, reaches the processing temperature of the polymer causing
inhibition of diffusion processes and consequentially of chemical reactions too. After
vitrification, the resin results not fully cured a post-curing process is needed. If after
gelation T, does not reach processing temperature there is not vitrification, diffusion
processes can proceed and the chemical reactions can go to completion, with C
reaching the value 1, meaning resin fully cured. The vitrification line represents the
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temperature boundary at which the glass transition temperature becomes the
processing temperature and below this line, the curing process is slow due to limited
diffusion [13], [14].

The diagram displays a hypothetical process temperature and shows the material
reaching the gel point at t = t,,; and the vitrification line at t = ¢, achieving a
degree of cure C; with a glass transition temperature equal to the processing
temperature. The material continues to cure slowly until it reaches a degree of cure
just below C, [13].
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1.6. 3D printable formulations

Photopolymers before irradiation are liquid resins sensitive to specific wavelength
radiations. In the field of 3D printing, it is required they present main characteristics
as high reactivity to the radiation, low activation energy, limited volatility and toxicity,
stable viscosity, low shrinkage, reduced sensitivity to humidity and good mechanical
properties after polymerization [113].

A typical formulation is composed of a base resin, which may make up almost the
entirety of the formulation or as little as 25% by weight of it, additives, among the
most important of which there are reactive diluents usually present in percentages
between 15 and 60% by weight and finally there are surfactants, pigments, fillers, and
stabilisers making up a maximum of 50% of the photopolymer. The use of photo
initiator is necessary in a range between 1 to 8 wt.% of the formulation.

The free-radical polymerizable resins, rich in unsaturated C=C double bonds and
acrylate or methacrylate terminations, are widely used and commercially available
because these are functionalities with high reactivity to light irradiation and their
reaction mechanisms are known and reliable [113]. The first resins patents, registered
in 1989 and 1990 and SLA dedicated, concern compositions prepared from acrylates,
they had a good reactivity, but the parts produced where weak and inaccurate due to
shrinkage and curling [59], [114].

The choice of type of resins narrows the field as to the type of photo initiator to be
used, acrylates and unsaturated polyesters cross-link by the radical route, epoxy- and
vinyl ether-terminated oligomers are polymerised by the cationic route. These
processes therefore require the respective chemical species to initiate the processes
[115]-[117].

In general, resin functionality is the first characteristic to consider, which consists in
the number of available functionalities leading to polymerization. Other important
characteristics to consider are the viscosity and the kinetic reaction also concerning
the time and the complexity of the process, the hydrophobicity, the shelf life,
volatility, odour, and toxicity. All these properties can help to determine how the resin
should be used and how it should be handled during the preparation and 3D printing.
Finally, the shrinkage, the cost, and obviously, the final mechanical and functional
characteristic of the polymerized product are also dependent from the reactive
functionalities of the resins [118], [119]. There are further functionalities like
unsaturated polyester, vinyl, vinyl ether systems and each group have its own
characteristics for example vinyl is used in application where chemical resistance is
needed [120]. All of them are useful in the monomers or in the oligomers which
constitute the resin, in fact, as pointed out before, the photopolymers for VP are
based on a monomer or oligomer resin that gives the principal features to the final
polymer [113].
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The widespread methacrylate or acrylate-based resins for VP polymerisation have
their criticality in the shrinkage that the polymer undergoes during radical
polymerisation. Otherwise, to reduce the effects of this drawback, a solution is to
create a polymer from methacrylate/acrylate and epoxide resins. These hybrid
systems combine the main advantages of both types of resins, they are formed by
free-radical polymerization of the acrylic resin and using appropriate photo initiators
by cationic polymerization of epoxy resins, then bonding the two networks,
copolymerizing, it can be obtained systems with the low shrinkage of epoxy resins and
the high curing speed, low sensitivity to humidity, and the good mechanical properties
of acrylic resins [121], [122].

Another phenomenon that has an impact on the light-curing of acrylate-based resins
is the oxygen inhibition, double carbon bonds join with the free radicals, it can occur
that these radicals on the primary chains react with the oxygen, creating carbonyl
groups and peroxide radicals and they are no longer able to react with other C=C
double bonds of the other acrylates, interrupting the polymeric chains growth and
leading to an incomplete curing of the polymer [123]. Limiting or eliminating the
contact between the oxygen and the resin can be used to avoid oxygen inhibition, for
example through inert nitrogen atmosphere, other solutions are to increase the
photo-initiator' s concentration or the duration and intensity of the light irradiation,
to increase the curing rate, another way is to introduce reducing agent hydrogen
donors. However the oxygen inhibition in some cases may be a deliberate process in
vat polymerization 3D printing, in fact, since unreacted C=C remain on the
polymerised layer, they can react with the next layer double bonds, obtaining a
stronger adhesion between layers, in addition, considering the passage of the
remotion of the piece from the printing plate that in some cases can result difficult
and may lead to damage to the part, a first layer suffering from oxygen inhibition can
result easier to be detached so the oxygen-inhibition in the initial phases of the
printing could be a positive effect to avoid too much adhesion between polymerized
material and the vat's bottom [124].

In general, additives are used to adapt both the properties of the resin and of the
material after polymerisation to various needs. Reactive diluents, specifically adjust
viscosity and so the processability and the solubility of particles like fillers, dyes, or
powder photo initiators. The concentration and the structure of the reagent
characterise, as already mentioned, the viscosity and solubility of the resin, which is
the primary purpose of using reactive diluents, they also affect the volatility of the
formulation and the affinity with the photopolymer components, instead by the point
of view of the cured polymer, its mechanical and thermomechanical properties [125].
The importance of reactive diluent is linked to its properties of miscibility with the
other components, be in a liquid and non-viscous state at room temperature, have
low volatility and toxicity, have good thermal stability at process temperatures, be
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highly reactive to irradiation and help impart good thermo-mechanical properties to
the polymer [126].

When choosing reactive diluents, it is important to consider the high volatility of many
of them, since a low viscosity component has a low molecular weight and could
therefore be very volatile, and that when using such reactants, a high concentration
will reduce the cross-linking density if they are not very reactive, resulting in a more
homogeneous structure and a lower transition temperature[127]. In free-radical
polymerisation systems, monofunctional elements give a lower cross-linking density
and are used to obtain more flexible polymers, but among them, non-acrylates or
methacrylates, like styrene, are very volatile and toxic, and their use is being
abandoned, whereas acrylates like are more used because they do not present this
problem [127].

On the contrary, multifunctional elements, like hexanediol diacrylate (HDDA), are
more involved in the polymerisation process and are very reactive, leading to higher
cross-linked networks. However, if the functionality is excessively elevated the risk
could be a drastic increase in crosslinking density, resulting in very hard and brittle
polymers[128].

Photo initiators are essential components of the chemical composition of the resins
for VP polymerization, they determine the efficiency of the reticulation reaction and
consequentially the accuracy and resolution of the printed part and they affect the
process times too.

Each photo initiator has its own absorbance spectrum that depends on its chemical
structure, this means that each photo initiator absorbs effectively specific
wavelengths and intensity. In Figure 31, some photo initiators are reported with their
absorption wavelength peaks. Therefore, it is important to fit the wavelength range
of the photo initiator and the radiation source [129].
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Figure 31. Examples of photo initiators and their absorption peaks
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As said before, the two different ways to initiate the polymerization involve the use
of free-radical photo initiators[116] or cationic photo initiators. The second particles,
for example sulphonium salt[130], in the appropriate systems generate Bronsted or
Lewis acids that can polymerize epoxides or vinyl ethers. However, the most used
reaction is the free-radical photopolymerization where radicals that are formed link
to the double unsaturated bonds of the monomers or oligomers.

Free radical system photo initiators are classified in two types depending on the
mechanism to generate reactive species, the type first Norris reaction and the type
second Norris reaction. The first type mechanism happens when photo initiators
absorb light, generate through the homolytic cleavage of the sigma bond between
carbonyl carbon and alpha carbon two radicals, in fact in most of them there are
aromatic carbonyl groups which undergo rapid bond cleavage. Each radical can link
to a monomer starting to initiate the chain growth or can eliminate a C=0 forming an
alkane. Instead in the Norris second type mechanism the photo initiators are
uncleavable organic molecules able to absorb a photon and to pass in the long living
excited triplet state, in this state they acquire an electron from a co-initiator or
extract a gamma hydrogen from a co-initiator to transfer it to a carbonyl oxygen
creating a diradical [131].

In the initiating system different photo initiators could be used, by combining for
example, type | and type Il compounds or thermal and light-absorbing initiators.
These different ways can generate systems that have a broader wavelength
absorption spectrum [131].

Many other additives can then be added depending on the properties that we want
to impart to the material for some specific application, such as surfactants, anti-
foaming agents, levelling agents, plasticisers, flow regulators, stabilisers, fillers also in
the form of nanoparticles and dyes [132]. These last additives are very used in many
applications, they are principally represented by organic or organometallic molecules
used in low concentrations balanced in dependence of the resin composition and
chose according to the type of the irradiating light. Obviously dyes give a colour to the
resin but the fundamental structural effect of them is the printing accuracy and
printed part definition increase that takes place confining the penetration of light in
the z- axis of the printer taking advantage of better control of the cure depth,
especially for resins that would be basically transparent, this effect rise with the
increase of dyes concentration, bearing in mind, however, that a high concentration
could lead to a decrease in the reactivity of the photopolymer and the efficiency of
the photo initiator[133].

Instead, fillers or nanofillers, if nanometric in size, are dispersed in the continuous
matrix of the resin as reinforcements or to modify the performance of the material,
that is defined polymer composite. As with all composite materials, the mechanical
properties of composite polymers are determined by those of both the reinforcing
material and the matrix. Nanofillers are organic, inorganic, or metallic compounds
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that, when used with 3D printing techniques, can tailor mechanical strength, thermal
resistance, and electrical conductivity. Some examples of nanofillers are carbon
nanotubes, graphene, and nano clay[132].

An interesting variant of additives is represented by bio-fillers derived from
agricultural or food waste materials, which are used to lower costs and as colorants,
and can also affect thermomechanical properties. In the context of 3D printing, they
can improve resolution, being used as dyes confining light when used in transparent
resins[134], [135].
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2. Aim of the work

Bio-based materials are a rapidly growing topic in research and industry, driven by the
desire to promote eco-friendly technological development.

