ROYAL SOCIETY

Polymer e
“OF CHEMISTRY

Chemistry

View Article Online

View Journal

3D printing with biobased epoxidized formulations
based on vegetable oils with dynamic polymer
network properties

‘ '.) Check for updates

Cite this: DOI: 10.1039/d5py01069a

Matilde Porcarello,*? Ettore Greco,? Alberto Cellai,® Rafael Turra Alarcon,?
Elizabeth Rossegger® and Marco Sangermano (2 @

In this work, we developed and characterized bio-based formulations derived from functionalized vege-
table oils, aiming to create sustainable resins suitable for 3D printing with dynamic polymer network
(DPN) properties. Epoxidized castor oil (ECO), known for its inherent DPN behaviour due to the presence
of hydroxyl groups enabling transesterification, was used as the primary component. However, its high
viscosity at room temperature limits its printability. To address this, epoxidized soybean oil (ESO), a less
viscous and equally bio-based alternative, was blended with ECO in varying weight ratios: 100% ECO,
100% ESO, ECO-ESO 70-30, and ECO-ESO 50-50. UV-curing characterization of the prepared formu-
lations was performed through FTIR and photo-DSC. Their thermal and mechanical properties were
investigated through DMTA and tensile tests, while rheological analyses were conducted to assess their
printability. DPN behaviour was evaluated via stress relaxation tests in the presence of a bio-based trans-
esterification catalyst, eugenol-based phosphate ester (EUGP). Among the blends, the ECO-ESO 70-30

Received 12th November 2025, formulation retained good DPN dynamics, while in the 50-50 blend, this feature decreased due to the
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lack of hydroxyl groups in ESO. The DPN systems demonstrated successful 3D printability and were
proven to be thermally reprocessable. This work highlights the potential of renewable, plant-oil-based
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Introduction

Environmental issues related to the excessive production and
disposal of fossil-based plastics have created growing aware-
ness and, consequently, a pressing need to transition toward
sustainable, bio-based polymer systems. However, the global
plastics industry remains largely dependent on petroleum-
derived resources, which significantly contribute to green-
house gas emissions and environmental pollution. Recent ana-
lyses have shown that plastics production accounts for approxi-
mately 4-6% of global oil consumption and around 3.8% of
annual greenhouse gas emissions, and this share is expected
to increase by 2050 if current trends continue.'™

In this context, the development of renewable and degrad-
able polymeric materials plays a central role in reducing
carbon footprints and promoting a circular materials
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materials in advancing circular and sustainable additive manufacturing technologies.

economy.>*”® Research in this field has identified several
promising renewable feedstocks, such as lignin,® chitosan,
especially for hydrogel production,” or bio-derived organic
acids, such as itaconic acid.® However, vegetable oils (VOs) rep-
resent one of the most versatile and abundant categories of
renewable raw materials. VOs are highly attractive for polymer
synthesis due to their availability, chemical versatility, and
molecular structures rich in unsaturated fatty acids, which can
be easily functionalized through epoxidation, acrylation, or
transesterification reactions.>®'° Furthermore, their large-
scale production capacity and chemical diversity (e.g., soybean,
castor, linseed, and sunflower oils) enable scalable routes
toward high-performance bio-based materials.""'> Among
vegetable-oil-based derivatives, epoxidized vegetable oils
(EVOs)—particularly epoxidized soybean oil (ESO) and epoxi-
dized castor oil (ECO)—have gained increasing attention as
renewable epoxy monomers.">"'® After epoxidation, the oxirane
rings in these oils can undergo cationic photopolymerization
under UV light in the presence of photoinitiators such as iodo-
nium or sulfonium salts, forming crosslinked networks with
tunable mechanical properties.””'® In some cases, a photosen-
sitizer is added to improve reactivity or increase photo-
polymerization rates under UV or visible light.'® These systems
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have been widely used in coatings and adhesives, and more
recently, have been explored as photocurable formulations in
additive manufacturing.>>*! However, two major challenges
remain. The first relates to the absorption spectra of common
cationic photoinitiators, which often do not match the emis-
sion wavelengths of 3D printer light sources. The second is the
high viscosity of epoxy monomers, which hinders their proces-
sability. Currently, pure epoxy monomers can be processed
using hot lithography 3D printers, a form of vat photo-
polymerization that employs UV curing while maintaining
elevated temperatures to reduce viscosity and enhance
curing." Nevertheless, Alarcon et al. recently demonstrated
room-temperature 3D printing of epoxidized monomers using
a commercial masked-SLA 3D printer (405 nm) by employing
isopropyl-9H-thioxanthen-9-one (ITX) and curcumin as photo-
sensitizers.””> Another major limitation of conventional epoxy
thermosets lies in their irreversible covalent crosslinking,
which, while providing excellent mechanical and chemical
stability, prevents recycling and reprocessing.”’** To address
this issue, recent research has focused on introducing
dynamic covalent chemistries—such as transesterification,
transamination, disulfide exchange, and imine exchange—into
epoxy networks, leading to the formation of dynamic polymer
networks (DPNs).**®® These materials maintain permanent
covalent crosslinks, yet under external stimuli (e.g, heat), they
exhibit reversible bond exchange. Among the various mecha-
nisms, transesterification is one of the most versatile and
efficient mechanisms. Upon thermal activation, ester linkages
can undergo exchange with hydroxyl groups via nucleophilic
acyl substitution, allowing network rearrangement without
depolymerization. This process enables DPNs to combine the
robust mechanical properties of thermosets with the recycl-
ability and reprocessability of thermoplastics.’®*??° Within
this framework, the present work aims to develop bio-based
photocurable formulations from epoxidized castor oil (ECO)
and epoxidized soybean oil (ESO) for room-temperature 3D
printing. ESO was used as a reactive diluent to reduce the vis-
cosity of ECO and ensure printability. Their reactivity was
studied using isopropyl-9H-thioxanthen-9-one (ITX) as a photo-
sensitizer and a cationic photoinitiator to enhance curing
efficiency. Furthermore, the introduction of a bio-based trans-
esterification catalyst (EUGP) enabled the development of
dynamic polymer networks, whose stress relaxation and
thermal reprocessability were systematically investigated.

