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The demand for novel bio-based materials in UV-curing additive manufacturing has surged due
to increasing environmental concerns and a growing emphasis on sustainable practices in the
manufacturing industry. However, at the moment, their thermomechanical performance is not equal
to that of their fossil-based counterparts and this impedes the acceptance of these materials within
the industrial community. Therefore, in this study, a series of nanocomposite polyesters based on
itaconic acid was synthesized for the first time with in-situ polymerization, in an attempt to leverage
the unique properties of nanofillers and improve the overall performance of the material. A variety
of reinforcing agents were utilized, namely cellulose nanocrystals (CNC), montmorillonite (MMT),
graphene nanoplatelets (GNP) and titanium dioxide (TiO;), to understand the effect of each filler on
the physicochemical properties of the polyester. Formulations of these polyesters were then prepared
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and processed on a digital light processing (DLP) 3D printer to prepare test specimens. Extensive
thermomechanical characterization showed that the interference of the fillers with the UV curing process
was the main parameter determining the mechanical performance of the 3D printed materials.

Introduction

Additive manufacturing (AM), also known as 3D printing,
is an innovative fabrication technique that has received
increased attention over the last few years [1]. Compared to
traditional formative methods, it enables faster production
of highly individualized items, while generating less waste
[2]. Stereolithography is the only AM process that employs
thermosetting resins via UV-curing, which allows for the
manufacturing of three-dimensional objects with a very high level
of details [3]. Epoxide-type polymers and polyester/polyurethane
acrylates are the main materials that are employed, and their
crosslinking is achieved via cationic and radical polymerization
respectively [4,5]. Currently, a wide range of materials is
commercially available, however bio-based examples are scarce
[6].

To address this issue, research has focused on the development
of bio-based systems from renewable monomers [7]. These include
formulations based mainly on vegetable oils (VOs) [8,9] and
itaconic acid-based unsaturated polyesters [10], while terpene-
based monomers have also been investigated [11,12]. VO-based
resins have shown excellent printing accuracy comparable to that
of expensive, high-resolution commercial resins [13]. However,
the resulting mechanical properties are considered inferior to
those of commercial resins. Therefore, strategies to enhance the
mechanical behavior of these materials have been examined,
such as their usage in combination with acrylic monomers [14]
or the utilization of nanoinclusions [15]. For example, in the
work of Wang et al., nanocellulose was found to be a successful
reinforcement agent, showing increased mechanical performance
compared to the neat resin [16]. Barkane et al. displayed that the
combination of nanocellulose with other lignocellulosic particles
like lignin and hemicellulose results in hybrid nanocomposite
materials with enhanced thermomechanical performance [17].
Finally, in the work of Jurinovs et al. nanofibrillated cellulose was
modified to reduce the agglomeration in the resin and was used to
enhance the mechanical performance of the final cured materials
at very low filler loadings [18]. From the aforementioned studies,
it becomes clear that the preparation of nanocomposites offers the
strategic advantage of enhanced mechanical performance without
compromising the bio-based content of the materials.

In addition to materials based on (meth)acrylic acid, itaconic
acid-based polyester resins have also been identified as potential
bio-based binder resins for AM materials, due to the simplicity of
their production and the tunability of their thermomechanical
profile, which can be equivalent to commercial resins [19-26].
The tuning of the mechanical performance is mainly based
on the density of the crosslinking network and on the ability
to combine aliphatic and aromatic structures in the polyester
backbone [27]. Furthermore, selection of diluent can also assist
in the formation of a high mechanical performance network [28].

As a contribution to itaconic acid-based materials for UV-curing
additive manufacturing from our labs, we have demonstrated
that the thermomechanical performance of these materials can
be influenced by the polyester structure, [29] diluent content, [30]
and diluent selection. Interestingly, the influence of nanoparticles
on the thermomechanical properties of polyester itaconates
has not yet been explored. Given the beneficial effect these
nanoinclusions have demonstrated in VO-based systems, a similar
behavior should be expected for itaconic acid-based systems.

In this work, seven nanocomposite polyesters based on itaconic
acid were synthesized, by an in-situ polycondensation process to
ensure uniform dispersions of the nanoparticles in the polyester
resin. Different types of fillers were tested, to determine the effect
of filler characteristics on the properties of the final material.
Nanocrystalline cellulose was selected as a filler which is expected
to interact with the polymer matrix of the cured parts due
to the plethora of -OH groups on its surface. Montmorillonite
and graphene were selected as inorganic and organic fillers, in
the form of nanoplatelets, which are expected to have limited
interaction with the polymer matrix. Finally, titanium dioxide was
selected as a metal-based filler that has been used in photocatalytic
and antimicrobial applications and could therefore broaden the
applications for itaconic acid-based materials. The synthesized
polyesters were combined with commercial diluents to create
formulations suitable for UV-curing additive manufacturing
processes. These formulations were subsequently processed on an
UV-curing DLP 3Dprinter and their thermomechanical properties
were analyzed.