The aim of this thesis is to investigate the 3D printability of a bio-based photocurable
resin with two different reactants, already available on the market, by using vat
polymerization with an LCD-based radiation arrangement, to define the best
parameters optimization for the additive manufacturing process.

The monomer used as polymeric starting material was an acrylate epoxidized soybean
oil (AESO), identified as a promising bio-based matrix for the purpose, together with
two different reactive biodegradable diluents, tetrahydrofurfuryl acrylate (THFA) and
iso bornyl methacrylate (IBOMA), which were chosen to improve the 3D printability
of the soybean oil resin addressing issues associated with AESO in 3D printing
applications, such as its high viscosity. The photopolymerization reactions were
performed in the LCD 3D printer machine in air by adding a photo initiator
opportunely selected with sufficient reactivity and suitable to be used in combination
with the resin, at the specific wavelengths of the machine used for the 3D printing
process. The photo initiator phenyl bis(2,4,6-trimethylbenzoyl) phosphine oxide,
known as BAPO, was evaluated as an ideal candidate for such requirements.

In the first part of the study, different photocured polymers were prepared by LCD 3D
printing with different diluent percentages, and fully characterized by thermal and
mechanical point of view.

Subsequently, the 3D printability of four different bio-based polymeric composites
was investigated and tested, by selecting one of the best photocurable resin
formulations for each diluent, based on their processability and properties. The bio-
based composites were prepared by adding 5 wt.% of two different bio-fillers, coming
from renewable sources, like wine and corn processing wastes, to the chosen ideal
soybean oil-based formulation. The composites realized were then characterized to
assess the effect of the bio-filler on the final polymeric properties. Loading a
thermosetting polymer with such fillers is more advantageous as it has the
potentiality to reduce costs while maintaining or increasing the material's bio-based
nature and sustainability. Furthermore, the use of innovative technologies such as
additive manufacturing fits well within this sustainability framework, as these
processes can be designed to use raw materials more efficiently and could also be
used to create complex, customizable objects in line with a pull production approach
that reduces waste. Moreover, there are not many bio-based materials available and
suitable for vat polymerization additive manufacturing that on the other hand is an
ideal technology for research into new polymers since allows to modify the liquid
resin poured into the printer tank before photopolymerization. This thesis seeks to
contribute to the development of new sustainable materials that can be utilized in
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emerging technologies, by using innovative bio-based soybean oil thermosetting resin
and sustainable additives.

The use of such materials can lead to innovative and green solutions that address the
ever-growing environmental challenges faced by society today. By exploring the
properties and characteristics of these materials, this research aims to provide
valuable insights into their potential applications and how they can be optimized to
meet sustainability goals. Through this work, new avenues for sustainable
manufacturing and production can be opened, leading to a brighter and more
sustainable future for all.
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3. Characterisation techniques

In this work, the characteristics of the bio-based thermoset polymers and composites
containing bio-fillers were evaluated by means of thermal and mechanical tests, and
by the ASTM standard test for the determination of the gel content performed on the
specimens obtained after the 3D printing vat polymerization process. Viscosity
measurements were performed on the liquid resin formulations.

3.1. Thermal measurements

Thermal analysis techniques were employed to characterize thermal properties of the
studied materials. This evaluation is very important to determine for example the
thermal stability or the behaviour of the polymeric materials and composites.

The tests performed were Thermogravimetric Analysis (TGA) and Differential
Scanning Calorimetry (DSC).

3.1.1. Thermogravimetric Analysis

Thermogravimetric analysis (TGA) is a thermal analysis technique used to measure
the mass degradation of a material as the temperature increases. The specimen used
in the test is put in the analysis chamber, that in most of the instruments can arrive
ataround 1200 °C[136], where itis subjected to controlled temperature changes over
a specific time interval. The variables to consider during the measurement are time,
temperature, and mass, which can be performed in vacuum, air, or inert gas.

The polymeric mass can be directly measured while temperature and time are
parameters controlled by the machine, allowing accurate and precise monitoring of
the sample under analysis.

TGA can be static, also called isothermal, when the weight change is analysed over a
specific time at a constant temperature, or dynamic, with linear increasing of the
temperature, the minimum rates are typically less than 100 K/min [136]—[138].
Temperature can be also increased through discrete isothermal steps, in a quasi-static
approach. The data from these tests are usually presented like in the example shown
in Figure 32, indicating the percentage of mass remained respect to the initial sample
weight, as the temperature increase, often together with the alteration in weight
(called derivative weight in the figure and coloured in grey) [136].
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Figure 32. Example of TGA thermogram

Thermogravimetric analysis (TGA) can reveal significant temperature values at which
physical transformations or chemical reactions. It is commonly employed to
determine specific properties of materials that exhibit weight loss or gain due to
decomposition, oxidation, or volatilization of substances, as for example moisture.
The technique can verify the complete degradation cycle of a sample and assess the
thermal stability of a material at its operational temperature. TGA can also
characterize materials through analysing distinctive decomposition patterns,
investigate degradation mechanisms and reaction kinetics, and establish the organic
and inorganic content of a sample [139].

In this thesis the TGA/SDTA 851e instrument by Mettler-Toledo, like those in Figure
33, was employed to carry out the TGA analysis under an air atmosphere, in a
temperature range from 25 to 900 degrees with a heating rate of 10 degrees/min.
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Figure 33. TGA/SDTA 851e by Mettler-Toledo
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3.1.2. Differential Scanning Calorimetry

Differential scanning calorimetry (DSC) is a type of thermal analysis technique in
which a test sample is analysed in parallel with a reference sample of known thermal
properties. The two samples are kept at the same temperature while this last
gradually increases, and the difference in heat flow between the two materials is
measured. So, the term differential refers to the comparison between the tested and
the reference sample. DSC requires small samples with mass smaller than 10 mg and
the used reference materials have known properties, like mercury or zinc, are used
for standardization [136].

The result of a DSC test is a heat flow curve as function of temperature, or time, as
shown in Figure 34 [140].
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Figure 34. Typical DSC graph

DSC allows determining the material's heat capacity, additionally during heating,
various thermal transitions can be observed, such as the glass transition,
crystallization, and melting, which are detectable as peaks or dips in heat quantity
versus temperature graphs.
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The material's purity can be evaluated from DSC observing an eventual melting point
lowering respect to the pure. Finally, anomalous peaks may indicate the presence of
impurities in the sample [140].

In Figure 35 there is the DSC 214 Polyma Equipment, manufactured by the Netzsch
Group, the device used for the tests conducted in this thesis. The temperature range
for the experiments with this instrument is from -50 to 250 °C, both in cooling and
heating phase, the rates of heating and cooling are of 10 °C/min and the tests were
performed by conducting two heating cycles and one cooling cycle for each sample.
The instrument is equipped with a gas flow controller for the heating chamber, a
nitrogen flow with rate of 50 mL/min.

Figure 35. DSC 214 Polyma Equipment by Netzsch Group
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3.2. Test for Determination of Gel Content

The gel content, or insoluble fraction, is a measure of the crosslinking in the
thermoset polymers. The crosslinked material, in fact, is insoluble, and crystallinity
fraction in the polymer can be determined through solvent extraction following the
standard by ASTM designation D2765-16 [141], “Test method for Determination of
Gel Content and Swell Ratio of Crosslinked polymer”.

The gel content indicates the weight percentage of crosslinked polymer that remains
insoluble in a solvent, following specific extraction conditions. In the case of this work,
the gel content was evaluated by using extraction in chloroform. In contrast, the swell
ratio measures the ratio between the volume of a swollen gel and its volume in the
unswollen state. Gel content of polymers has a significant impact on their properties
[142], so its determination is crucial for effective control of the crosslinking process
and quality assessment of the final products.

These tests can also be applied to polymer composites containing fillers, provided if
the filler is insoluble in the solvent and if there is sufficient crosslinking to prevent the
migration of the filler during the extraction as emphasized by the standard.

In this thesis, the tests were performed on the thermoset polymer in the specific
formulations identified for the composite preparation, as well as on the resulting
biobased composites.

There are three test methods according to D2765-16: Method A, that is the reference
method, Method B, and Method C. The last is the one used in this thesis, and it
involves extracting a single piece of material from solvent. This method provides
extraction values from 3% to 9% lower than the reference method but allows for the
determination of the swell ratio and the degree of crosslinking of a polymer is defined
by percent extract, using solvent that attacks the non-crosslinked portion of the
polymer. The percent extract is a measure of the amount of soluble polymer in the
gel phase at the end of the immersion period, in absence of chemical degradation, a
higher degree of crosslinking results in lower amount of percent extract.

The test was carried out following the standard indication. The bio-based photocured
samples of crosslinked polymer were weighed and immersed in chloroform for 24
hours, ensuring that they were fully submerged in the solvent. Once verified that the
solvent completely covered the specimens at the end of the immersion period, that
is @ necessary condition for the success of the test, they were removed from
chloroform and then dried overnight in oven at 80 °C. Finally, the weight was
evaluated and the percentage of extraction were calculated after these weight
measurements and thus, the insoluble gel fraction in the material can be determined
as the complementary value of the extract fraction, obtained by subtracting the
extract fraction from 100%.
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3.3. Mechanical tests

To evaluate the mechanical and viscoelastic properties of bio-based thermosets and
composites obtained through 3D printing, tensile tests and Dynamic Mechanical
Analysis (DMA) were performed. These tests provide essential parameters for
characterizing a material and can yield important information regarding the
material's reliability, strength, and response to various stresses. Through this
evaluation, it is possible to determine whether the bio-based material is a suitable
alternative to traditional synthetic materials and for which kind of applications.

3.3.1. Tensile test

The mechanical properties of polymer materials are often characterized using stress-
strain testing, which measures parameters such as modulus of elasticity, yield
strength, and tensile strength. However, these properties are highly sensitive to
factors such as deformation rate and temperature, as well as the specific chemical
environment [143].

Polymer materials can display three distinct types of stress-strain behaviour, ranging
from brittle fracture to plastic deformation to completely elastic behaviour [143].
Thermoset polymers typically exhibit behaviour like that of brittle materials [144],
although the specific shape of stress-strain curves can vary depending on the material
formulation [145].