Experimental
Materials

Epoxidized castor oil (ECO) was purchased from Specific
Polymers (Castries, France). Epoxidized soybean oil (ESO) was
obtained from HOBUM Oleochemicals GmbH (Hamburg,
Germany). The photosensitizer isopropyl-9H-thioxanthen-9-
one-ITX (mixture of 2- and 4-isomers, 97%) and ethanol were
purchased from Sigma-Aldrich. The photoinitiator 4-isopropyl-
4’-methyldiphenyliodonium tetrakis( pentafluorophenyl)borate
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- Rhodorsil 2074 (98%) - was obtained from Rhodia. Eugenol
phosphate (EUGP) was synthesized on purpose as previously
reported®’ and was kindly provided by Polymer Competence
Center Leoben GmbH - PCCL. The structures of the main com-
ponents used in this work are illustrated in Fig. 1.

Design of formulations

In this work, formulations containing different wt% of ECO
and ESO epoxy monomers were prepared. The first formu-
lation investigated was the one with pristine ECO. Then, to
lower the viscosity of this monomer, 30 and 50 wt% of ESO
were added, producing ECO-ESO 70-30 and ECO-ESO 50-50
formulations, respectively. The last formulation was prepared
with pristine ESO. In each formulation, 2 phr (parts per
hundred resin) of photoinitiator and 1 phr of ITX were added
(Table 1) and sonicated for 20 minutes at 40 °C. Additionally,
to study the vitrimeric properties of the prepared samples
(stress relaxation and 3D printing), 15 phr of the transesterifi-
cation catalyst EUGP was added to each formulation.

Characterization methods

Photopolymerization process. Fourier Transform Infrared
Spectroscopy (FT-IR) was employed to monitor the cross-
linking process using a Thermo Scientific Nicolet iS50 spectro-
meter (Thermo Fisher Scientific, Norwalk, CT, USA). Liquid
formulations were applied onto a SiC substrate, forming a
12 pm-thick layer, and were irradiated with a LightCuring LC8
(Hamamatsu Photonics; a broad-spectrum UV lamp centered
at 365 nm) at 1% of the total intensity. Spectra were collected
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Fig. 1 Structures of the monomers, photoinitiator, photosensitizer and
transesterification catalyst.

