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A B S T R A C T

Vat photopolymerization (VPP) 3D printing has gained significant attention for its ability to fabricate complex 
geometries with high resolution and excellent surface finish using relatively low-cost equipment. However, 
developing materials that combine mechanical robustness, geometric fidelity, and recyclability remains chal
lenging. Here, we present a dual-curing vitrimeric acrylate/epoxy system that transitions from a highly 
deformable up to 80 % of strain in the intermediate state (ultimate tensile strength of 0.7 MPa) to a mechanically 
robust final state (ultimate tensile strength of 66 MPa) after thermal treatment. The system also supports effective 
repair via bonding protocols, recovering substantial mechanical integrity, thanks to the transesterification bond 
exchange. In spite of some shortcomings related to the irreversible changes in network structure upon thermal 
cycling, these results demonstrate a promising versatile platform for sustainable, durable, and repairable VPP 
components.

1. Introduction

3D printing with vat photopolymerization (VPP) has gained signifi
cant interest in recent years due to its ability to produce parts with high 
precision, excellent surface finish, and complex geometries [1–4]. These 
features make it especially attractive to industries such as automotive, 
aerospace, education, research, medicine, dentistry, and jewelry, for 
both customized prototype manufacturing and fabrication of functional 
components. In recent years, this technology has evolved into various 
variants such as DLP [5], SLA [6], LCD [7], and CLIP [8], and has also 
led to advanced techniques such as micro-SLA [9] and two-photon ab
sorption polymerization [10], aimed at manufacturing microstructures. 
However, despite these advancements, significant limitations still exist 
in the performance of the materials currently used. Acrylate- and 
methacrylate-based systems stand out for their high reactivity and rapid 
photopolymerization but generate heterogeneous polymer networks 
that result in brittle materials with modest mechanical strengths. In 
addition, they exhibit high volumetric shrinkage during polymerization, 
which can compromise the dimensional stability of the parts and induce 

internal stresses that lead to defects such as cracks or warping, affecting 
interlayer adhesion [11]. On the other hand, epoxy resins, while offering 
excellent mechanical properties and low shrinkage, require cationic 
photoinitiators and slower reactions than radical-based systems, which 
reduces their appeal in terms of processability [12]. Furthermore, their 
higher viscosity may make them more challenging to print compared to 
lower viscosity acrylic formulation [13]. Beyond processability limita
tions, traditional thermosets cannot be easily recycled or repaired, 
posing a barrier to the growing demands for sustainability.

In this context, the development of dynamic covalent polymer net
works, such as vitrimers, opens new opportunities to overcome these 
challenges. Vitrimers allow for the combination of dimensional stability 
and mechanical properties of thermosets with unique capabilities for 
reprocessing, repair, and recycling [14,15]. Several recent studies have 
demonstrated their potential for applications in demanding thermal, 
chemical, and mechanical environments. These dynamic networks, 
activated thermally above the glass transition temperature (Tg) and the 
onset temperature for bond exchange reactions, exhibit a flow associ
ated with the exchange of bonds within the network [16,17]. Stress 

* Corresponding author.
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relaxation dynamics of vitrimers are strongly influenced by network 
structural effects (crosslinking density, Tg) in addition to the intrinsic 
reaction kinetics of the bond exchange process [18–21]. It can be 
generally stated that vitrimer networks with lower Tg show evidence of 
the possibility to undergo relaxation and repair processes at moderate to 
high temperatures [22], thereby minimizing exposure to potential 
thermal degradation. In contrast, networks with higher Tg and cross
linking densities typically require higher temperatures and longer times 
[18] to relax or repair, which may increase the risk of compromising the 
thermal integrity of the network. In these cases, thermal degradation 
could degrade the dynamic groups responsible for reconfiguration, 
limiting the effectiveness of reprocessing. The development and imple
mentation of vitrimer systems adapted to VPP 3D printing technologies 
represents a promising pathway to achieving advanced materials that 
meet technical requirements while offering recycling, repair, and 
reprocessing capabilities.