In Figure 36, there is the stress strain graph with some characteristic points, according
to ASTM Designation: D638 — 14. The standard explains that tensile strength is the
maximum tensile stress sustained by the specimen during the test. If it occurs at the
yield point, it is designated tensile strength at yield, if it occurs at break, it is
designated tensile strength at break. Yield strength, if present is defined as the stress
at the yield point, the first point on the curve at which an increase in strain occurs
without an increase in Stress.

Young modulus is defined as the ratio of stress (nominal) to corresponding strain
below the proportional limit of a material.
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Figure 36. Stress strain graph with characteristic points according to ASTM Designation: D638 - 14

Yield strength, if present is defined as the stress at the yield point, the first point on
the curve at which an increase in strain occurs without an increase in Stress. Tensile
strength corresponds to the stress at which fracture occurs [143].

ASTM Designation: D638 - 14 provides standardized testing procedures for polymer
materials, including five different types of test specimens, with the specific choice
depending on the material and application at hand, in this thesis have been used
specimen of the type 5 with gauge length of 26 mm, width of 4 mm and thickness of
2 mm.

The instrument used to perform tensile tests is shown in Figure 37. It is an Instron
5966, equipped with 2 kN pneumatic grips using a 2 kN load cell (<0.25% error), with
a deformation rate of 5 mm/min and a grip separation of 50 mm. Deformation is
calculated using a displacement transducer.
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Figure 37. Instron 5966, instrument for the tensile test
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3.3.2. Dynamic Mechanical Thermal Analysis

Dynamic Mechanical Thermal Analysis (DMTA) is a technique used to study the
viscoelastic behaviour of the polymeric material and allows to determine storage
modulus E’ and loss modulus E"’, and their ratio tan 6.

E’ characterizes a material's ability to store elastic energy when exposed to a cyclic
stress and is therefore a measure of its stiffness. Conversely, E" measures the
material's capacity to dissipate energy when exposed to a cyclic stress, for instance,
by reducing vibrations. Instead tan§ = E''/E' is a metric that reveals the amount of
energy dissipated relative to the amount stored when the material is subjected to a
cyclic stress [146]. The ability to store or dissipate energy in polymers depends on the
Temperature, for this reason the minimum value of the tangent delta is typically
observed at the T; of the material. This occurs because the material becomes more
viscous at temperatures below T, which reduces its ability to dissipate energy
resulting in lower tan é. In contrast, at temperature above T, the material becomes
less rigid and more elastic, resulting in higher tan 6. Consequently, the minimum
value of tand represents the material's transition from an elastic to a viscous
behaviour, T, [146].

Therefore, DMTA peak in the tan § trend provides a more accurate determination of
T, respect to DSC, that gives the possibility to estimate this value like explained in
3.1.2. section.

There are various testing apparatus types to conduct DMTA, like torsion pendulum
and torsional braid based on the free-vibration approach in which is recorded as a
function of time at a constant temperature the damping of an oscillating bar or
cylinder polymer sample. More recent instruments apply sinusoidal strain in form of
tensile, flexure, compression, shear, or torsional stress can be in the form of tensile,
flexure, compression, shear, or torsional stress to the sample and the stress response
is recorded as a function of temperature at different frequencies [146].

In this thesis the examination was conducted using a Triton Technology DMTA device.
The experiment was conducted under uniaxial oscillating stress with an amplitude of
1 N and a frequency of 1 Hz. The experiment was terminated once the material
reached the rubbery plateau, a temperature range below its melting point where
the modulus behaviour is nearly constant.
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3.4. Measurement of viscosity

Viscosity is a very important parameter for a photocurable resin in a vat
polymerization process, due to its influence on the printing parameters and
consequentially on the printing time.

The viscosity of a fluid is measured using a viscometer, which comes in different types.
Various types of viscometers are available to measure the viscosity of a fluid, all based
on the common principle of measuring the fluid's resistance to motion. However, the
method of achieving this measurement differs among different types of viscometers.
Specifically, rotational viscometers measure the resistance of the fluid to the rotation
of a body immersed in it, orifice viscometers measure the pressure required to flow
the fluid through an orifice, and ball drop viscometers measure the time taken for a
known amount of fluid to flow through a capillary.

The viscosity of the photocurable soybean oil resin formulations containing the two
different diluents at different concentrations were measured using the instrument
reported in Figure 38, a Brookfield DVE LV v 1.0.0 by AMETEK Brookfield. It is a
rotational viscometer, equipped with an electric motor that spins a spindle inside the
fluid being measured for viscosity. The spindle can have various shapes depending on
the application, in the tests for this characterization the spindle s61 cylinder was used,
the same reported in Figure 38.

Figure 38. Brookfield DVE LV v 1.0.0 viscometer by AMETEK Brookfield and its spindle s61
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As the motor rotates the spindle, the viscometer measures the fluid's resistance to
the movement through a torque sensor. The viscometer can operate at various
speeds, but the measure is most accurate within a specific speed range, the ideal
range of rotational speed for a specific fluid depends on its viscosity, with less viscous
polymers generally requiring lower speeds. From the value of rotational speed and
the respective shear stress value, result of the fluid opposition to motion, the viscosity
value is revealed. It is important that shear stress never falls below 10%, or else the
measurement becomes unreliable.

The samples were prepared using 500 mL beakers filled with 350 mL of resin. The
beakers were positioned in front of the spindle of the viscometer, and the spindle was
then immersed in the resin almost completely, leaving only one centimetre of the
highest part of the cylinder outside the liquid. This was done to prevent interference
with the measurement from the bottom of the beaker.

Once the spindle was properly positioned, the test began. First, the range of rotation
speed suitable for the liquid being measured for the viscosity parameter was
identified. The device used for testing assisted in this step by excluding speeds that
were too low or too high, as indicated by a shear stress below 10 percent or a warning
of measurement impossibility, respectively.

After identifying the appropriate range of speeds, data for speed, stress, and viscosity
were revealed.
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4. Materials and methods
4.1. AESO

The monomer of the bio-based photocurable resins prepared and tested in this thesis
is Acrylated Epoxidized Soybean Oil (AESO). The synthesis of this monomer starts from
the soybean oil, which is firstly epoxidized. The reaction can be carried out for
example using the peracetic method, resulting in epoxidized soybean oil (ESO). The
second step is the acrylation of ESO to obtain AESO that is performed by introducing
acrylic acid, an unsaturated monomer, into the oxirane groups of ESO [147]-[149].

In Figure 39 [150] it is reported the chemical structure of acrylate epoxidized soybean
oil.

OH OH 0

L s

0
Figure 39. AESO chemical structure

Acrylate epoxidized soybean oil was purchased from Merck, it appears as a viscous
liquid of yellow to amber colour, according to the supplier its density is 1.04 g/mL at
25 °C.

4.2. IBOMA

Iso bornyl methacrylate (IBOMA) is a monofunctional bio-based reactive diluent,
originated from pine sap, its structure is in Figure 40. It was purchased from Merck,
the density is 0.983 g/mL at 25 °C, is a transparent liquid with viscosity of 10-15 mPa-s
and glass transition temperature of 170 °C.

IBOMA is a monomer of methacrylic acid and can efficiently decrease the viscosity of
the polymer solution. It is used in many patents to produce coatings and pressure
sensitive adhesives and it can be potentially a substitute of methyl methacrylate or
styrene as diluent. IBOMA is characterized by low viscosity and low shrinkage
potential, this makes it also promising alternative to TEGDMA, a conventional diluent
monomer used in dental resin formulations [151]-[153].
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Figure 40. IBOMA chemical structure
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4.3. THFA

Tetrahydrofurfuryl acrylate (THFA) is a bio-based acrylic monomer that contains a
tetrahydrofuran ring in its chemical structure. Starting from biomass, cellulose,
hemicellulose, and lignin can be obtained, then hemicellulose can be converted into
THFA [154]. It is used as a monomer in the synthesis of acrylic resins, particularly to
enhance the water resistance and toughness of acrylic resins. Additionally, THFA can
be used as a diluent to reduce the viscosity of polymer solutions during the
preparation of coatings, adhesives, and other resin-based products [155]-[157].

THFA was purchased for this thesis from Merck, it has a molecular weight of 156.18
and density of 1.064 g/mL at 25 °C, it is a transparent liquid, and its chemical structure

is shown in Figure 41.
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Figure 41. THFA chemical structure

4.4. Photo initiator: BAPO

Phenyl bis(2,4,6-trimethylbenzoyl) phosphine oxide, also known as bis acylphosphine
oxides (BAPO), with the chemical structure reported in Figure 42 is a type of radical
photo initiator commonly used in the photopolymerization of acrylate-based resins
and coatings. BAPO offers high reactivity, low odour, and low toxicity. Its use has been
reported in various applications including dental materials, printing inks, and
electronics [158], [159].
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Figure 42. BAPO chemical structure

In Figure 43 [50] there is a comparison of some of the most used photo initiators,
BAPO has certainly the bigger absorbance respect to all the others for each
wavelength. In the same work by Lebedevaite and Ostrauskaite it is resulted the most
efficient photo initiator due to the highly cross-linked network of AESO resin
photopolymerized with BAPO [50].
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Figure 43. UV/VISIBLE spectra of photo initiators: TPOL, TPO, BAPO, and DMPA

4.5, Bio-fillers

GTF by AgroMateriae srl is a natural bio-filler derived from corn by-products, a yellow
powder that can be used to enhance the sustainability and economic viability of
traditional polymers and biopolymers and reinforcing their properties.

WPL-CF by AgroMateriae srl is a natural bio-filler Wine Plastics Filler (WPL-CF) by
AgroMateriae srl is a red powder produced from grape pomace, the solid residue of
grape pressing, a waste from the wine production, through environmentally friendly
processes. It can be added in high concentrations (up to 60%) to several types of
plastics and bioplastics.

These bio-fillers can be used to reinforce conventional polymers and bio-based
polymers and to improve their sustainability and cost-effectiveness. Tables 2 and 3
report the supplier data sheets of these two bio-based fillers.

GTF and WPL-CF are typically used in concentrations from 5 to 40% (w/w), depending
on the desired final properties. Notably, GTF and WTL-CF can serve as a natural
colorant and simultaneously can reduce the costs and the carbon footprint through
the replacement of equivalent amounts of polymer, at the same time the rate of
biodegradation in biodegradable polymers increases.