Table 1 Components for each formulation

Formulation ECO (%) ESO (%) PI (phr) ITX (phr)
ECO-ESO 100-0 100 — 2 1
ECO-ESO 70-30 70 30

ECO-ESO 50-50 50 50

ECO-ESO 0-100 — 100

This journal is © The Royal Society of Chemistry 2026
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at a resolution of 4 cm™', and data analysis was performed
using OMNIC software (Thermo Fisher Scientific). The photo-
curing process was followed by observing the reduction of the
epoxy group absorption band at 810 cm ™", while the peak cen-
tered at 2855 cm™ ', attributed to the stretching of the C-H
group and considered stable during the reaction, was used as
an internal reference. Monomer conversion as a function of
exposure time was calculated according to eqn (1).

(Afun N Afun

Avref —0 Aref
=~ — 21t 100 1
Afun ( )
Avref =0

Conversion (%) =

where Agy, is the area of the functional group, in this case, the
epoxy group at 810 cm™", while A, is the area of the reference
group at 2855 cm™ . The spectra were collected after different
exposure times.

Photo-differential scanning calorimetry (photo-DSC) was
also performed on the same formulations to confirm the
results obtained with FT-IR. The analysis was performed with
a Metler Toledo DSC-1 instrument equipped with a Gas
Controller GC100. This test was performed to evaluate the rate
and the heat released during the cross-linking process. For
each test, 5-15 mg of liquid resin were placed in an aluminium
crucible with a volume of 40 pL, while an empty crucible was
used as a reference. The analysis was conducted at room temp-
erature (25 °C), under a Nj-controlled atmosphere (40 ml
min~'), and for the irradiation of the samples, a Hamamatsu
LC8 mercury lamp was used (Hamamatsu Photonics; a broad-
spectrum UV lamp centered at 365 nm) at 10% of the intensity.
The samples were subjected to a two-step cycle, each of them
characterized by 2 minutes with the lamp switched off fol-
lowed by 3 minutes of irradiation. The second run was per-
formed to create the baseline and to complete the curing
process. During data analysis, the second curve was subtracted
from the first one to obtain a single curve related to the photo-
polymerization process of the sample.

It is possible to evaluate the polymerization rate using eqn
(2),>* assuming that the heat released by the samples during
the analyses originates solely from the photo-crosslinking

process.
Ry = (H (2)
P AHye \ dt ),

where R, is the polymerization rate [s™'], AH,q is the enthalpy
released by complete crosslinking of the sample [J g'], calcu-
lated using eqn (3),>* and dH/d¢ is the heat flow measured
under isothermal conditions (25 °C) [J g~ s '].

1
AHtot:n'f'Hep'm (3)

where n is the number of epoxy rings per mole of monomer, f
is the fraction of epoxy rings that react to form the polymer
network rather than participating in other reactions (in this
work, f = 1), H, is the theoretical enthalpy for the opening of
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one mole of epoxy rings [J] (= =74 000 ] mol ™" [ref. 16]), and
PM is the molecular weight of the monomer [g mol™'] (calcu-
lated to be approximately 975 ¢ mol™* for ECO and approxi-
mately 950 g mol ™" for ESO).

By integrating eqn (2), it is possible to obtain an estimate of
the conversion percentage (C), according to eqn (4).**

—
AHtOt Jo dt T

For both analyses, the measurements were performed three
times for each sample.

Thermo-mechanical characterization. Viscoelastic properties
were investigated using a Triton Technology instrument model
Tritec 2000 in tension mode. Measurements were carried out
under uniaxial stress with a frequency of 1 Hz. The starting
temperature of —60 °C was achieved using liquid nitrogen.
Then the sample was heated at a rate of 3 °C min~" until the
rubbery plateau was reached. This kind of analysis was used to
determine the glass transition temperature, which corresponds
to the peak of the tan § vs. temperature curve. DMTA was also
carried out to calculate the crosslink density (v.) using eqn (5):

(4)

J— E,
" 3RT

Ve (5)
where v, is the number of crosslinks per unit volume of the
crosslinked network, E’ is the storage modulus in the rubbery
plateau registered at temperature T = T, + 50 °C, expressed in
Kelvin, and R is the gas constant. The samples used in this
analysis were prepared by casting the formulations in a mold
(average dimensions: 0.5 x 3.5 x 13 mm), and then they were
cured using a DYMAX ECE Flood lamp (Dymax Europe GmbH)
at a light intensity of 130 mW cm™ for 60 s.