A number of 3D-printable vitrimeric systems have been reported in 
the literature, showing excellent resolution, low volumetric expansion 
coefficients, intermediate viscosities, and in some cases, high mechani
cal properties [14,23–25]. However, 3D-printed materials with high 
glass transition temperatures (Tg) may require prolonged thermal 
treatments at elevated temperatures in order to promote the bond ex
change reactions and complete relaxation of the materials. Such 
elevated temperatures, typically in the range of 150–200 ◦C [18,26], can 
lead to thermal degradation, or else irreversible network rearrangement 
and loss of volatile components as a consequence of bond exchange 
processes, therefore compromising the ability of the material to be 
further reprocessed [27]. However, these adverse thermal effects and 
their implications for the structural and functional stability of vitrimer 
systems with high Tg have not been widely reported or systematically 
studied in the literature, which represents a relevant limitation for their 
precise characterization and practical application in demanding 
conditions.

This work presents and characterizes a dual system with vitrimer 
capabilities, based on acrylic and epoxy-acid reactions, designed for 
processing by 3D printing via vat photopolymerization (VPP). Such 
combination exploits the excellent reactivity and processability of 
acrylic monomers with the low volumetric shrinkage and outstanding 
mechanical properties of the epoxy resin. The mechanical performance 
of the material in bulk state was investigated by means of tension, direct 
shear and torsion tests, relevant for the structural design of solid com
ponents. The repair capabilities of these materials were studied and 
evaluated by means of adhesive tensile tests. The effect of prolonged 
exposure to high temperatures on the polymer network was investigated 
in order to elucidate the changes in the composition and structure of the 
polymer networks.

2. Materials and experimental part

2.1. Materials

Glycerol 1,3-diglycerolate diacrylate (GLYDA, 348.35 g/mol), eth
yleneglycol phenyl ether methacrylate (FEMA, 206.24 g/mol) used such 
as reactive diluent, 2-hydroxyethyl methacrylate (HEMA, 130.14 g/ 
mol), glutaric anhydride (GLU, 114.10 g/mol) to produce a bonding 
agent between both networks, bis(2,4,6-trimethylbenzoyl)- 
phenylphosphine oxide (BAPO) and zinc acetylacetonate Zn(acac)2 
were purchased from Sigma-Aldrich. Diglycidyl ether of bisphenol A 
(DGEBA, 187 g/eq.) was purchased from PO.INT.ER S.r.l. All products 
were used without further purification except DGEBA, which was dried 
for 2 h under vacuum at 80 ◦C prior to use. The different reagents are 
shown in Scheme 1 (a).

2.2. Preparation of coupling agent GLUHEMA

Preparation of coupling agent GLUHEMA (244.24 g/mol) was car
ried out by stoichiometric esterification of hydroxyl groups of HEMA 
with anhydride groups of GLU, leading to a carboxyl-methacrylate de
rivative, as seen in Scheme 1 (b). The reaction was carried out in bulk at 
80 ◦C for 6 h in magnetic stirring, as reported previously [28].

2.3. Preparation of formulations

The formulations used in this work are summarized in Table 1. FEMA 
was kept at a constant content of 20 wt%, while the amount of GLYDA 
was varied between 1 and 5 wt%. The remaining of the formulation up 
to 100 wt% consisted of GLUHEMA and DGEBA with a stoichiometric 
ratio between carboxyl groups of GLUHEMA and epoxy groups of 
DGEBA. Radical photoinitiator BAPO and epoxy-acid and trans
esterification catalyst Zn(acac)2 were added with fixed proportions of 2 
phr and 5 phr, respectively. The formulations were prepared by first 
mixing the acrylic components GLYDA, FEMA and GLUHEMA, followed 
by the introduction of BAPO and the catalyst for the epoxy-acid reaction 

Scheme 1. (a) Reagents used in this work (b) Reaction for the formation of the coupling agent GLUHEMA.

Table 1 
Composition of the formulations expressed as total weight ratios of the different 
components. BAPO and Zn(acac)2 amounted to 2 and 5 phr, respectively.