Materials and methods

Materials

Itaconic acid (IA, 99 %) and sebacic acid (SA, 99 %) were
purchased from Merck, Darmstadt, Germany. 1,3-Propanediol
(1,3- PDO, 99.7 %) was kindly provided by DuPont Tate & Lyle
Bio Products, Loudon, NH, USA. 2,6-Di-tert-butyl-4-methylphenol
(BHT, 99 %) was bought from Merck, Darmstadt, Germany. 4-
Methoxyphenol (MeHQ, 99 %) was purchased from Sigma-Aldrich
Chemie, Steinheim, Germany. FASCAT® 4101 catalyst was kindly
provided by PMC Group, Mount Laurel, NJ, USA. Cellulose
nanocrystals, CNC, were purchased from the University of Maine
(Orono, Maine, USA) and have dimensions of approximately 5 nm
in diameter and 150-200 nm in length. Graphene nanoplatelets,
GNPs, were purchased from XG Sciences (under the code name
‘xGnP-Grade M’) and were of 2.2 g cm~3 mass density, 5 um
diameter, 6-8 nm thickness and B120-150 m? g~! specific surface
area. Montmorillonite, Cloisite®Na+ (MMT), was purchased by
Southern Clay products, Gonzales, TX, USA and has an interlayer
distance of 11.7 A. Titanium dioxide (TiO,) NPs of 3—5 nm
in size, were supplied by Cinkarna Celje (CCA 100BS). Acryloyl
morpholine (ACMO, 99 %) was purchased from Rahn GmbH,
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Table 1

Composition and properties content of the synthesized polyesters.

Sample 1A SA 1,3-PDO Fillerloading  Bio-based M, My, b Tg (°C)€
(eq) (eq) (eq) (wt%) content ?(wt%) (g/mol)b (g/mol)b

PE neat - 100 980 1980 2.04

PE-CNC-A 1 100 1060 2590 242

PE-CNC-B 2 100 1110 2220 2

PE-MMT-A 1 99 1270 2690 2.12 o

PE-MMT-B 05 0.5 145 2 98 1090 2140 1.97 <-0°C

PE-GNP 0.4 99.6 1120 2480 222

PE-TiO5-A 1 929 1040 1960 1.89

PE-TiO,-B 2 98 1010 1780 1.75

[a]% of mass of renewable monomers used for the synthesis of each resin, [b] obtained by SEC measurements, [c] estimated by DSC.

Frankfurt, Germany. Diphenyl(2,4,6-trimethylbenzoyl)phosphine
oxide (TPO) was purchased from IGM Resins. Chloroform-d; (99.8
% D) + 0.03 % TMS v/v was obtained from Carl Roth, Karlsruhe,
Germany. Solvents were reagent or analytical grade and were
purchased from VWR International, Fontenay-sous-Bois, France.

Polyester synthesis

Eight  polyesters  were  synthesized via  azeotropic
polycondensation. The diacid to diol ratio used was 1:1.45,
in an effort to limit the viscosity of the prepared resins. As an
example, the synthesis of resin PE neat is described below. For
the synthesis of 100 g of polyester, 42.02 g of SA (0.5 equiv.,
0.21 mol), 27.03 g of 1A (0.5 equiv., 0.21 mol) and 45.85 g of PDO
(1.45 equiv., 0.6 mol), along with 0.06 g of MeHQ (0.06 wt%),
0.08 g of BHT (0.08 wt%) and 0.39 g of FASCAT 4101 (0.39 wt%)
were charged into a three necked round bottom flask equipped
with an immersed thermocouple to control the temperature
of the heating mantle, a mechanical stirrer, and a Dean-Stark
condenser. Toluene (10 % w/w) was also added as an azeotropic
solvent to facilitate water removal. The mixture was heated
gradually until homogenization, and then reacted at 180 °C until
an acid value of < 5 mg KOH/g was reached (usually 3-4 h). The
toluene was then removed under reduced pressure at 130 °C and
100 mg of MeHQ were added to the resin for stabilization. For
the synthesis of the nanocomposite resins, the nanofillers were
dispersed into the PDO, by means of sonication with a sonication
probe (Sonopuls HD 2070, Bandelin electronic GmbH, Berlin,
Germany). After 20 min of sonication, uniform dispersions were
created, which were then charged into the reaction flask. The
reaction then continued as described for the neat resin. The
polyesters were obtained without further purification, as viscous
liquids. Polyesters containing nanocellulose were transparent,
those containing montmorillonite were yellow, the graphene one
was black and the TiO, containing polyesters were white. The
neat resin was transparent. The description of resin compositions
is given in Table 1.

Formulation preparation

To prepare the formulations suitable for additive manufacturing,
a mass ratio of polyester: reactive diluent: TPO of 0.5:0.47:0.03
was used. As an example, the preparation of 80 g of Form-neat-
A is described. 40.0 g of PE neat, 37.6 g of ACMO and 2.4 g

of TPO were introduced to a lid-closing metal can, to prohibit
light exposure. The mixture was left under stirring overnight until
homogenization and was then used for AM experiments.