In this research, each of the two bio-fillers was dried separately in an 80°C oven for
4 hours according to the manufacturer's recommendation. The bio-fillers were then
added to their respective batches of photocurable soybean oil-based formulations in
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a quantity of 5 wt.% relative to the total amount of the formulation, as per the
experimental design.

Table 2. Typical properties of GTF filler by AgroMateriae srl

Typical properties Typical Value Unit Test method
Agro-waste type Corn by-products - -

Agro-waste origin Emilia-Romagna (IT) | - -

Physical Appearance Yellow powder - -

Moisture content <3% w/w ISO 665-2000

Real particle density (23 °C) | 1.436 g/ cm? | 1ISO 12154:2014

pH 5.0+£0.5 - Internal procedure
Mean Particle size (d50) 18+2 pm Dry laser granulometry
Top cut size (d99) 7212 pum Dry laser granulometry
Thermal Stability (T15) 2663 °C TGA (in N2)

Renewable C content 44 +2 % w/w | Internal procedure
Renewable CHNO content | 94 +2 % w/w | Internal procedure
Industrial Compostable yes - EN 13423

Table 3. Typical properties of WPL-CF filler by AgroMateriae srl

Typical properties Typical Value Unit |Test Method
Agro-waste type Wine by-products - -

Agro-waste origin Emilia-Romagna (IT) |- -

Physical Appearance Purple/brown powder | - -

Moisture content <3% w/w ISO 665-2000

Real particle density (23°C) | 1.621 g/cm3? |1SO 12154:2014

pH 3.5+0.5 - Internal procedure
Mean Particle size (d50) 14+3 pm Dry laser granulometry
Top cut size (d99) 49 +3 pm Dry laser granulometry
Thermal Stability (T15) 2713 °C TGA (in N2)

Renewable C content 38+4 % w/w | Internal procedure
Renewable CHNO content | nd % w/w | Internal procedure
Industrial Compostable yes - EN 13423
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4.6. 3D Printing Formulations

The scientific research for this thesis, once individuated the bio-based monomer was
focused on bio-based reactive diluents that could be used to facilitate the 3D printing
process of the AESO-based resin. Two reactive liquid diluents, iso bornyl methacrylate
(IBOMA) and tetrahydrofurfuryl acrylate (THFA), were identified. After analysing the
most suitable photoinitiators for AESO-IBOMA or AESO-THFA-based resins, BAPO was
used as photoinitiator. Several formulations were prepared and examined to evaluate
the properties of the materials changing the ratio between AESO and each one of the
two diluents. The two bio-fillers derived from agro-food wastes (GTF and WPL-CF)
were used for the preparation of the polymeric composite formulations.
In total eight different formulations of resin were prepared, which are summarized in

Table 4.
Table 4. Resin formulations
AESO in wt.% Diluent in wt.% BAPO in wt.%
AESO + IBOMA 90 10 2
AESO + IBOMA 80 20 2
AESO + IBOMA 70 30 2
AESO + IBOMA 60 40 2
AESO + IBOMA 50 50 2
AESO + THFA 90 10 2
AESO + THFA 80 20 2
AESO + THFA 70 30 2
AESO + THFA 60 40 2
AESO + THFA 50 50 2

The 90:10 formulations for both the diluents were prepared but they resulted too

much viscous, and not able to be printed.
Additionally, four different formulations of composites were prepared, by adding

5wt.% of the two bio-fillers, as reported in Table 5.

Table 5. Composite formulations

AESO Diluent | BAPO wt.% + Bio-filler

wt.% wt.% diluent wt.%
AESO + IBOMA + GTF 60 40 2 5
AESO + IBOMA + WPL-CF 60 40 2 5
AESO + THFA + GTF 60 40 2 5
AESO + THFA + WPL-CF 60 40 2 5
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4.7. 3D Printing and post curing

The photocurable formulations were printed using two different 3D printers. Initially,
tests to print the resins were performed using a Formlabs Form2 printer by Formlabs,
but the printer parameters could not be changed. For research scope, it was more
suitable a so-called open parameter 3D printer and subsequently a Phrozen Sonic
Mini 8K printer was used. In addition, an Anycubic Wash & Cure Plus by Anycubic was
used for post-curing. process

In Figure 44 the Phrozen Sonic Mini 8K by Phrozen is depicted, a vat polymerization
3D printer LCD Type, or MSLA. The size of this printer was small, with a volume of 29
(L) x 29(W) x 43H cm and a weight of 13 kg.

Figure 44. Phrozen Sonic Mini 8K by Phrozen

This made it both space-saving and useful for research purposes, as the small size of
the resin vat allows for using a small quantity of resin. Therefore, it is possible to
perform printing tests without the concern of preparing excessive amounts of resin
or wasting feedstock material. The Light Source is a Linear Projection LED Module,
which has xy resolution of 22 um, while z resolution or Layer Thickness is in the range
0.01-0.30 mm, the printing volume is 16.5 (L) x 7.2(W) x 18(H) cm.

This manufacturer provides as slicer software CHITUBOX V1.9.0 or above versions. By
means of this software it is possible to load the STL file of the part into the printing
volume, choose the orientation of the piece, and apply supports that connect the
piece to the printing platform.
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There are several options available for adjusting the printing parameters, among
them, it is possible to choose and size the supports for the parts to be printed. These
support structures can be very specific and offer a wide range of possibilities in terms
of shape, thickness, and density.

The printer from Phrozen has free parameters, and the Chitubox program allows for
the modification of all printing parameters as shown in Figure 45, between them there
are layer thickness, or thickness of the slicing, called “Layer Height”, the exposure
time and the velocity of the platform during the process.

Soycell50 v
Default Machine Resin Advanced

AnyCubic Photon

Layer Height: 0,100 mm  Bottom Lift Distance: 6,000 + | 0,000 mm
Bottom Layer Count: 2 | Lifting Distance: 6,000 + | 0000 mm
Exposure Time: 18,000 s Bottom Retract Distance: 5,000 + 0,000 mm
Bottom Exposure Time: 40,000 s Retract Distance: 6,000 + 0,000 mm
Transition Layer Count: 3 Bottom Lift Speed: 100,000 & | o000 mm/min
Transition Type: Linear ¥ Lifting Speed: 100,000 & | 0000 mm/min
Transition Time Decrement: 5,500 s Bottom Retract Speed: 180,000 & | 0000 mm/min
Waiting Mode During Printing: | Restin..¥ Retract Speed: 120,000 & | 0.000 mm/min
Rest Time Before Lift: 1,000 s

Rest Time After Lift: 4,000 s

Rest Time After Retract: 3,000 s

Figure 45. Chitubox window for adjusting printing parameters.

After setting the appropriate parameters, slicing can be performed to generate the
file ready for printing. The generated print file can be transferred to the printer using
a USB flash drive, and process can be initiated via the 3.5" Touch Panel display present
on the printer.

The Anycubic Wash & Cure Plus, in Figure 46, is the tool used for washing and curing
the printed parts. It uses a 405nm UV lamp for post-curing, and it is possible to choose
between the two washing and curing modes using the dedicated button. By using the
knob, it is possible to adjust the curing and washing time, which is displayed on an
LED indicator. The process duration can be selected between 1 minute to 60 minutes.
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Figure 46. Anycubic Wash & Cure Plus by Anycubic

The Wash and Cure plus machine is a desktop unit, which has dimensions of 290
mm (L) x 270 mm (W) x 479 mm (H) and a weight of 6.5 kg. The washing basket
dimensions are 192mm (L) x 120 mm (W) x 290 mm (H), while the dimensions for
the suspension cleaning are 92 mm (L) x 120 mm (W) x 235 mm (H).
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5. Preparation and 3D printing of the
resins

Through a comprehensive review of the relevant literature, the components of the
resin required for 3D printing using the Vat polymerization technique were identified.
Initially, the Form2 printer from Formlabs, which is an SLA printer that does not allow
for changes in printing parameters, was used. However, considering the specific
objectives of this thesis study, it was deemed more advantageous to have the ability
to modify the printing parameters. Consequently, the Sonic Mini 8k from Phrozen was
subsequently employed.

Various photocurable resin formulations were prepared for both composite materials
and thermosets. In Table 6 the resins are listed with their respective resin formulation
acronym formed by the initial of the monomer, AESO slash separated from two initials
for the specific diluents used, IBOMA or THFA separated by a slash and with the
respective percentages by weight, separated by colons. For the bio-based composites,
the numbers of the initial letter of the bio-fillers are added together with their
percentage. In both thermosets and composites, the percentage of BAPO is not
indicated, as it is always 2% by weight of the sum of diluent and monomer. These
acronyms will be used to refer to the resins and composites.
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Table 6. Resin and composite acronyms

AESO 80% + IBOMA 20% + BAPO A/IB 80:20
AESO 70% + IBOMA 30% + BAPO A/IB 70:30
AESO 60% + IBOMA 40% + BAPO A/IB 60:40
AESO 50% + IBOMA 50% + BAPO A/IB 50:50
AESO 80% + THFA 20% + BAPO A/TH 80:20
AESO 70% + THFA 30% + BAPO A/TH 70:30
AESO 60% + THFA 40% + BAPO A/TH 60:40
AESO 50% + THFA 50% + BAPO A/TH 50:50
AESO 60% + IBOMA 40% + BAPO + GTF (5%) A/IB 60:40 g5
AESO 60% + IBOMA 40% + BAPO + WPL (5%) A/IB 60:40 w5

AESO 60% + THFA 40% + BAPO + GTF (5%)

A/TH 60:40 g5

AESO 60% + THFA 40% + BAPO + WPL (5%)

A/TH 60:40 w5

Multiple attempts were made to refine both the resin preparation technique and

identify the most suitable printing parameters.

The printability of each resin was first verified, and the corresponding printing
parameters were established. Subsequently, minimizing the presence of air bubbles
was identified as a crucial element, as their presence had the potential to jeopardize
the success of the mechanical testing phase of the printed samples.
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5.1. Preparation of the resins

The resins were prepared according to the formulations described in Table 6, where
it can be noticed that the percentage of the photo initiator is 2 wt.% of the total
weight for each formulation.

The easiest way to incorporate the right quantity of photo initiator was by dissolving
it in the two diluents, which are the least viscous liquids involved in the formulations.
Consequently, the first step of the preparation was the dispersion of the photo
initiator in the reactive diluent. It was observed for both the diluents that when the
photo initiator was uniformly dispersed, the result is a yellow-coloured liquid without
suspended particles like shown in Figure 47.