Reagents GLUHEMA1_20 (wt 
%)

GLUHEMA2_20 (wt 
%)

GLUHEMA5_20 (wt 
%)

GLYDA 1.00 2.00 5.00
GLUHEMA 44.74 44.17 42.47
FEMA 20.00 20.00 20.00
DGEBA 34.26 33.83 32.53
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and transesterification Zn(acac)2 and vigorous magnetic stirring for 10 
min. DGEBA was finally added and the mixture was homogenized again 
with magnetic stirring, aiming at obtaining formulations with low vis
cosity and high reactivity both in the intermediate state after printing 
and thermal treatment.

2.4. Preparation of materials

For the printing process, an ASIGA MAX-UV 3D printer (Sydney, 
Australia) equipped with a UV light source at 385 nm and an ELEGOO 
Mars 4 DLP (China, Shanghái) with light source of 405 was used. The 
samples were printed with a power of 4.77 mW/cm2, a resolution of 
0.07 mm in the Z direction and an exposure of 6 s for each layer.

The Jacobs working curve of the different formulations was deter
mined in order to optimize the printing conditions: 

Cd = DpLn
(

E
Ec

)

(1) 

Where Cd (μm) refers to the curing depth or thickness of the sample, 
Ec represents the critical energy, and E (mJ⋅cm− 2) denotes the maximum 
energy of the radiation reaching the surface. Dp (μm) corresponds to the 
light’s penetration depth. The plot of Cd against ln(E) should produce a 
straight line with intercept ln(Ec) and slope Dp. Three samples of each 
formulation were irradiated at 4.77 mW/cm2 using a 385 nm wave
length (provided by the ASIGA-MAX-UV 3D printer), with exposure 
times varying between 10 and 60 s on a circular area of 10 mm in 
diameter. The curing depth (Cd) was measured using a micrometer, and 
E was determined from the light intensity and exposure time.

The printed pieces were then removed from the printer and washed 
with isopropanol to remove any excess material. Afterward, the samples 
were placed in a DentalFarm UV curing oven (photopol VAC + GAS) 
under UV light. This UV curing process lasted for 10 min at a pressure of 
− 0.09 MPa and an intensity of 200 W, ensuring the completion of the 
acrylic reaction within the system. This state is defined as the interme
diate state.

The intermediate materials were subjected to thermal treatment at 
100 ◦C for one hour, followed by 180 ◦C for one more hour, in order to 
activate and complete the epoxy-acid reaction. After the thermal treat
ment the system is defined as final state or fully cured material.

2.5. Thermal and physicochemical characterization

A differential scanning calorimeter (DSC) Mettler DSC 821e calo
rimeter, equipped with a Hamamatsu Lightning Cure LC5 (medium- 
pressure Hg–Xe lamp) and two lightguides, one directed at the sample 
and the other at the reference, was used to monitor the photo
polymerization of acrylic groups upon exposure to UV light, corre
sponding to the 1st reaction stage. Around 5 mg of the solution was 
placed in open aluminum pans under a nitrogen atmosphere. The sam
ples were first stabilized at 30 ◦C for 2 min before irradiation. They were 
exposed to light for 12 min at 30 ◦C with an intensity of 20 mW/cm2 and 
then kept in the dark for an additional 2 min. A second scan was per
formed and used as a baseline to correct the thermal effect of the UV 
light, in order to determine the heat of reaction. All experiments were 
carried out with a nitrogen flow of 50 mL/min.

A DSC Mettler DSC 3+ equipped with an intra-cooler was used to 
determine the kinetics of the 2nd reaction stage corresponding to the 
epoxy-acid reaction. Samples ranging from 0.010 to 0.025 g of the in
termediate material were analyzed at a constant heating rate of 10 ◦C/ 
min from − 50 ◦C to 250 ◦C. All experiments were carried out with a 
nitrogen flow of 50 mL/min. To evaluate the curing kinetics under 
isothermal conditions, the second reaction stage was analyzed by sub
jecting the samples to an isothermal treatment at 180 ◦C for 3 h.

Mettler DSC 3+ was also used to analyze the evolution of the Tg of 
fully cured samples upon prolonged thermal treatment at 180 ◦C. The 

samples were subjected to repeated cycles of isothermal treatment for 1 
h followed by a dynamic scan at 10 ◦C/min to determine changes in the 
Tg.