Measurements

FTIR spectra of the synthesized resins were obtained on a Thermo
Scientific Nicolet iS5 FTIR (Thermo Fisher Scientific, Waltham,
MA, USA) using the ATR technique (32 scans, resolution of 4
cm™).

NMR experiments were conducted on a Magritek Spinsolve
60 MHz Ultra benchtop spectrometer. 'H NMR shifts of polymers
are reported in ppm (§) downfield from tetramethylsilane (TMS)
and were determined by reference to the residual solvent peak
(chloroform-d;, 7.26 ppm for hydrogen atoms).

The acid value (AV) is proportional to the unreacted acid
groups. It was defined as the mg of KOH required to neutralize
one gram of sample and was determined according to DIN EN
ISO 2114 by titrating the carboxylic acid groups of the sample
with potassium hydroxide solution in methanol (0.3 mol/L). The
sample (1-2 g) taken was dissolved in acetone.

Determination of the molar mass distribution was performed
by SEC measurements with tetrahydrofuran as eluent and with
polystyrene calibration in the range of 162 g/mol-70,000 g/mol.
Three columns SDV 1000A at 40 °C, a variable UV-detector
(here: 254 nm), a refractive index detector and the software
(WinGPC Unity) were provided by Polymer Standard Service
(Mainz, Germany). The samples were filtered over a 0.2 mm PTFE
filter prior to injection.

Differential scanning calorimetry (DSC) measurements were
conducted on a DSC 3+ (Mettler-Toledo, Greifensee, Switzerland).
For all materials, 10 mg were prepared in 40 pL aluminum
crucibles with lids. The measurement starts at -70 °C, then the
material is heated up to 140 °C under nitrogen (35 mL min~!)
with a heating rate of 10 Kmin~!. This cooling and heating process
are repeated to detect possible changes in material properties. The
evaluation was carried out with STARe Software (V.16.20b, Mettler-
Toledo, Greifensee, Switzerland).

Viscosity measurements were performed on a Malvern Kinexus
lab+ (Malvern Panalytical Ltd, Malvern, UK) equipped with cone-
plate geometry (CP 4°, 40 mm). Measurements were made with a
rotation speed of 100 s! for 10 s. Five measurements were made
at each temperature, and the average value was calculated.

g
=
=]
t
(]
£
-
o
c
g
X
S
('S




m
=
e
[}
3
Q
=3
=
o
=
(-5
=L
)

Giant, 18, 2024, 100275

Photo-differential ~ scanning  calorimetry  (Photo-DSC)
measurements were conducted on a DSC3t (Mettler-Toledo,
Greifensee, Switzerland) equipped with a Lightningcure LC8 UV
spotlight source (Hamamatsu Photonics, Hamamatsu, Japan) at
70 % of its maximum intensity. This corresponds to an irradiance
flux density (light density) of 175 mW/cm? provided on the
surface of the sample. The lamp used is a mercury-xenon lamp
with a broad irradiation spectrum with the highest intensity
at 365 nm. To get the integration of the heat of reaction, two
runs were carried out with a short break between the runs to
let the resin cool down. The second run was made once the
material was fully cured, and the baseline was stable. Then, the
second curve was subtracted from the first to obtain the curve
related to the curing only. Each run is conducted as follows:
30 s at 25 °C at atmospheric pressure under nitrogen without
the lamp; then, the lamp is turned on for 4.5 min. The break
between the runs lasts 30 s. To calculate the conversion of the
C=C double bonds, the assumption was made that acrylate and
itaconate double bonds have similar kinetics during homo- and
copolymerization, utilizing the theoretical maximum enthalpy
liberated by a mole of ACMO (acrylamide was used as reference:
AHacrylamide theo: 82.64 KJ/mol) [31,32] and a mole of substituted
itaconate (dimethyl itaconate was used as reference: AHpmr theo:
60.67 kJ/mol). [33]

Photo-rheology data were collected by means of Anton Paar
302MC rheometer (Physica MCR 302, Graz, Styria). The rheometer
was set with a plate-plate geometry, the outside diameter of the
metal disk was 25 mm and a glass disk was used as bottom
support in order to guarantee the irradiation of the sample. The
distance between the two disks was set at 200 um. The visible-
light was provided by optic fiber to directly irradiate the sample. A
Hamamatsu LIGHTINGCURE LC8 was used as visible-source with
a light intensity of about 40 mW/cm? provided on the surface
of the sample. The lamp was centered at 405 nm to match the
wavelength used during the 3D printing process. For this a A9616-
09 UV-filter was used to block the UV-light guaranteeing the
emission above 400 nm. The lamp was turned on after 60 s of
stabilization and the measurements were performed in oscillatory
condition at a frequency of 1 Hz, with strain 1 % and in isothermal
condition at room temperature.