Printability tests. Rheological measurements were per-
formed to establish the printability of the prepared formu-
lations with an MCR 302e rheometer from Anton Paar (Graz,
Austria), using a parallel-plate geometry (25 mm diameter of
the plates). For viscosity tests, the separation gap between the
plates was 0.3 mm, and the shear frequency was kept constant
at 1 Hz. With this analysis, viscosity values were estimated in a
range of shear rates between 0.1 and 1000 s™'. Then, the
obtained viscosity values were compared to the theoretical
ones for DLP/SLA 3D printing found in the literature, which
are in a range between 0.2-10 Pa s and 5-20 s~ [ref. 13].

In addition, depth-of-cure measurements were also per-
formed to optimize printing parameters. Cure-depth measure-
ments were performed directly on the vat of the printer
(Phrozen Sonic Mighty 4 K, 405 nm) without the platform. A
certain quantity of slurry was deposited at the centre of the
vat, and it was exposed to different irradiation times.
Subsequently, the cured samples (square shaped 25 x
25 mm ™) were removed from the vat and washed several times
with isopropanol and a brush was used to remove the uncured
slurry. Then, the thickness of the samples was measured using
a micrometer. Three measurements were taken at different
locations on the sample to assess whether the thickness was
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uniform. The thickness measured corresponds to the cure
depth (C4), which is correlated with other essential parameters
through eqn (6):

E
Cq =DpIn— 6
d P E (6)
where Cq is the cure depth measured with a micrometer at a
given exposure E, D, is the depth of penetration of the resin,
and E. is the critical energy required to obtain gelation. E is
determined by using eqn (7):

E=Ixt (7)

where I is the intensity of the light source, which was
measured and equal to 1.9 mW cm™2 (assumed as constant),
and ¢ is the exposure time at which the samples were irra-
diated. Then, cure-depth values were plotted against the
corresponding energy exposure, creating the so-called Jacobs
working curves.

By using the printing parameters calculated from the afore-
mentioned analysis, we were able to 3D print daisy-shaped
objects (10 mm x 10 mm x 2 mm). Each sample was washed in
ethanol in an ultrasound bath for 5 minutes and then post-
cured for 3 minutes by using a UV lamp (Phrozen Sonic
Mighty, 405 nm).

Investigation of dynamic polymer network properties.
Thermogravimetric analysis (TGA) was conducted to establish
the range of temperature for stress relaxation measurements
and to avoid the degradation of the material. The instrument
used for the analysis was a Mettler Toledo TGA/SDTA 851e™,
The tests were carried out by heating the samples in air from
30 °C to 550 °C at a linear heating rate of 10 °C min™".

Stress-relaxation tests were performed on the UV-cured
samples using an Anton Paar MCR 302e rheometer. Discs with
an average diameter of 25 mm and a thickness of about 1 mm
were used. Each specimen was preloaded under a normal force
of 1 N for 15 minutes at the selected temperature to ensure
proper contact and thermal equilibration. A constant strain of
3% was then applied, and the decay of the relaxation modulus
over time was recorded. Measurements were carried out at 150,
160, 170, and 180 °C.

The relaxation modulus, G(t), was normalized with respect
to its initial value, G(¢,). The characteristic relaxation time of
the dynamic polymer network was defined as the time
required for the normalized modulus to drop to 1/e (~%37%) of
its initial value, assuming an exponential decay behaviour
described using eqn (8):*

G(t) = Gye ™+ (8)

where 7 is the relaxation time [s]. The activation energy was

determined by extrapolating the Arrhenius plot, as per eqn
(9
1000
ln(r) = ln(‘l,'o) +E3W (9)
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where E, is the activation energy [J] mol™"], R is the universal
gas constant [J mol ™" K™'], T'is the temperature [K], and 7, is a
pre-exponential factor. By plotting In(z) vs. 1000/7, it is poss-
ible to calculate E, using eqn (10), considering the slope of the
curve (a):*

E, = a x 1000 X R (10)

Thermal reprocessing. Thermal reprocessing was performed
to demonstrate the recyclability of these materials. Tests were
performed on stress relaxation samples (with the transesterifi-
cation catalyst inside) that were ground into fine pieces and
placed in a dog-bone-shaped silicone mold. The mold was
placed between two metal plates with a weight of 10 kg on top
to apply the pressure necessary for the healing process. This
system was positioned inside an oven at 150 °C for 3 hours. A
similar mechanism was adopted to demonstrate the healing
process on a printed sample. A flower measuring 10 x 10 mm
with a thickness of 0.5 mm was printed with formulation
ECO-ESO 70-30 with the catalyst that was cut in half with a
blade. Then, the two halves were placed on a heated plate at
150 °C for 4 hours between two metal plates and a small
weight on top.