A Mettler Toledo TGA/DSC 1 was used to analyze the thermal sta
bility of fully cured samples. Around 10 mg of each sample was placed in 
alumina crucibles with pierced lids and heated at 10 ◦C/min from 25 ◦C 
to 700 ◦C in a nitrogen atmosphere. Isothermal tests were conducted at 
180 ◦C for 24 h. All experiments were carried out with a nitrogen flow of 
50 mL/min.

Infrared spectroscopy was carried out using a Bruker Vertex 70 FTIR 
spectrometer equipped with an attenuated total reflection (ATR) 
accessory (GoldenGate™ by Specac Ltd.), collecting spectra in the mid- 
infrared region across a spectral range from 4000 cm− 1 to 600 cm− 1, 
with 20 scans averaged for each spectrum. Samples of the uncured 
liquid, intermediate and fully cured materials were analyzed.

To analyze the volatile compounds released during the thermal 
treatment, an EGY/PY-3030D Multi Shot Pyrolizer (Frontier Labora
tories, Japan) coupled to a gas chromatograph and a mass spectrometer 
GCMS-QP2010 Ultra (Shimadzu, Japan) was used. Solid samples of 
approximately 6 mg were placed in stainless steel crucibles with a vol
ume of 80 μL (Eco-Cup, Frontier lab, Fukushima, Japón). The samples 
were first heated to 70 ◦C and held isothermally for 5 min. Subsequently, 
the temperature increased at a constant rate of 10 K/min up to 180 ◦C, 
where it was maintained for 4 h. The column used was an EGA tube 
(deactivated metal capillary, L = 2.5 m, inner diameter = 0.15 mm), 
which conducted the volatile decomposition products directly to the 
detector (quadrupole mass filter) using helium as carrier gas. In the mass 
spectrometer, the decomposition products were ionized with an energy 
of 70 eV and scanned within the range of 40–400 m/z.

The viscosity of the solutions was measured using a TA Instruments 
Discovery HR-20 rheometer, equipped with parallel aluminum plates of 
25 mm diameter. The tests were conducted in shear rate sweep, applying 
a shear rate range from 1 s− 1 to 1000 s− 1 to evaluate the rheological 
behavior of the samples at 30 ◦C. The gap between the plates was kept at 
100 μm.

2.6. Shrinkage-stress measurements

The shrinkage and shrinkage stress analysis were performed using an 
MCR 501 rheometer (Anton Paar, Austria) coupled with an Omnicure 
S2000 UV lamp without additional light filters, operating at a power 
density of 35 mW/cm2. The experiments were conducted for gap values 
of 0.05 and 0.10 mm in thickness, with a 25 mm diameter parallel plate 
and a transparent glass base. These experiments were carried out with 
this configuration, considering average setup values for DLP 3D print
ing. The shrinkage analysis was carried out by setting the normal force 
to 0 N and measuring the evolution of the gap. In order to determine the 
stress, the gap was fixed and the evolution of the normal force was 
monitored.

Shrinkage analysis of printed parts in their final state after thermal 
treatment was also conducted. Cylindrical models with a diameter of 8 
mm and a height of 10 mm were printed and cured according to the 
thermal protocol described previously. Dimensional measurements were 
performed using a Moore & Wright 201-01DAB Digital Micrometer 
0–25 mm / 0–1″ (Sheffield, United Kingdom), and the values were 
compared with the original CAD model to evaluate dimensional 
deviations.

2.7. Thermo-mechanical and mechanical characterization

Thermomechanical analysis was conducted using a DMA Q800 (TA 
Instruments). Rectangular samples with dimensions of 10 × 50 × 2 mm 
were prepared for the experiment. The measurements were performed in 
tensile mode with an oscillation strain of 0.1 %. The samples were 
initially equilibrated at − 20 ◦C for 10 min, followed by a controlled 
temperature ramp at 3 ◦C/min up to 200 ◦C. The glass transition 
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temperatures (Tg) of the materials were determined by identifying the 
peak of the tan δ curve corresponding to the α-relaxation.

Stress relaxation tests were performed using a DMA Q800 in tensile 
mode under 1 % strain with a preload of 0.003 N at 180 ◦C for a duration 
of 1400 min. To investigate changes in vitrimeric behavior, samples 
with varying curing times were analyzed under these conditions.