.
¥

Figure 47. BAPO dissolved in IBOMA

The addition of the third reactant, AESO, is much simpler and faster if the diluent and
photo initiator mixture is properly prepared. Magnetic stirrers were used to facilitate
the dispersion process of the photo initiator, which takes less time in THFA
(approximately from one to two hours) respect to IBOMA (four or five hours).
However, the process can be accelerated by alternating stirring with immersing the
beaker with the materials in water in ultrasound instrument for about 15 minutes
every 30 minutes. The mechanical effects of ultrasound vibrations and the heating of
the liguid facilitate a faster dispersion process.

Upon completion of the dispersion, AESO was added, and the mixing was performed
manually with the assistance of ultrasound. The application of heat and vibrations
facilitated the fluid becoming homogeneous Serving to make the process less time-
consuming. After an initial manual mixing, the beaker was left in ultrasound for
approximately half an hour, then manually mixed again, and finally left in ultrasound
for another half an hour. This process was repeated until the fluid turned in a yellow
colour, without any suspended particles, signs of turbidity, or air bubbles for both
IBOMA and THFA formulations, like reported in Figure 48, which shows the resin A/TH
70:30 immediately after the preparation and ready for the 3D printing process.
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Figure 48. Resin A/TH 70:30

Formulations with THFA more easily achieve the desired homogeneity and clarity
condition. The mixing process, alternated with the use of ultrasound for 30-minute
intervals, was repeated two or three times for THFA formulations, while for IBOMA
formulations the process was generally repeated 4 or 5 times.

Both formulations are prone to the formation of air bubbles, and ultrasound was
found to be the most effective method to remove them. However, any agitation or
stirring of the resins could result in the formation of air bubbles, particularly in the
case of the IBOMA resin formulations.

Initially, mixtures containing 90% by weight of AESO and 10% of IBOMA, as well as
mixtures of 90% by weight of AESO and 10% of THFA, were attempted. However, the
resulting resins were too viscous, they showed little difference compared to pure
AESO in term of viscosity. As a result, the 80:20 mixtures were identified as the ones
with the least amount of diluent and suitable for LCD 3D printing.

Starting form Ai8020 and At8020, prepared and then printed with the definitions of
the printing parameters, the others resin formulations were prepared by gradually
increasing the diluent percentage. Each resin was obtained, and its parameters were
printed and defined before moving on to the production of the next one, starting from
IBOMA resins, in the following order:

Ai8020, Ai7030, Ai6040, Ai5050, At8020, At7030, At6040 and At5050.

From the perspective of resin preparation, it was observed that THFA is a diluent that
dissolves the AESO more rapidly than IBOMA. THFA promotes easier dispersion of the
photoinitiator too and the formation of air bubbles is significantly reduced compared
to IBOMA. As the percentage of diluent increases, there is a lower tendency for the
formation of air bubbles in THFA and the same applies to the IBOMA-based resin.
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5.2. 3D printing of the resins

Various printing tests were carried out to optimize the printing parameters and to
assess how well the resins adapted to this 3D printing process by LCD. For all resins,
the first printing attempt when a new resin was poured into the tank for the first time,
was a sample to check the printing resolution of a dental resin. This sample is very
thin and rich in details, and based on its definition, modifications can be made to the
parameters related to the resin resolution.

The specimen for the resolution test is shown in Figure 49, it is the result of irradiation
parameters refining for A/IB 70:30.

Figure 49. Test for resin resolution of A/IB 70:30

Through this type of preliminary printing test, the irradiation time values were refined
for each polymer.

Subsequently, dog bone-shaped samples type 5 of tensile stress tests designation a
rectangular specimen were printed. These samples were initially printed using
supports, allowing the optimal printing parameters to be refined. These parameters,
in addition to ensuring good resolution of the final object resulting from the previous
test, also enabled the construction of supports that could bear the weight of samples
built with overlapping layers, even with larger surface areas or heavier pieces and
under different inclination conditions.

However, for DMA and tensile, it was necessary to print samples without any defects
that could interfere. The presence of supports inevitably generates some marks on
the surface that is connected to the base attached to the printing plate. Therefore,
samples attached to the plate and without supports were printed using the
parameters established from previous tests, considered definitive.

Figure 50 shows dog bone-shaped sample of A/TH 70:30 as printed with supports,
while Figure 51 shows the same samples of A/TH 70:30 but printed attached to the
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plate. It is evident that there are visible marks due to the detachment of the piece
from the supports in the former. These marks were minimized as much as possible,
but it was still preferred to print samples attached to the plate and then remove them
delicately to obtain smooth and almost perfect surfaces.

Figure 50. Sample of A/TH 70:30 printed with supports

Figure 51. Sample of A/TH 70:30 prin

ted a

ttached to the printing plate

The printing parameters obtained through the described process are reported in
Table 7 for A/IB resins and in Table 8 for A/TH resins.

Table 7. A/IB resins printing parameters

A/IB 80:20 | A/IB70:30 | A/IB60:40 | A/IB50:50
Layer height (mm) 0,1 0,1 0,1 0,1
Exposure time (s) 10 8 12 14
Bottom exposure time (s) 40 30 30 35
Rest time before lift (s) 3 3 0 0
Rest time after lift (s) 25 18 4 3
Rest time after retract (s) 15 10 3 3
Bottom lift distance (mm) 20 15 7 5
Lifting distance (mm) 20 15 6 5
Bottom retract distance (mm) 20 15 7 5
Retract distance (mm) 20 15 6 5
Bottom lift speed (mm/min) 60 80 60 80
Lifting speed (mm/min) 60 80 60 80
Bottom retract speed (mm/min) 160 180 150 160
Retract speed (mm/min) 160 180 150 160
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Table 8. A/TH resins printing parameters

A/TH 80:20 | A/TH 70:30 | A/TH 60:40 | A/TH 50:50
Layer height (mm) 0,1 0,1 0,1 0,1
Exposure time (s) 15 15 18 18
Bottom exposure time (s) 40 40 40 40
Rest time before lift (s) 3 0 0 1
Rest time after lift (s) 40 7 5 4
Rest time after retract (s) 10 4 3 3
Bottom lift distance (mm) 15 8 6 6
Lifting distance (mm) 15 8 6 6
Bottom retract distance (mm) 15 8 6 6
Retract distance (mm) 15 8 6 6
Bottom lift speed (mm/min) 50 80 90 100
Lifting speed (mm/min) 50 80 90 100
Bottom retract speed (mm/min) 140 160 170 180
Retract speed (mm/min) 140 160 170 180

Upon observing Tables 7 and 8, it is noticeable that higher diluent weight decreases
printing times, despite larger amounts of AESO making the resin slightly more
reactive, as evidenced by the small difference in irradiation times.

To overcome the high viscosity of resins with higher AESO content, it was necessary
to increase the intervals between the irradiation of one layer and the next to allow
the resin to flow into the areas of the vat left empty and to drip off from the
polymerized resin attached to the platform, especially when the STL model presents
dense structures like supports or when there are regions inside the part that need to
remain empty, otherwise the definition and resolution of these areas would be poor.
This increase in times is evidenced by all the lower values of the platform movement
velocity and the by larger rest position waiting intervals in higher AESO content in
A/TH and A/IB resins. These times had greater impact on the final time compared to
the small differences in irradiation times.

The A/TH resin printing times are lower than A/IB resins because THFA has a higher
diluent effect.

With these parameters, it is possible to print objects with complex shapes and
excellent definitions, as shown in Figure 52.
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Figure 52. Gyroid cube printed with A/IB 50:50

The strength of the supports that hold objects of the order of magnitude of the
printing volume of the used device has been verified.

After the printing process, all the obtained parts were subjected to post-curing for 10

minutes per side after being washed in water using an ultrasonic bath for a period of
5 minutes.

However, to further characterize the thermosetting polymer materials, certain
samples were deliberately left uncured for testing purposes.
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5.3. Preparation of the bio-based composites

After establishing the printing parameters and characterizing the materials with
respect to their properties, the focus shifted towards the preparation and printing of
composite materials.

A/IB 60:40 and A/TH 60:40 was selected based on printability test results.
Compatibility tests between the two fillers were then carried out.

The test involved dispersing 5% by weight of each filler in 5 ml resin samples, followed
by manual mixing and sonication for about an hour. Through the vibrations and
heating, the resins appeared homogeneous, with a yellow colour for GTF and a purple
colour for WPL-CF. The appearance of the resin was monitored every hour to evaluate
the sedimentation of the powder. After 4 hours, the liquid composites remained
homogeneous as shown in Figure 53 and Figure 54.

Figure 53. Resin sample of A/IB 60:40 charged with 5% in weight of WPL-CF after 4 hours

Figure 54. Resin sample of A/TH 60:40 charged with 5% in weight of WPL-CF after 4 hours

After 8 hours, the liquid samples were still coloured, but the surface had a colour
lighter than the bottom. Finally, after 24 hours, the difference in colour of the resin
sample became slightly more pronounced, and the presence of sedimented powder
became evident for the first time.

Considering a reasonable processability interval of 6-8 hours without remixing the
resin, a weight percentage of 5% was deemed appropriate. Increasing the percentage
would have further decreased this time window and risked obtaining a piece with a
variable filler density along the length of the part in case of printing of larger parts.
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5.4. 3D printing of the composites

To verify the printability of the composites formulations the same process to define
the printing parameters was used, however in this case the first try was close to the
result due to the possibility to use the parameters of resins not loaded.

The printing parameters obtained through the described process are reported in

Table 9 for all the composites.

Table 9. Composites printing parameters

A/IB 60:40 | A/IB 60:40 | A/TH 60:40 | A/IB 60:40

g5 w5 g5 w5
Layer height (mm) 0,1 0,1 0,1 0,1
Exposure time (s) 18 18 25 25
Bottom exposure time (s) 40 40 45 45
Rest time before lift (s) 3 3 5 5
Rest time after lift (s) 8 8 8 8
Rest time after retract (s) 6 6 6 6
Bottom lift distance (mm) 8 8 8 8
Lifting distance (mm) 8 8 8 8
Bottom retract distance (mm) 8 8 8 8
Retract distance (mm) 8 8 8 8
Bottom lift speed (mm/min) 50 50 70 70
Lifting speed (mm/min) 50 50 70 70
Bottom retract speed (mm/min) 130 130 150 150
Retract speed (mm/min) 130 130 150 150

The irradiation times are lightly higher respect to A/IB 60:40 and A/TH 60:40 due to
the dye effect of the filler, less light penetrates.