Additive manufacturing experiments were conducted on a
Phrozen Sonic 4 K DLP printer equipped with a 50 W UV LED
array (405 nm). The samples were cured with a layer thickness of
10 um and an exposure time of 5 s per layer for all formulations.
Approximately forty grams of formulation were used to print five
rectangle specimens at once, suitable for DMA measurements.
After the process, samples were removed from the printer and
post-cured in a post-curing light oven (Wanhao Boxman~!) for
30 min. The samples were turned after 15 min to ensure even
curing of the specimens.

The morphological features of the nanocomposites were
assessed through the Phenom ProX (Netherlands) scanning
electron microscope (SEM). The specimens were attached on a
metal stub with double-sided carbon tape (Ted Pella, USA) and
inserted in the scanning electron microscopy’s vacuum chamber
using a special charge reduction sample holder. This sample holder
is designed to reduce sample charging and eliminate extra sample

preparation of non-conductive samples. The voltage was 15 kV
and the working distance was 6 mm.

To examine the mechanical response of the print-out
components, tensile, compression and bending quasi-static
loading experiments were performed to extract the main
mechanical properties i.e., elastic and flexural. A universal testing
machine Testometric M500-SOAT equipped with a 500 N load
cell was utilized. At least 5 specimens per experiment were tested
to achieve reliable the results. All tests were conducted at room
temperature, with a strain rate of 5 mm/min. [34] Tensile and
compression tests were performed with uniaxial loading according
to international standards ISO527 and ISO604, respectively. “Dog-
bone” specimens of 1BA type with a total length of 80 mm,
a thickness of 4 mm and a parallel section width of 10 mm
were used for the tensile tests and specimens with orthogonal
configuration and dimensions of 10 mm x 10 mm x 4 mm were
used for compression testing fulfilling the shape and dimensional
requirements of the ISO604. Regarding the bending loading
tests, the 3-point bending test configuration was chosen and
the experiments were conducted according to the ISO178, with
orthogonal specimens with dimensions 80 mm x 10 mm x 4 mm.

Nanoindentation was employed in order to identify the
micro-hardness of the print-out structures and verify the
macroscopic measurements for elastic modulus. For this process,
the SHIMADZU DUH-211S Dynamic Ultra Micro Hardness Tester
was utilized employed with a Berkovich diamond indenter with
a 100 nm tip radius and a force resolution of 0.196 uN.
The nanoindentation process was performed, according to the
ISO/TS19278, on the 3D printed samples with dimensions of
30 mm x 10 mm x S mm. The machine’s indenter was regulated
to penetrate the sample’s surface with an applied force of 20
mN. Furthermore, employing the Oliver-Pharr formula, the elastic
modulus and the micro-hardness, in terms of Vickers Pyramid
Number (HV), were calculated. [35] More details can be found
in Supporting Information and Fig. S1. At least 10 measurements
were conducted in scatter regions of each sample to secure the
reliability of the results.

Dynamic mechanical analysis (DMA) was carried out on a
Tritec 2000 DMA (Triton Technology, Loughborough, UK) in
single cantilever bending mode. Measurements were performed
on the rectangle bars (25 x 10 x 4 mm) which were prepared with
additive manufacturing. Samples were studied under nitrogen in
a temperature range of 0-120 °C (2 K min~!, 1 Hz, maximum
displacement 0.01 mm). The exact dimensions of specimens
were determined before each experiment, and five test bars were
measured for each sample.

Thermogravimetric analysis (TGA) of cured resins was
performed on a TGA/DSC 1 (Mettler-Toledo, Greifensee,
Switzerland) under nitrogen (35 mL min~!). Samples of ca.
10 mg were heated from 25 to 700 °C with a heating rate of 10 K

min~?.

Results and discussion

Polymer synthesis

The study presented herein aimed to investigate the effect of
nanofillers of different characteristics on the thermomechanical
behavior of 3D-printed materials derived from itaconic acid. Based
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1,3-Propanediol Sonication

o 0
—_— E—— + HO
E MOH + HOMOH
Nanoparticles Ngnopar'tlcle Itaconic acid Sebacic acid
dispersion
in 1,3-propanediol
inhibitor
FASCAT 4101
3h, 180 °C -H0
toluene

o 0] (0]
Ho\/\/OMO OWO\/\/OMO OH
o 0 0 n

Scheme 1

Synthetic pathway for the polyesters of this study.

on the findings of our previous study, [36] poly(1,3-propylene
itaconate-co-sebacate) Scheme 1 with an “average” mechanical
performance was selected (regarding its glass transition, the E’
Modulus and the elongation at break), to allow for a clear
assessment of the effect of the nanofillers on the thermal and
mechanical properties. Except for GNPs, two nanocomposite
resins were synthesized for each filler type, at 1 and 2 wt% content.
For the GNPs containing polyester, preliminary results showed
that 0.4 wt% was the maximum content that could be used
while maintaining the same AM parameters as the rest of the
materials, as the black nature of the GNP absorbed the UV-light.
The pristine polyester along with the CNC nanocomposites were
transparent. In the case of MMT nanocomposites, the polyesters
were opaque and yellow. The GNP and TiO, containing resins were
black and white, respectively. All resins were stored in the lab,
protected from sunlight at ambient temperature. The dispersion
of the nanofillers was stable for a period of at least six months, as
no sedimentation was observed during that time.