Results and discussion
UV curing process and thermo-mechanical characterization

Photocurable formulations were initially characterized by
FT-IR analysis, where the spectra were recorded at different
irradiation times up to 180 seconds. As an example, in Fig. 2,
the ECO-ESO 50-50 FTIR formulation is reported before and
during irradiation.

Conversion and photopolymerization rates for all the inves-
tigated epoxy formulations are presented in Fig. 3. In Table 2,
average conversion values with standard deviation and
maximum polymerization rate values are shown.

From the data reported in Table 2 and in Fig. 3, it is poss-
ible to observe the epoxy group conversion enhancement upon
increasing the weight percentage of ESO in the photocurable
formulation. This can be explained by a reduction in viscosity
of the formulation when ESO is added. This can lead to a
higher mobility of the polymeric chains that can interact more
easily with the carbocationic growing chain during the curing
process. Regarding the rate of polymerization, it is possible to
note that the rate is higher in the formulations containing
ESO until 10 s of irradiation. Then, all the curves are over-
lapped, probably due to an increase in viscosity during the
photopolymerization process, lowering the mobility of the
chains.

To confirm this trend, photo-DSC measurements were also
performed and are shown in Fig. 4. These measurements
allowed the determination of the polymerization peak time
under UV light, the experimental enthalpy of the reaction, and
the rate of polymerization.

In Table 3, the mean values and the corresponding stan-
dard deviations are reported, obtained by analyzing the results

This journal is © The Royal Society of Chemistry 2026
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Fig. 2 FT-IR spectra of one representative formulation before and after UV irradiation with a magnification of the decreasing peak of epoxy groups.
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Fig. 3 Conversion curves (a) and rate of polymerization (b) curves for ECO—-ESO formulations.

Table 2 Average conversion values with standard deviation and
maximum polymerization rate values obtained from FT-IR analysis

Formulation Conversion (%) Maximum of R, (s7")

ECO-ESO 100-0 60+1 0.026 + 0.006
ECO-ESO 70-30 65+1 0.033 + 0.006
ECO-ESO 50-50 72+ 4 0.029 + 0.005
ECO-ESO 0-100 81+2 0.050 + 0.007

the
maximum of the curves (hpea), the time to reach the

of the three measurements for each formulation,

maximum peak (fpca), and the enthalpy, calculated as the inte-
gral of the curves.

From the data reported in the previous table, it is found
that the mixed formulations 70-30 and 50-50, with enthalpy
values of 150 + 9 and 139 + 3 J g~ ', respectively, released
greater amounts of heat during photocuring compared to the
other formulations. For all formulations, the maximum peak

This journal is © The Royal Society of Chemistry 2026

was reached after approximately 8 s, indicating a rapid photo-
polymerization reaction. In addition, by using eqn (4), it was
possible to calculate the conversion by considering 74 k]
mol ™" (ref. 16) as the theoretical enthalpy of reaction for epoxy
groups. As can be observed from the conversion values, the
overall trend is consistent with the FT-IR data, although the
values are lower than those calculated from FT-IR. This differ-
ence can be attributed to the distinct sample thicknesses used
in the two analyses. In FT-IR, the samples consist of ~12 um-
thick films, whereas in photo-DSC the samples are observed to
be droplets of the formulation with a considerably greater
thickness. Regarding the polymerization rate, a trend almost
identical to the one observed in the FT-IR analysis was found.
The maximum peak is detected by both techniques between 5
and 10 seconds, although at slightly different values. Overall,
the findings from FT-IR and photo-DSC analyses are in agree-
ment with each other.

Visco-elastic properties were investigated by means of
DMTA on UV-cured films. T, values were evaluated as the peak
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Fig. 4 Heat-flow vs. time curves from photo-DSC analysis (a) and rate of polymerization vs. time curves (b).

Table 3 Photo-DSC results regarding heat-flow vs. time curves, conversion calculated from this analysis and rate of polymerization

Formulation Bpea (W g™1) tpeak (S) Enthalpy (J ™) Photo-DSC conversion (%) Maximum rate of polymerization (s™")
ECO-ESO 100-0 2.6 +0.9 8.0£0.6 90 + 10 41+ 4 0.028 + 0.006
ECO-ESO 70-30 3.7£0.4 7.3+0.6 150+ 9 65+3 0.031 + 0.002
ECO-ESO 50-50 3.4+0.1 7.7 0.6 139+3 61+1 0.030 + 0.001
ECO-ESO 0-100 2.8+0.1 8.3 +0.6 97 +2 64 +1 0.043 + 0.001
Y b)
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Fig. 5 Tan 6 vs. temperature curves (a) and storage modulus vs. temperature curves (b) for all UV-cured formulations.