Additionally larger time intervals for rest position and lower velocities for the platform
have been used because of filler effect on resin density.

There is no difference between the parameters used for a composite based on the
same diluent but with different fillers.

After the printing process is complete, all composite material parts undergo a post-
curing treatment of 10 minutes on each side. Following this, the test specimens were
washed for 5 minutes in an ultrasonic bath filled with water.
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6. Results

6.1. Viscosity tests result

The viscosity of photopolymer resins has a critical role in the success of 3D printing
processes, affecting flow characteristics and uniform layer thickness. The addition of
reactive diluents to photopolymer resins can significantly influence viscosity and
ultimately impact printability. By measuring the viscosity of various photopolymer
formulations with differing reactive diluent contents, it is possible to identify which
are more easily usable and printable prior to 3D printing.
The results of viscosity measurements are represented in Table 10 for resins with
IBOMA and in Table 11 for resins with THFA.

Table 10. A/IB formulations viscosity

A/IB 80:20 A/1B 70:30 A/IB 60:40 A/IB 50:50
Spindle speed Shear Viscosity | Shear Viscosity | Shear Viscosity | Shear Viscosity
rotation (RPM) (%) [cP] (%) [cP] (%) [cP] (%) [cP]
20 / / / / / / 69,80 209,4
12 / / / / 38,40 463 41,50 207,5
10 / / / / 38,40 463,2 | 34,60 207,6
6 / / / / 38,40 459 20,50 205
5 / / 92,6 1154,00 | 38,40 460,8 | 17,10 205,2
4 / / 76,90 1154,00 | 30,60 459,00 | 13,40 201,00
3 / / 57,50 1150,00 | 23,00 460,00 | 10,10 202,00
2,5 / / 48,00 1152,00 | 19,10 458,40 / /
2 92,90 2787 38,40 1152,00 | 15,30 459,00 / /
1,5 70 2788 28,70 1148,00 | 11,50 460,00 / /
1 46,40 2784 19,30 1158,00 / / / /
0,6 27,80 2780 11,60 1160,00 / / / /
0,5 23,10 2772 / / / / / /
0,3 13,90 2780 / / / / / /
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Table 11. A/TH formulations viscosity

A/TH 80:20 A/TH 70:30 A/TH 60:40 A/TH 50:50
Spindle speed Shear Viscosity | Shear Viscosity | Shear Viscosity | Shear Viscosity
rotation (RPM) (%) [cP] (%) [cP] (%) [cP] (%) [cP]
100 / / / / / / 98,6 59,16
60 / / / / / / 58,4 58,4
50 / / / / / / 48,5 58,2
30 / / / / 65,90 131,6 28,70 57,4
20 / / / / 43,40 130,2 | 18,50 55,8
12 / / 67,50 337 25,30 126,5 10,80 54
10 / / 56,20 337,2 | 21,10 126,6 / /
6 / / 33,50 335 12,50 125 / /
5 / / 2790 334,8 | 10,30 1236 / /
4 85,20 1278 22,20 333 / / / /
3 64,00 1280 16,70 334 / / / /
2,5 53,30 1279 13,80 331,2 / / / /
2 42,60 1278 11,10 333 / / / /
1,5 32,00 1280 / / / / / /
1 21,30 1278 / / / / / /
0,6 12,80 1280 / / / / / /
0,5 10,60 1272 / / / / / /

THFA has a higher dilution capacity than IBOMA, from this tables it is evident the
higher viscosity of the polymers with IBOMA in their composition, consequentially
also the conditions of the measurements are different respect to A/TH resins.

In vat polymerization 3D printing, the optimal viscosity range of a resin is typically set
between 800 and 900 cP. However, some resins such as A/IB 80:20, A/IB 70:30, and
A/TH 80:20 that exceed this range can still be successfully printed using the 3D LCD
technique, albeit with longer printing times.
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6.2. 3D printing results

Having found the appropriate printing parameters for each of the formulations with
varying weight percentages of monomer and each of the diluents, numerous
specimens were printed, some rectangular in shape, while others were dog bone
shaped as indicated by ASTM standard.

The identified printing parameters allowed for the printing of all test specimens, even
with the use of support structures. Figure 55 shows images of all these specimens
with their supports and the base attached to the plate.

Figure 55. Specimens of A/IB 70:30 with their supports and the bases attached to the printing
platform

Given that these parameters have also been refined based on the definition of
printing details, these resins can be used to produce parts with complex and detail-
rich shapes, even on a very small scale, on the order of millimetres. Figure 56 shows
a gyroidal cube that has been 3D printed using the A/TH 60:40 polymer and Figure 57
illustrates the same printed object with its supports attached to the base. Its complex
geometry and characteristic dimension of 10 cm make it unlikely to be produced using
non-additive manufacturing techniques.
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Figure 57. Gyroidal cube in AIB 50:50 with its supports attached to the base
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In Figure 58 it is reported a model of a bevel gear 3D printed in A/IB 50:50. In this case
the dimensions involved are very limited, the central hole diameter is 3 mm and the
height of the part is 5 cm. The result is precise, confirming the good resolution
obtained with this 3D printing parameters and using this LCD 3D printer.

Figure 58. Bevel gear 3D printed in A/IB 50:50

The printing parameters for bio-based composites were also refined to meet the
requirements for both resolution and detail, as well as strength and support
definition. In this case, both bone-shaped and rectangular test samples attached to
the print bed were printed, resulting in very smooth and precise surfaces.
Furthermore, using support structures, test samples for the resolution validation
were printed to refine resolution, the results are reported in Figure 59 and Figure 60.

Figure 59. Test for resin resolution of A/IB 60:40 w5
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Figure 60. Test for resin resolution of A/TH 60:40 g5

In Figure 61 and Figure 62, the specimens for the tensile tests with gauge length of 26
mm and the rectangular specimens with dimensions 25 mm (L) x 10 mm (W) x 2 mm
(T) printed with composite materials can be seen.

Figure 61. Tensile test specimen in A/IB 60:40 g5 and rectangular specimen in A/IB 60:40 w5

ST r

Figure 62. Rectangular specimen in A/TH 60:40 g5 an tensile test specimen in A/TH 60:40 w5

With A/IB 60:40 g5, A/TH 60:40 g5, A/IB 60:40 w5 and A/IB 60:40 w5 composites, it is
possible to print complex-shaped objects made of bio-based polymer material, the
first two are yellow coloured and the second two are purple coloured. The rotor
printed in Figure 63 with the maximum external diameter of 3 cm has been printed
with A/IB 60:40 g5.
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Figure 63. Rotor printed in A/IB 60:40 g5

The printing times are another interesting result to understand how the various
printing parameters affect the duration of the process. Times of the process are
presented in form of time to print one layer with thickness of 0,1 mm in the table 12
and they were computed by factoring in the platform's submersion time, pause
duration, and irradiation of a normal internal layer of the piece, as well as the lift time
with waiting periods after irradiation and rest times following retraction, all starting
from the retracted position.

Table 12. Printing time for each layer

Printing time for a layer of 0,1 mm [min]
A/IB 80:20 1,80
A/IB 70:30 1,19
A/IB 60:40 0,62
A/IB 50:50 0,52
A/IB 60:40 w5 1,03
A/IB 60:40 g5 1,03
A/TH 80:20 1,95
A/TH 70:30 0,73
A/TH 60:40 0,64
A/TH 50:50 0,62
A/TH 60:40 w5 1,07
A/TH 60:40 g5 1,07
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6.3. Gel content test results

The test to determine the percentage of gel has been performed on two groups of
material sample formed by the four composites and the resins A/IB 60:40 and A/TH
60:40 obviously after post-curing to notice the percentage of crosslinked material.
The results are given in Table 13.

Table 13. Gel content test results

Gel percentage
First group A/IB 60:40 g5 97,99%
A/TH 60:40 g5 99,05%
A/TH 60:40 w5 99,25%
A/IB 60:40 w5 96,87%
A/IB 60:40 99,11%
A/TH 60:40 99,60%
Second group |A/IB 60:40 g5 98,03%
A/TH 60:40 g5 98,61%
A/TH 60:40 w5 98,87%
A/IB 60:40 w5 97,26%
A/IB 60:40 99,33%
A/TH 60:40 99,16%

wi-w
The gel percent value calculated as: (1 —‘Tf) X 100, where W; is the initial

weight of the sample, before the test and W} is the final weight of the sample, after
the test and drying in oven. The gel percentages obtained as the average of the results
of the two tests performed for each thermoset and for each composite are reported
in the Table 14:

Table 14. Gel percentage of composites and thermosets

Gel percentage
A/IB 60:40 g5 98,01%
A/TH 60:40 g5 98,83%
A/TH 60:40 w5 99,06%
A/IB 60:40 w5 97,07%
A/IB 60:40 99,22%
A/TH 60:40 99,38%
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6.4. DSC results

The results of the DSC tests carried out on samples of post-cured and non-post-cured
thermosets and post-cured composites are shown in the graphs in this section.

In Figure 64 are reported the DSC curves of A/IB 50:50 of both post-cured and not
post-cured.

DSC A/IB 50:50 NC first heating DSC A/IB 50:50 NC second heating
——DSC A/IB 50:50 NC cooling —— DSC A/IB 50:50 PC first heating

—— DSC A/IB 50:50 PC second heating DSC A/IB 50:50 PC cooling

oo
z
3
o
(=
=
©
[}
==

100

TEMPERATURE [°C]

Figure 64. DSC curves for A/IB 50:50 post-cured and not post-cured

It can be immediately noticed that the A/IB 50:50 not post-cured sample undergoes
an exothermic peak around 220 °C during the first heating and this peak is absent in
all other curves.
The peak indicates that a curing reaction leading to the formation of cross-linking
between the polymer molecules has occurred. During the curing reaction, chemical
energy is released in the form of heat, which is detected as a peak in the DSC curve.
This happens only for this sample because it is non-post-cured, and therefore, a
portion of the material has not undergone cross-linking. In contrast, in post-cured
samples, the fraction of cross-linked polymer is almost 100%, and this curing reaction
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triggered by the temperature does not occur. The same applies to the second heating,
where there is no curing reaction and hence no peak since the sample has become
cross-linked after the first heating. The absence of an exothermic peak demonstrates
that the post-cured polymer has a percentage of cross-linked material very close to
100%, thus confirming the data obtained from the insoluble fraction percentage or
gel content test.