Structural characterization
ATR and 'H NMR spectroscopy

The ATR spectra of the prepared resins are shown in Fig. S2.
For all polyesters, the main vibrations for this class of polyesters
are clearly visible. The C=O stretching of the ester bond is
found at 1730 cm™!, while the =C-H bending and C=C stretch
vibrations of itaconic acid are located at 810 cm~! and 1640
cm™!, respectively. The -OH end groups are visible as a broad
signal at 3500 cm~!. Regarding the nanofillers, there are no
distinctive signals in the spectra of the nanocomposite resins,
as a result of the relatively low concentration and also of the
overlapping of the signals derived from the fillers with those of
the pristine polyester. Similar results were obtained from the 'H
NMR spectra, which are presented in Fig. S3. The methylene group
of the backbone of itaconic acid can be found at 3.3 ppm. The

protons of the double bond of itaconic acid are located at 5.7 and
6.3 ppm, respectively. No signals that would suggest isomerization
of itaconic to mesaconic acid were detected [37]. For the protons
of 1,3-propanediol, the middle methyl group is found at 2.0 ppm,
while the free -OH groups are found at 3.7 ppm. The protons of
the ester bond are observed between 4.0 and 4.3 ppm. Finally, the
methylene groups of SA corresponding to the -OC(O)CH;- group
are located around 2.3 ppm, accompanied by two signals at 1.3
and 1.6 ppm attributed to the internal methylene groups of SA.
There are no signals associated with the nanofillers in all collected
spectra, due to their low concentration in the polyesters. In all, the
collected spectra confirm the successful synthesis of the discussed
polyesters.

Physicochemical characterization

In Fig. 1, SEC elugrams are presented. The gaussian distribution
is observed for all synthesized materials, a typical feature for
polycondensation products. Corroborating ATR and NMR data,
the lack of any high molecular weight fractions on the elugrams
proves that no partial cross-linking or Ordelt-reaction occurred
during the synthesis of the resins. The M, of the polyesters are
in the range of 1000-1300 g/mol and the dispersity  is close to 2,
regardless of the filler. Finally, DSC measurements were conducted
to determine the glass transition. Results are given in Fig. S4.
Their T, is expected below -50 °C, as a result of their aliphatic
character and the low molecular weight. Both SEC and DSC results
are summarized in Table 1.

Formulation characterization

Polymers designed for UV-curing AM are usually combined with
reactive diluents, to enhance printability-related properties like
viscosity or reactivity towards UV light. The use of reactive
diluents can also be beneficial to the thermomechanical properties
of the fabricated specimens, as it allows for higher conversion of
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Fig. 1

SEC elugrams of the synthesized polyesters.

the available double bonds. In this work, we selected ACMO as
a reactive diluent, as in our previous studies it has shown great
compatibility with itaconic acid-based systems [29]. Formulations
containing 47 wt% of reactive diluent were prepared for all
the nanocomposite polyesters, and their behavior was studied,
with regard to viscosity and reactivity towards UV-light. The
composition of the formulations, their bio-based content, their
viscosity and the results of the photo-DSC are summarized in
Table 2.

Photo DSC

The reactivity of the formulations towards UV-irradiation was
examined by means of photo DSC and the results are presented
in Fig. 2. From the preparation phase, it was clear that the
optical properties of the formulations were dictated by the fillers’
addition. Formulations containing MMT, GNP and TiO, retained
the color of the respective filler (light yellow, black and white
respectively). CNC-containing formulations were an exception,
as they were transparent like the formulation of the pristine
resin. As a result, the reactivity of the formulations was greatly
influenced. While the polymerization rate of the CNC-containing
formulations was equivalent to that of the pristine formulations,
it was significantly reduced for the rest of the formulations.

Table 2

Furthermore, regardless of the filler type, the addition of higher
amounts of filler resulted in lower reactivity towards UV-induced
crosslinking. The addition of GNPs led to the highest reduction
of the polymerization rate, followed by TiO, and MMT (Form-
GNP had a higher ROPp,x compared to Form-TiO,, but only it
contained only 0.2 wt% of filler compared to 0.5 and 1 wt% for
the TiO, containing formulations). This behavior also affected the
overall C=C conversion. In the case of the transparent resins, the
slight lowering of the ROP in the nanocomposites resulted in a
higher conversion of the double bonds, in a manner similar to
our previous study [30]. However, the rest of the formulations
exhibited reduced conversion, probably due to scattering and
absorption phenomena caused by the addition of the filler. As
observed for the ROP .y, the addition of higher filler amounts into
the formulation lowered the overall conversion.