Table 4 Results of DMTA analysis and crosslink density values

Formulation T, (°C) Modulus (MPa) vc (mol L)
ECO-ESO 100-0 35+2 11.6 1.30
ECO-ESO 70-30 25+2 12.7 1.46
ECO-ESO 50-50 23+1 3.3 0.39
ECO-ESO 0-100 22+1 0.8 0.09

of the tané vs. temperature curve. DMTA curves for all the
investigated UV-cured formulations are reported in Fig. 5.

In addition, crosslink density values were calculated with
the data obtained from the DMTA exploiting eqn (5) reported

Polym. Chem.

in the Materials and Methods section. The results are shown
in Table 4.

As shown by the data reported in Table 4, the addition of
ESO led to a reduction of the crosslink density and, conse-
quently, to a reduction in the glass transition temperature of
the photocured materials due to the increased mobility of the
macromolecular chains. Another factor involved in this effect
is the chemical nature of the monomers: higher amounts of
ECO are associated with a greater number of hydroxyl groups,
which, being capable of forming hydrogen bonds, result in an
increase in both the T, and cross-link density (v.) while still
affecting the mobility of the polymer chains.

This journal is © The Royal Society of Chemistry 2026
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Fig. 6 Rheological behaviour with the green box representing the printability range for DLP/SLA 3D printing*? (a) and working curves obtained with

a 3D printer (b) of ECO-ESO formulations.

Determination of printing parameters

Rheological measurements at room temperature were per-
formed to determine the viscosity of the prepared formu-
lations to establish their printability. Viscosity vs. shear rate
curves are reported in Fig. 6.

By examining the trend of the curves in Fig. 6, the rheologi-
cal behaviour of the formulations containing ESO can be
classified as Newtonian, since the viscosity remains constant
over the range of applied shear stresses. In the 70-30 and
50-50 formulations, the presence of ESO acts as a plasticizing
agent. These formulations also fall within the viscosity range
reported in the literature as suitable for the DLP/SLA printing
process, which is 0.2-10 Pa s for viscosity and 5-20 s~ for
shear rate."® Conversely, the formulation containing only ECO
is not suitable for printing under these shear rate and temp-
erature conditions. Indeed, its rheological behaviour is outside
the printability range. For this reason, this formulation was
not considered in the evaluation of the cure depth, which was
directly performed with the 3D printer. Results of this analysis
are shown in Fig. 6b. The critical energy needed to cure the
resin at its gel point can be found at the intercept of the inter-
polating lines with the x-axis. The corresponding time can be
found by solving eqn (7), and it was also possible to determine
the amount of time necessary to obtain a 50 pm-thick layer
(¢50), which was the decided layer thickness for the printing
process. All these results are provided in Table 5.

From this analysis, it is possible to notice that as the
content of ESO was increased, the formulations required
longer UV irradiation times to achieve higher thickness.

Table 5 Cure depth measurement main results

10 mm ; 5

ECO-ESO 50-50 ECO-ESO 0-100

Fig. 7 Images of the CAD file of the daisy (a) and images of the 3D
printed daisy with the prepared formulations: 70-30 (b), 50-50 (c), and
0-100 (d).

Higher quantities of ECO led to a faster formation of the cross-
linked film that can be attributed to stronger intermolecular
interactions because of the presence of hydroxyl groups
involved in hydrogen bonding. This was also highlighted by
the determination of the printing time. In fact, the formu-

Irr. time for normal layers (s) Irr. time for bottom layers (s)

Formulation Ec (mJ cm™) & (s) ts0 (8)
ECO-ESO 70-30 200.5 67 73
ECO-ESO 50-50 213.1 71 77
ECO-ESO 0-100 240.9 80 88

This journal is © The Royal Society of Chemistry 2026
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lations that showed longer irradiation times are the ones con-
taining higher quantities of ESO. The t5, values were used as a
starting point to determine the irradiation time during the
printing process. Indeed, to ensure also cross-polymerization

a)

Mass loss (%)