Another characteristic, in this case common to all the curves in the graph, is their first
change in slope that can be observed at a temperature higher than 50°C but lower
than 75-80°C. A change in slope of the DSC curve is evidence of a variation in the
specific heat of the material, and the variation of this quantity is a signal of the
transition from the glassy state to the rubbery state, the glass transition, therefore at
this temperature range, there should be the T.

In figure 65 the comparison between not post-cured and post-cured samples has been
evaluated in the case of the other diluent, in particular, with A/TH 80:20 resin.

DSC A/TH 80:20 NC first heating DSC A/TH 80:20 NC second heating
——DSC A/TH 80:20 NC cooling —— DSC A/TH 80:20 PC first heating

——DSC A/TH 80:20 PC second heating DSC A/TH 80:20 PC cooling
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Figure 65. DSC curves for A/TH 80:20 post-cured and not post-cured
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With A/TH 80:20 as well, it is clear the presence of the exothermic peak due to curing
reaction activation around 210 °C in the first heating and its absence in the other
curves in which the curing reaction has been completed or by the first heating or by
the post-curing. In this case too, there is consistency with the results of the gel
content test.

Additionally, T, in the polymer with THFA as diluent has a lower value, the change in
slope of the curves is exhibited a range between 10 °C and 25-30 °C.

A more direct comparison to evaluate the differences in the curves of two different
polymer types, A/IB and A/TH, is shown in the Figure 66, where both the first heating
and cooling of post-cured and non-post-cured A/IB 70:30 and A/TH 70:30 are visible.

DSC A/TH 70:30 NC first heating DSC A/IB 70:30 NC first heting
—— DSC A/TH 70:30 NC cooling —— DSC A/TH 70:30 PC first heating
DSC A/TH 70:30 PC cooling DSC A/IB 70:30 NC cooling
DSC A/IB 70:30 PC first heating ——— DSC A/IB 70:30 PC cooling
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Figure 66. Comparison between DSC curves of A/IB 70:30 and A/TH 70:30
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The findings obtained from examining Figures 64 and 65 are consistent with the trend
depicted in Figure 66, in fact the change in slope and therefore the T, for the polymers
with IBOMA occurs at higher temperatures respect to THFA diluent-based
thermosets. For the former, it is between 60 and 80 °C, while for the latter, it is
between 5 °Cand 25 °C. Again, the exothermic peakis visible only in the curves related
to the first heating of non-post-cured samples.

Finally, the DSC results for the composites are in Figures 67 and 68, they are reported
together with the reference thermoset used for the composite formulations,
respectively A/IB 60:40 and A/TH 60:40.

All composites were characterized only after post-curing, therefore in the DSC graphs
only the trends of the first and second heating and cooling for post-cured composites
and post-cured thermoset polymers without bio-fillers are shown.

DSC A/IB 60:40 PC first heating DSC A/IB 60:40 PC second heating
—— DSC A/IB 60:40 PC cooling ——DSC A/IB 60:40 w5 PC first heating
—— DSC A/IB 60:40 w5 PC second heating DSC A/IB 60:40 w5 PC cooling

DSC A/IB 60:40 g5 PC first heating DSC A/IB 60:40 g5 PC second heating

DSC A/IB 60:40 g5 PC cooling

)
z
3
5)
=
L
(]
o
I

100

TEMPERATURE [°C]

Figure 67. DSC curves for composites A/IB 60:40 w5 and A/IB 60:40 g5 compared with A/IB 60:40
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DSC A/TH 60:40 PC first heating DSC A/TH 60:40 PC second heating
——— DSC A/TH 60:40 PC cooling ——— DSC A/TH 60:40 w5 PC first heating
0,30 —— DSCA/TH 60:40 w5 PC second heating DSC A/TH 60:40 w5 PC cooling
DSC A/TH 60:40 g5 PC first heating DSC A/TH 60:40 g5 PC second heating
DSC A/TH 60:40 g5 PC cooling
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Figure 68. DSC curves for composites A/TH 60:40 w5 and A/TH 60:40 g5 compared with A/TH 60:40

Compared to the unloaded polymer, the composites formed with both base resins do
not appear to have a different transition value.

From the observation of the DSC test results, it can be asserted that the glass
transition temperature of the AESO and THFA-based polymer is around 10°C, while
the AESO and IBOMA-based polymer shows a change of slope in the heat flow trend
correspondent to T, at around 75°C and it was not evident any significant change in
these values with varying weight percentages of the diluents.
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6.5. TGA results

This section presents the findings of the TGA analysis carried out by using the Mettler-
Toledo instrument, with results exported via the included software.

Firstly, from the thermograms and the DTGA curves reported in Figure 69 and Figure
70, which show the curves obtained for A/IB 50:50 post-cured and non-post-cured,
respectively, and the curves of A/TH 80:20 post-cured and non-post-cured, it can be
observed that there are no significant differences in the thermal behaviours of
samples with the same chemical composition, whether subjected to post-curing or
not. Post-curing does not have any effects on the thermal properties. Therefore, the
subsequent considerations were based on the results obtained on post-cured
specimens.

Thermogram
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Figure 69. Thermogram and DTGA curves for A/IB 50:50 non-post-cured and post-cured
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Figure 70. Thermogram and DTGA curves for A/TH 80:20 non-post-cured and post-cured
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Differences in the degradation behaviours of the two polymers can already be
observed. The A/IB 50:50 polymer shows the maximum degradation rate at a
temperature of 325 °C. In fact, the percentage weight loss immediately after 300 °C
for the A/IB polymer shows a more significant slope compared to the THFA polymer,
whose weight loss derivative instead shows a maximum at 389°C.
For each resin containing IBOMA or THFA as diluent, this section presents two
thermograms and the DTGA graphs, as shown in Figure 71 and Figure 72 that allow
for a comparison of the curve trends as the percentage of AESO and reactive diluent

varies.
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Thermogram and DTGA graph comparing the curve trends of resins A/IB resins as the
percentage of AESO and reactive diluent varies.
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Figure 72. Thermogram and DTGA graph comparing the curve trends of resins A/TH resins as the
percentage of AESO and reactive diluent varies.

These trends confirm the presence of a maximum in the weight loss derivative around

325°C in polymers with IBOMA, which is not present in the DTGA curve of polymers

with THFA. Furthermore, decreasing the IBOMA percentage the peak became smaller,
this can confirm that it is linked to the presence of IBOMA.
It can be observed for A/TH thermosets that the different weight ratios of AESO and
THFA affect the degradation behaviour and its derivative significantly less.
To better notice the differences in curve behaviours for resins based on different
diluents, Figure 73 can be examined, which shows the TGA results for two resins with
60% AESO but different diluents.
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Figure 73. Comparison of TGA and DTGA curve trends for A/IB 60:40 and A/TH 60:40

The two degradation paths exhibit the bigger difference in their trend between 300
and 400 degrees. Notably, at around 370 degrees, there is a significant variance in the
proportion of degraded polymer, with A/IB 60:40 experiencing approximately 40%
degradation, compared to the THFA-based thermoset which experiences only 10%
degradation. Furthermore, when considering both DTGA curves on a single graph, it
becomes apparent that A/TH 60:40 does not exhibit a degradation peak at
temperatures below 350 degrees.

The last graphs show the thermal behaviours of the bio-based composites containing
IBOMA as diluent and the two different bio-fillers at 5 wt.%, in Figure 74, and those
containing THFA as diluent and their respective bio-fillers, in Figure 75. In both cases,
the TGA curves of the composites were plotted together with those of their respective
unloaded resins, A/IB 60:40 and A/TH 60:40, enabling a direct comparison of the
effects of bio-filler addition.
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the unloaded thermoset A/TH 60:40.

From the graphs concerning the bio-based composites, it appears evident that the
presence of the bio-fillers does not increase the resistance to degradation that occurs
with an increase in temperature but there is only a slightly slower degradation
exhibited by the THFA-based polymer between 300 and 400 degrees.
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6.6. Tensile test results

Tensile tests were conducted on three specimens that were not subjected to post-
curing and on three specimens that were subjected to post-curing for each
formulation.

During the test, not all specimens fractured within the gauge length, some fractured
within the clamping zones, in particular, all specimens A/TH not post-cured and all the
specimens A/TH post-cured are failed to the clamping zones.

The values of elastic modulus, ultimate strain, and ultimate tensile strength were
statistically determined for each formulation by taking the mean of the results
obtained from testing each material, both for specimens that underwent post-curing
and those that did not. The mechanical properties for each thermoset are available in
Table 15 determined from the tensile tests, these materials did not exhibit a
behaviour that could allow the evaluation of yield strain and yield stress.

Table 15. Mechanical properties of the thermosets of the various compositions

Elastic modulus | Ultimate Strain | Ultimate Tensile Strength

[MPa] [%] [MPa]
A/IB 80:20 NC 32,7 19,3 3,7
A/IB 70:30 NC 20,9 19,3 2,2
A/IB 60:40 NC 291,5 24,2 12,2
A/IB 50:50 NC 327,8 34,0 12,0
A/1B 80:20 PC 203,2 15,6 10,0
A/1B 70:30 PC 708,7 12,8 22,3
A/IB 60:40 PC 522,4 13,6 16,9
A/1B 50:50 PC 1013,6 9,6 33,9
A/TH 80:20 NC 9,4 6,2 0,5
A/TH 70:30 NC 9,2 5,4 0,4
A/TH 60:40 NC 5,2 3,2 0,2
A/TH 50:50 NC 8,9 5,5 0,4
A/TH 80:20 PC 9,4 6,2 0,5
A/TH 70:30 PC 9,2 5,4 0,4
A/TH 60:40 PC 5,2 3,2 0,2
A/TH 50:50 PC 8,9 5,5 0,4

The large difference in the results obtained from the tensile tests is evident, and
certainly A/IB with percentages of diluent ranging from 50% to 30 %, which has elastic
modulus between 600 MPa and 1000 MPa and ultimate strength between 20 and 40
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MPa after post-curing, could be used as an alternative to many petroleum-based
epoxy resins or polyurethanes.