Photorheology

To corroborate the results of photo DSC analysis, photorheology
tests were performed. Results are given in Fig. 3, which shows
the evolution of storage modulus and normal force over time.
Light irradiation was turned on after 60 s of stabilization and
all nanocomposite formulations presented a delay compared to
the pristine one. This delay is associated with the coloration
of the nanocomposite formulations, as the increment of the
induction time was proportional to their reduced transparency.
Moreover, the amount of filler in the formulations also affected
their reactivity, as the increment from 0.5 to 1 wt% resulted
in higher time delay suggesting that the filler addition was
responsible for the reduced reactivity towards UV-light, similar to
the photo DSC results. GNP was found to be the least beneficial
filler regarding the reactivity of the formulation, as Form-GNP
presented the highest delay of all samples, even though it had
the lowest filler concentration (0.2 wt%). This can be attributed to
the high absorption and blocking effect of the filler. Nevertheless,
regardless of the filler type, the slope of the storage modulus’
increase was similar for all formulations, suggesting that the
inclusions did not inhibit, but just delayed the polymerization of
the system.

Another parameter that was monitored by photorheology
measurements and provides useful information about the
formulations is the evolution of “normal force” over time. The
term describes the force required to maintain the distance between

Viscosity and UV-DSC results of the prepared formulations.

Formulation Resin Reactive Nanoparticle Bio-based Viscosity RoP C%
(50 wt%) Diluent (47 wt%) (Wt%) content (Wt%)® @ 20 °C (Pa*s) (s~1*103)

Form neat PE neat - 50 0.15 83.2 89.3
Form-CNC-A PE-CNC-A 0.5 50 0.20 79 93.4
Form-CNC-B PE-CNC-B 1 50 0.20 76.5 88.8
Form-GNP PE-GNP ACMO 0.2 49.8 0.21 59.8 81.7
Form-MMT-A PE-MMT-A 0.5 49.5 0.26 73.7 82.8
Form-MMT-B PE-MMT-B 1 49 0.25 68.4 78.7
Form-TiOz-A PE-TiOz-A 0.5 49.5 0.23 51 80.7
Form-TiO,-B PE-TiO,-B 1 49 0.25 45.5 80.1

[a]% of mass of renewable components in the formulation
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Photo rheology measurements of the prepared formulations: Evolution of the Storage Modulus (G (left) and the Normal Force (right) over time.

the glass substrate and the rotating disk constant, and it has
been connected to shrinkage induced by radical crosslinking
[38]. All nanocomposite formulations recorded lower (absolute)
normal force values compared to the neat formulation, suggesting
a reduction in shrinkage. This result is associated with the
fact that the nanoparticles are not part of the crosslinking
network, and they retain their original volume through the
polymerization process. Finally, GNPs were the most beneficial
inclusion regarding dimensional stability, as Form-GNP presented
the lowest normal force value while also containing the lowest
amount of filler.

Printed samples

Having examined the reactivity of our formulations in depth,
test specimen were manufactured by a DLP 3D printing process.
Given that the nanofillers were found to interfere with the
UV light pathway (hindering, absorbing etc.), a layer thickness
of 10 um was selected to minimize the effect of the filler
and successfully manufacture specimens for evaluation of the

mechanical properties. Printed specimens are presented in
Fig. 4. Beside specimens for mechanical characterizations, the
formulations were utilized to fabricate more complex structures,
replicating intricate computer aided designs (CADs) as dentistry
geometries require. An example is reported in Fig. 6, showing the
feasibility to replicate such geometries with detail and accuracy.
In the preparation of nanocomposite materials, filler dispersion
is a very important parameter, as it often influences their
mechanical performance. To evaluate it, the 3D printed specimens
were analyzed by EDS. EDS was used to monitor the silicon and
aluminum atoms of montmorillonite, and the titanium atoms of
TiO,, on the fracture surface of the specimens used for the tensile
measurements. In the case of cellulose and graphene, no such
observation could be made, as both the fillers and the polymer
matrix are constituted of carbon and oxygen atoms, therefore they
could not be differentiated. Results are presented in Figs. 5 and S5.
Comparing the two nanocomposite materials containing TiO,
nanoparticles, it was clear that the material with the lowest
filler content presented a more homogenous distribution (Fig. 5
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Fig. 4

Printed specimens for mechanical characterizations. From left to right: 3D-neat,
3D-CNC-A, 3D-MMT-A, 3D-GNP, 3D-TiO;-A.

top). Though titania particles could be observed throughout the
polymer matrix, small aggregations were observed in 3D-TiO,-
A and slightly bigger ones for 3D-TiO,-B. This result suggests
that while in-situ polymerization can achieve dispersion of the
fillers through the matrix, it cannot completely eliminate the
aggregation of the fillers. A similar result was obtained for the

20 um Q671 ym

Fig.5
EDS mapping of 3D-TiO,-A (top) and 3D-TiO,-B (bottom).