100 4=

View Article Online
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on the z-axis between two following layers, we added around
10 s to each t5y, as shown in Table 5. For the first five bottom
layers, the irradiation time was increased to enhance their
attachment to the building platform. With these parameters, it
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Fig. 8 TGA curves for samples prepared with ECO-ESO formulations with calculation of the first derivative represented by the dotted line (a) and
stress relaxation curves for ECO-ESO 50-50 (b) ECO-ESO 70-30 (c) and ECO-ESO 100-0 (d) tested at different temperatures.
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was possible to 3D print daisy-shaped objects that are shown
in Fig. 7. As observed from Fig. 7, it was possible to print suc-
cessfully with all the selected formulations. Overcuring is
visible only in the bottom layers due to the increase in
irradiation time to enhance the attachment to the platform.
Overall, the 3D printing with these epoxy biobased formu-
lations can be considered successful.

Evaluation of dynamic polymer network properties

TGA measurements were performed on UV-cured materials to
establish the thermal stability of the samples prepared with
the designed formulations. Results are shown in Fig. 8a. As
indicated in the TGA analysis, all the formulations showed the
start of the degradation process between 180 °C and 200 °C,
the temperature at which the weight loss is around 5%. In the
ECO-ESO 100-0 sample, a peak is visible around 150 °C, but it
could be due to the presence of some humidity. Considering
this, the temperatures chosen for the stress relaxation tests
were 150 °C, 160 °C, 170 °C, and 180 °C, since thermal degra-
dation did not occur at these temperatures. Then stress relax-
ation measurements were performed as described in the
Materials and Methods section and are presented in Fig. 8b, c,
and d. As expected for covalent adaptable networks controlled
by associative bond-exchange reactions, all the formulations
showed a gradual acceleration of the relaxation process with
increasing temperature. At 180 °C, the normalized relaxation
modulus of each system reached the 1/e threshold in the short-
est time, confirming the thermally activated nature of the
transesterification promoted by the biobased phosphate
catalyst.

The characteristic relaxation times (z) obtained from each
curve were used to construct Arrhenius plots for the cross-
linked systems (Fig. 9). In every case, the plots followed a
linear trend with R* > 0.97, in line with Arrhenius-type kine-
tics. Increasing the ECO fraction relative to ESO clearly
enhanced the rate of the dynamic exchange process. This
behaviour is mainly related to the higher amount of hydroxyl
(-OH) groups generated during both curing and exchange

R?=0.98
E,= 99.8 KJ/mol

—~6.0] |

€ 581
5.6 100-0
5.4 70-30
5.2 = 50-50
50 Linear Fit 100-0
4.8 J/mo Linear Fit 70-30
46 —— Linear Fit 50-50

220 2.22 224 2.26 2.28 2.30 2.32 2.34 2.36 2.38
1000/T (K™

Fig. 9 Linear fitting curves calculated using the Arrhenius equation and
activation energies for ECO—ESO samples.
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reactions of epoxidized castor oil. Owing to the coexistence
of epoxy and ester groups, ECO forms secondary hydroxyls
upon ring opening in the presence of the phosphate catalyst;
these hydroxyls then act as nucleophiles in the transesterifi-
cation mechanism responsible for network rearrangement.
ESO, on the other hand, contains fewer reactive functional-
ities and a more aliphatic backbone, leading to a lower
hydroxyl concentration after curing. As a result, ECO-rich
systems possess a higher density of active sites for transester-
ification and therefore relax stress faster at a given
temperature.

From the Arrhenius analysis, the apparent activation ener-
gies (E,) were calculated to be 99.8 k] mol™, 93.4 k] mol™",
and 73.4 k] mol™ for the ECO-ESO 50-50, 70-30, and 100-0
formulations, respectively. The progressive decrease in E, with
increasing ECO content confirms that the exchange reaction
becomes more kinetically accessible as the hydroxyl density
rises. The faster relaxation of the ECO-rich samples is therefore
consistent with their greater availability of nucleophilic sites,
which facilitates bond exchange within the network. To assess
whether exchange could also occur in the absence of a catalyst,
additional stress-relaxation experiments were performed at
180 °C on samples prepared without EUGP. These specimens
still showed a partial decay of the relaxation modulus, demon-
strating that limited rearrangement can take place even
without the phosphate catalyst. However, the relaxation was
much slower, confirming that efficient bond exchange is
mainly driven by the EUGP-catalysed transesterification. The
residual relaxation observed at high temperature is likely due
to slow p-hydroxy-ester exchange reactions promoted by the
hydroxyl groups formed during curing,** together with minor
contributions from residual acid/base impurities and physical
viscoelastic flow. These findings highlight the essential role of
the biobased phosphate catalyst in enabling rapid and ther-
mally activated bond-exchange dynamics in the vitrimeric
network.