Conversely THFA based thermosets are materials with low strength and low elastic
modulus that exhibits low deformation prior to failure, they could be utilized only in
applications that prioritize lightweight and flexibility rather than high mechanical
strength.

Tensile testing was also performed on composite materials, testing samples of each
of the four composites. The values of elastic modulus, strain at break, and tensile
strength for each composite were calculated as the means of the results obtained
from the tests conducted on each composite. These values are presented in Table 16.

Table 16. Mechanical properties of the composites

Elastic modulus | Ultimate strain | Ultimate tensile strength
[MPa] (%) [MPa]
A/IB 60:40 g5 879,5 7,5 26,5
A/IB 60:40 w5 750,6 10,4 21,6
A/TH 60:40 g4 13,4 9,8 1,1
A/TH 60:40 w5 12,7 10,2 1,0

It is noteworthy that, in this case, all the composite specimens that were printed using
THFA as a diluent experienced failure in the clamping zones, while those printed using
IBOMA as a diluent experienced failure in the gauge length.

By comparing the values of elastic modulus and ultimate tensile strength in Table 16
with those from the tensile tests of A/IB 60:40 and A/TH 60:40 thermoset polymers
post-cured, the composite values result higher. Table 17 provides a simpler
comparison as it includes the values of the composites alongside those of their
respective non-reinforced base resins.
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Table 17. Tensile tests results of composites and their respective unloaded post-cured polymers.

Elastic modulus Strain at break | Ultimate tensile strength
[MPa] (%) [MPa]
A/IB 60:40 g5 879,5 7,5 26,5
A/IB 60:40 w5 750,6 10,4 21,6
A/IB 60:40 PC 522,4 13,6 16,9
A/TH 60:40 g4 13,4 9,8 1,1
A/TH 60:40 w5 12,7 10,2 1,0
A/TH 60:40 PC 5,2 3,2 0,2

It is evident from Table 17 that the addition of bio-fillers has significantly increased
the elastic modulus of the AESO and IBOMA composite material by about 44% for
WPL-CF and about 68% for GTF. Tensile strength has also seen a considerable increase
of about 30% for WPL-CF and about 60% for GTF. On the other hand, the strain at
break is lower than that of the polymer without bio-fillers, contrary to what happens
for the composite based on THFA as a diluent, which sees an increase in strain at break
compared to its respective non-loaded polymer. The values of elastic modulus and
ultimate tensile strength also increase, which is equivalent to more than doubling
these properties with the addition of bio-fillers in the THFA and AESO-based polymer,
however, the values remain low.
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6.7. DMTA results

In this paragraph, the results of dynamic mechanical thermal analysis (DMTA)
performed on thermosetting polymer specimens A/IB 60:40 and A/TH 60:40 after
post-curing and specimens of the composites materials A/IB 60:40 w5, A/IB 60:40 g5,
A/TH 60:40 w5, A/TH 60:40 g5.

The DMTA results provide insights into the viscoelastic behaviour of the materials,
which is critical for understanding their mechanical properties and performance
under different loading conditions.

trend indicates a peak at a temperature of 90°C, which corresponds to the T, of the
material. This result is more reliable than the one obtained from DSC analysis and is
higher by approximately 10°C.

The storage modulus E’, reaches high values for temperatures between 0 and 50°C,
confirming the results obtained with the tensile tests, being storage modulus the
viscoelastic property that describes the ability of a material to store elastic energy
when subjected to periodic deformations. Instead, the loss modulus, E’', has a
maximum around 80°C but its value is not higher than 25-30 MPa.
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Figure 76. DMTA results for A/IB 60:40 post-cured
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In Figure 77 and in Figure 78 there are the curves obtained by the DMTA for
composites with IBOMA as diluent.
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Figure 77. DMTA results for A/IB 60:40 w5
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From the graphs in Figures 77 and 78 no significant deviation in the viscoelastic
behaviorare noticeable between the two composites and the base thermoset
polymer. The T, is always around 90 °C, and there is not a large difference in the peak
values of the storage modulus and loss modulus compared to the curves in Figure 76,
which refers to A/IB 60:40 post-cured. The greatest difference is observed for the A/IB
60:40 g5 composite, with storage modulus that reaches 300 MPa and loss modulus
that almost reaches 50 MPa.

In Figure 79, E’, E"" and tan § trends for the A/TH 60:40 thermoset polymer post-
cured are shown. The peak in the tangent behavior can be observed at around 30 °C.
Therefore, the evaluation of Tg based on DSC results was not too far off, as the
difference results still around 10 °C.

E' has lower values respect to E’ of A/IB resin for temperatures between 0 and 50°,
additionally in this range of themperature the curve decreases rapidly. E”, for this
polymer too, reaches values around 40 MPa, but before 20°C.
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Figure 79. DMTA results for A/TH 60:40 post-cured

The last two graphs in Figure 80 and 81 show the resulting behaviours from DMTA for
composites based on the reactive diluent THFA. In this case too, there are no
particular differences compared to the reference polymer, A/TH 60:40.
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7. Conclusions

The objective of this work was to investigate the printability of a new bio-based
polymer using LCD 3D printing and to characterize the material realized by additive
manufacturing. This objective was achieved by identifying AESO, a derivative of
soybean oil, as the starting bio-based monomer, and IBOMA and THFA as diluents,
which are derived from pine resin and hemicellulose, respectively.

This work was highly experimental and innovative since AESO is not commonly used
as the main monomer in a photopolymerizable resin for 3D printing. In the few cases
where it is used, it is often combined with non-bio-based reactive diluents, whereas
in this work, the final material is highly bio-based due to the bio-based origin of all the
reactants involved.

The approach used allowed for exploration of various formulations by attempting to
print the polymeric materials, varying the weight percentage of the reagents. In this
way, printing parameters that ensured excellent resolution and precision in the
details of the printed object, without requiring too much time for the printing process,
were identified.

The definition of printing parameters required numerous tests. The results became
increasingly satisfactory for each individual formulation as the parameters were
modified. All the issues that the formulations presented were addressed, for example,
low-diluent resins were found to be very difficult to print. Looking at the viscosity test
results for each resin, they were found to be outside the range suitable for vat
polymerization processes. However, these resins were still successfully printed, and
with each attempt, a smoother and more efficient printing process was achieved,
albeit taking longer than prints with more diluent. Obtaining parameters for each
individual formulation provided the opportunity to compare the various formulations
and characterize them individually. In this way has been highlighted the impact and
influence of the individual diluent on the final material.

This approach reveals the choice of two diluents to be very interesting as each confers
certain characteristics to the material. IBOMA, when used in combination with AESO,
generates a material with good mechanical properties after printing and post-curing,
especially when used in a percentage higher than 60%. On the other hand, THFA is
much less resistant, as can be seen from the tensile test results. It is a soft rubbery
polymer, a low-strength and low-Young's modulus material that could be suitable for
lightweight, flexible applications like medical masks, equipment components, toys,
and sports gear. The qualities of this type of resins are relative to the simplicity of
preparation, the process requires less time compared to IBOMA and, above all, is less
subjected to air bubble formation. The use of THFA in lower percentages results in a
less viscous resin, and already at around 30% in weight, its effect as a diluent is
noticeable.
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The insoluble fraction percentage obtained from the test reveals that the polymers
and composites after post-curing are almost entirely made up of cross-linked and
insoluble material. TGA analysis shows that none of the materials considered, both
unfilled and filled thermosets, show a degradation of 10% before 300 degrees, which
is an excellent result in terms of thermal stability. While the DSC reveals the
temperature ranges of the glass transition, which are lower for the A/TH thermosets,
below 20°C, while for A/IB are around 75°C. This difference is also reflected in the
behaviour of these two different materials in tensile tests.

The screening study of all possible combinations of diluents and monomers for both
IBOMA and THFA, leading to the printing and characterization of each of these resins,
is highly useful as an initial study for a research line that may concern this type of
material. In this thesis work, a step forward has already been taken by using bio-fillers
derived from the processing waste of wine WPL-CF and corn processing waste GTF.
Once the two resins that exhibited both good processability and interesting
mechanical properties of deformation for A/TH 60:40 and of resistance for A/IB 60:40
were identified, these two fillers were separately mixed with the two resins to obtain
four bio-based polymer composite materials. The fillers first acted as colorants and,
in addition, do not have effects on the thermal properties of the material.
Furthermore, these bio-fillers can reduce the cost of the final material.

Moreover, the results of the tensile tests are very interesting. The bio-fillers used to
reinforce the bio-based polymers, significantly increase the elastic modulus and
tensile strength. This effect is particularly visible in the AESO and IBOMA-based
composites, where the elastic modulus reaches almost 900 MPa and the tensile
strength reaches almost 30 MPa. This result could be a starting point for further
research in this direction confirming that, by dispersing 5 wt.% of these bio-fillers in
the soybean oil resin and photocuring the formulation by LCD 3D printing can be
realized bio-based composites with improved performances. Additionally,
investigating the possibility of increasing the weight percentage of bio-fillers and
evaluating the effect of such an increase on the composite properties could also be
worthwhile. Bio-based samples with complex shapes and intricate details were
obtained by using this 3D printing technology, which are difficult to reproduce with
other technologies. AESO is a monomer that is being widely evaluated for its
promising biodegradability and biocompatibility. A further investigation of this work
based on these aspects regarding these types of materials could open interesting
scenarios for their application in many application fields. For example, they could be
used to produce prostheses or other personalized medical devices due to the ability
to print objects with complex shapes and intricate details. Additionally, they could
also be used in the food industry to produce eco-friendly packaging.

Finally, these materials could find application in the fashion and clothing industry,
where sustainability and the use of eco-friendly materials are becoming increasingly
important for consumers.
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Further exploration of the effect of adding these bio-based fillers could be carried out,
perhaps by varying their quantity to better assess their impact on the mechanical
properties of the composite material. Additionally, other bio-based diluents could be
considered for use alongside those used in this work or as an alternative to them,
potentially providing an even wider range of properties for AESO-based thermoset
polymers suitable for vat polymerization 3D printing. Finally, as mentioned earlier,
important steps would be to study the biocompatibility of these materials and their
biodegradability.
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