583,118 counts in 231 seconds

MMT containing nanocomposites (Fig. S5), as in the case of 3D-
MMT-B, clusters could be observed in different regions of the
sample. Those clusters could potentially contribute to the lower
C=C conversion that was recorded every time the filler content
was increased, as they could block the UV-light more effectively.
Furthermore, agglomeration of nanofillers is often associated with
inferior mechanical behavior, as in such spots phase separation
between the polymer matrix and the filler is observed and they
are prone to mechanical failure under stress.

Thermomechanical characterization

Fig. 7 illustrates the experimental curves extracted for tensile
and compression tests. The values of the main mechanical
properties of the developed composite materials are listed in
Table 3. Through the tensile and compression testing, the
elastic properties of the examined materials were evaluated,
namely elastic modulus, yield stress, and ultimate tensile strength
(UTS), along with the corresponding stress-strain diagrams. From
these results, it was observed that the PE-CNC resins revealed
the highest stiffness and strength compared with all other
examined materials, with PE-CNC-A having a slightly better
overall performance than PE-CNC-B (micro-hardness of 5.87 and
4.95 HV, respectively). On the other hand, the lowest stiffness
and strength were observed for the PE-TiO, resins with limited
plasticity (elongation at break <20 %), probably due to the lower
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Fig. 6

Denture replicas printed from 3D-TiO,-A.
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Tensile (left) and compression (right) stress vs strain of the nanocomposite specimens.

Table 3

Summary of the mechanical properties of the fabricated nanocomposite materials.

Sample Elastic Modulus  Yield Stress  Ultimate Tensile Elongationat Max. Deflection  Flexural Flexural

(MPa) (MPa) Strength (MPa) break (%) Force (N) Modulus (MPa) Strength (MPa)
3D neat 600 £ 50 88+1 169+15 183+25 734+£5 467 £ 50 335+2
3D-CNC-A 1520 £ 85 203+15 245+15 10.2+2 98.6 +7 623 £70 462 +3
3D-CNC-B 1350 + 80 175+15 213+15 165+ 1.5 86.7+t7 535+ 50 406+3
3D-GNP 860 + 50 9441 134+£15 134+15 529+3 326 + 30 248+2
3D-MMT-A 514+ 50 7241 15+1.5 288+3 286+2 187 £ 15 134+1
3D-MMT-B 590 £ 50 78+£1 155+1.5 284+ 1.5 406+3 229+ 15 174 +1
3D-TiOz-A 450 + 50 45+05 10.2+1 165+2 10.1+0.5 63+10 48+ 0.5
3D-TiOy-B 300 + 50 32+05 99+1 20.1£25 10.6 £ 0.5 66+ 10 5£0.5

conversion of the C=C double bonds compared with the materials
containing the CNC nanoparticles.

Furthermore, MMT had a positive effect on the elongation
compared to the neat resin, reaching an elongation of 28 %
with UTS 15 MPa, compared to 18 % and 17 MPa for the neat
resin. Neat PE showed a soft polymer behavior, and the insertion
of CNC improved its mechanical behavior, reaching similar
stiffness behavior which is usually observed with thermoplastic
3D-printed polyamide 12 (PA12) [39]. This can potentially be

explained by the increased interactions between the polymer
matrix and this nanofiller, due to the plethora of -OH groups, as
previously reported for epoxy-based systems [9]. The mechanical
performances of the materials are visible in the stress-strain
diagrams (Fig. 7), where typical curves for thermoset materials
were obtained for the majority of the materials, with the exception
of the PE-CNC resins where a softening effect could be observed.
Regarding the flexural properties, similar behaviors were observed
with the elastic properties for all examined composite materials.
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Table 4

Summary of nanoindentation, DMA and TGA results.

Sample Microhardness tan § (°C) E’ @25 °C (MPa) Tso, Tmax
(HV) (°C) (°Q)
3D neat 243+0.3 69 250 + 40 320 403
3D-CNC-A 587 +0.5 73 260 + 20 329.3 402
3D-CNC-B 495+ 0.5 67 240 £+ 20 326.7 403.2
3D-GNP 242403 61 200+ 10 3173 402.7
3D-MMT-A 227403 58 185+5 3227 403
3D-MMT-B 232403 53 150+ 10 3123 408.2
3D-TiOz-A 232+0.1 67 210+ 30 287.5 403.2
3D-TiO,-B 228 +0.1 68 260 + 30 268 402.5

Finally, through the nanoindentation tests, the values of
elastic modulus were verified and the micro-hardness of each
developed resin was evaluated. Regarding the micro-hardness of
the examined materials, the extracted results were consistent
with nanocomposite thermosets according to the Granta CES
material library (EDU pack 2012), both in graphical form and
in the micro-hardness values, as it is presented in Fig. S6 and
Table 4, respectively. Moreover, the differences in the micro-
hardness values were negligible with the only exception, the PE-
CNC materials which revealed sufficiently higher micro-hardness,
supporting the results obtained from the tensile measurements.
Nevertheless, it must be noted that the obtained value was lower
in the case of the material with the higher CNC concentration,
suggesting that there is a balance point to be reached, between
the reinforcing effect of the fillers and the lowering of the C=C
conversion, to extract the maximum mechanical performance out
of these materials.