Since the samples containing ECO showed dynamic
polymer network properties, we performed thermal reproces-
sing on stress relaxation disks to demonstrate their self-
healing capabilities. The samples were ground into fine
pieces and placed inside a dog-bone-shaped silicone mold.
Then, to ensure bonding between the pieces, the mold was
placed between two metal plates, and a 10 kg weight was
added on top. The described system was then placed inside
an oven at 150 °C for 3 hours. A schematic representation of
the process is illustrated in Fig. 10. As can be seen from
Fig. 10, the reprocessed sample prepared with the UV-cured
formulation ECO-ESO 70-30 showed self-healing ability. The
same process was also successfully conducted on the sample
prepared with the crosslinked formulation ECO-ESO 50-50,
but at 160 °C.

A similar treatment was conducted on a printed daisy. The
object was printed with the transesterification catalyst EUGP.
The daisy was then cut in half with a blade and then was
placed on a heated plate for 4 hours at 150 °C. To enhance the
contact between the two halves, we positioned them between
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Fig. 10 Schematic of the thermal reprocessing performed on stress
relaxation sample prepared with the ECO-ESO 70-30 formulation.

ECO-ESO 70-30
15 phr EUGP

Fig. 11 Schematic of the self-healing process performed on the 3D-
printed sample with ECO-ESO 70-30 with EUGP.

two metal plates with a cylindrical weight on both sides to add
some pressure, and a small weight was also added on top. For
a better comprehension, the scheme of the system is illus-
trated in Fig. 11. Also in this case, it is possible to observe the
complete recovery of the initial shape. Indeed, the middle cut
is not visible anymore. The same treatment was performed on
the ECO-ESO 50-50 printed sample, but it was not possible to
recover it to the original shape. This can be due to a
lower degree of dynamic polymer network properties as
shown in stress relaxation measurements and to the lower
heating efficiency of the heated plate in comparison with the
oven.

In addition, after all the reprocessing treatments, it was
possible to see a change in the colour of the treated samples.
This could be explained by a slight thermal degradation, as
indicated in other studies where EUGP was used, suggesting
that this catalyst could reduce the thermal stability of ester
groups.?>3°

Polym. Chem.

View Article Online

Polymer Chemistry

Overall, we successfully demonstrated the self-healing capa-
bility of the designed biobased ECO-ESO formulations studied
in this work.

Conclusions

This work successfully demonstrates the development of bio-
based photocurable formulations prepared from epoxidized
castor oil (ECO)—known for its dynamic polymer network pro-
perties—and epoxidized soybean oil (ESO), specifically
designed for digital light processing (DLP) 3D printing at room
temperature. This was achieved through the addition of the
photosensitizer isopropylthioxanthone (ITX) in combination
with the photoinitiator Rhodorsil 2074, which enabled high
epoxy conversion under ambient conditions. FT-IR and photo-
DSC analyses revealed that increasing the ESO content
enhanced the polymerization rate due to the viscosity
reduction imparted by the reactive diluent. DMTA confirmed a
decrease in the glass transition temperature (7,) with higher
ESO content, attributed to greater chain mobility. Rheological
and theoretical printing analyses identified optimal printabil-
ity for the ECO-ESO formulations, whereas the pure ECO resin
exhibited excessive viscosity, placing it outside the printable
range for SLA/DLP systems. Using the printable formulations,
complex daisy-shaped structures were successfully fabricated.
The introduction of the bio-based transesterification catalyst
EUGP imparted dynamic polymer network properties to the
ECO-ESO crosslinked systems, as confirmed by stress-relax-
ation experiments conducted between 150 and 180 °C.
Thermal reprocessing tests further demonstrated their excel-
lent hot-press reprocessability, except for the pure ESO formu-
lation. Moreover, samples based on the ECO-ESO 70-30 com-
position exhibited self-healing capability upon mild heating,
confirming the dynamic bond-exchange nature of the net-
works. Overall, these findings establish a sustainable and
recyclable platform for room-temperature 3D-printable epoxy
vitrimers derived entirely from renewable vegetable oils.
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