DMA

The thermomechanical behavior of the fabricated specimens
was also assessed via DMA measurements and the results are
presented in Fig. 8. The glass transition temperature of the
samples was in the range of 53-73 °C. Materials containing
montmorillonite recorded the lowest values, in accordance with
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Fig. 8
DMA results of the 3D printed materials.

the photo DSC measurements where the lowest C=C conversion
was recorded. As it was observed in previous studies, [30]
the double bond density and the conversion are the primary
parameters that influence the mechanical behavior of the 3D
printed materials. The absorption of UV-light by the fillers during
the manufacturing stage inhibits the polymerization and therefore
limits the mechanical performance of the materials. This is
supported by the fact that the materials containing nanocellulose
demonstrated the highest values of elastic modulus and glass
transition temperature, similar or slightly better compared to the
pristine material. Those materials were also found to be the most
reactive ones among the nanofiller-containing formulations in
the photo DSC experiments. GNP-containing material recorded
slightly higher T; and E’ Modulus values compared to the MMT-
containing materials but given that its filler content was five times
lower it is probable that with equal filler content, its mechanical
properties would be inferior to the MMT materials. Finally, the
TiO, materials, despite the lower C=C conversion record similar
mechanical properties with the pristine and the CNC-containing
materials. The results are summarized in Table 4.

TGA
The thermal stability of the samples was also investigated by
means of TGA measurements. The results are presented in Fig. 9

—— 3D neat
0,8+ ———3D-CNC-A
——3D-CNC-B
—— 3D GNP
—— 3D-MMT-A

0,7
—— 3D-MMT-B

0.6 ——3D-TiOA

0,5
§ 0,4 -
0,3
0,2

0,1+

0,0
T T T T T 1
0 20 40 60 80 100 120

Temperature [°C]

10



Giant, 18, 2024, 100275

100

80

60

Mass [%]

—— PE neat
—— PE-CNC-A
—— PE-CNC-B
—— PE-GNP

—— PE-MMT-A
—— PE-MMT-B
204 —— PE-TIO,-A
—— PE-TiO,-B

T

40

T T T
100 200 300 400 500 600 700
Temperature [°C]

Fig. 9

TGA results of the nanocomposite materials.

and the main values are summarized in Table 4. Following the
trend that was already set from the assessment of reactivity
towards UV-light, materials containing high concentrations of the
filler (materials type B, 1 wt%) displayed lower thermal stability
than the materials with low concentrations of the filler (type A,
0.5 %). This behavior is connected to the higher C=C conversions
that were recorded for the materials of low filler concentration. In
fact, the C=C conversions were found to be the key parameter
that influenced the thermal stability of the nanocomposite
materials. Indeed, nanocomposites containing CNC that were
transparent and highly reactive had improved Tq s o, compared to
the pristine material. On the other hand, the materials containing
TiO, were found to be the least thermally stable, as the TiO,
particles hindered light penetration. Nevertheless, all materials
exhibited Tgys9, above 250 °C, which is adequate for common
applications.

Conclusions

The study presented herein focused on examining the impact
of nanofillers on the properties of 3D printed materials derived
from itaconic acid. This investigation was approached through
the in-situ synthesis of a series of nanocomposite polyesters,
incorporating fillers with varying geometries and chemistries.
While the physicochemical properties of the polyesters remained
unaffected by the inclusions, the reactivity of the formulations
underwent significant changes based on the filler type,
concentration, and the formulations’ transparency. Notably,
nanocellulose emerged as the most effective reinforcing agent
as a result of the increased interactions due to the free -OH
groups, while graphene substantially reduced formulation
reactivity, limiting its application to very low concentrations.
The dispersion of the fillers in the matrix was adequate but could
be improved, potentially by surface modification of the fillers,
in order to achieve more homogenous materials. Finally, the
evaluation of the thermomechanical properties of the 3D-printed
materials revealed that reactivity towards UV-light and C=C
conversion were the primary factors influencing their mechanical

0,00
-0,02
0,04
8 0,06
=
O 008
©
—— 3D neat
-0,10 4 ——3Dp-CNC-A
—— 3D-CNC-B
—— 3D-GNP
0124 3p-MmT-A
—— 3D-MMT-B
0,14~ 3DTOA

—— 3D-TiO,-B
T T T T T T
100 200 300 400 500 600 700
Temperature [°C]

performance. The bio-based nanocomposites were successfully
3D printed by DLP, achieving good result in terms of accuracy
demonstrating the feasibility as greener substitutes to fossil-based
resins for several applications.
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