Tensile tests were performed in accordance with ISO 527-1/2 stan
dards, utilizing a loading rate of 1.5 mm/min and a 500 N load cell with 
the Shimadzu AGS-X series 10 kN tabletop model (Shimadzu Scientific 
Instruments). Deformation was measured using a TRViewX video 
extensometer (Shimadzu Scientific Instruments), and the entire system 
was controlled through Trapezium X Testing Software (Shimadzu Sci
entific Instruments).

Direct-shear strength was measured using a shear test method and 
tooling developed in [29] (see Fig. S-1) utilizing a loading rate of 1.5 
mm/min and a 500 N load cell with the Shimadzu AGS-X series 10 kN 
tabletop model (Shimadzu Scientific Instruments). This tooling was 
designed to effectively counteract bending forces appearing in lap-shear 
testing, providing a more precise evaluation of adhesive performance 
where the base material and the adhesive material have similar me
chanical properties. The tooling features a constant 0.01 mm gap in the 
shear zone, maintained throughout the test due to the geometry of the 
tooling and the symmetry of the forces generated. Joint samples were 
prepared as described in the following section.

For the torque analysis, an Instron E3000 machine was used in 
combination with specimen that was fabricated at half the standard 
dimensions, following the guidelines provided in ISO 18338. 0.2 rev/ 
min was the velocity used until reaching the failure, as no specific 
standard exists for characterizing printed parts. Instead, a lower loading 
rate was employed to ensure a more accurate evaluation of the mate
rial’s behavior.

2.8. Joining treatments

The joint analysis process involves evaluating the bonding perfor
mance under various treatment scenarios, following the protocols 
developed in [29,30]. Fig. S-2 illustrates the treatments applied to both 
the intermediate and final states of the formulations, enabling a detailed 
assessment of their effects. Fig. S-2 (a) depicts the two treatments 
applied to the intermediate state of the formulation. The first treatment, 
JTF, involves applying adhesive to the interface immediately after 
printing the parts, using the same bulk material solution to evaluate 
bonding. The parts are then subjected to light treatment for 10 min 
under vacuum. Finally, the samples are tested for tensile strength. The 
second treatment, JTFF, begins with an initial light treatment after 
printing, followed by the application of adhesive to the interface and a 
second light treatment for 10 min. The samples are subsequently tested 
for tensile strength.

Fig. S-2 (b) focuses on the final state of the formulations, showing 
two treatments used to analyze bonding. The first treatment, JTC, builds 
on the JTF process by adding a thermal treatment after the 10-min light 
exposure under vacuum. The samples are heated in an oven for 1 h at 
100 ◦C, followed by another hour at 180 ◦C. The second treatment, 
JTCC, starts with a light treatment on freshly printed parts, followed by 
thermal treatments at 100 ◦C and 180 ◦C for 1 h each. Adhesive is then 
applied to the interface, and the samples undergo a second light treat
ment, followed by additional heating at 100 ◦C and 180 ◦C for 1 h each. 
After the thermal treatments, the bonded samples are subjected to ten
sile tests to evaluate their mechanical performance. Additionally, shear 
tests on bonded joints were conducted following the defined procedures 
for the JTC treatment, referred to as JSC.

2.9. Recycling

The recycling process involved pulverizing the material in its final 
state using a mill (A 11 basic Analytical mill), subjected to five cycles of 

one minute each. The milled material was then placed in a metal mold, 
shaped to match the dimensions of tensile test specimens (ISO 527-2, 
5B), and compacted under 10 MPa using two heated plates at 180 for 
6 h. The resulting specimens were subsequently evaluated through 
tensile tests and thermomechanical analyses.

3. Results and discussion

3.1. Kinetics of dual-curing process

Herein, the intermediate state is defined by the first stage of the dual- 
curing process. In particular, the exposure to UV light initiates the 
radical by chain-growth polymerization of the (meth)acrylates, as seen 
in Scheme 2 (a), leading to the formation of a lightly crosslinked 
network structure. A random copolymer structure is formed containing 
crosslinking sites resulting from GLYDA, and side chains from FEMA and 
GLUHEMA, which are acting as chain extenders, as seen in Scheme 2 (b).

The final state is defined by the 2nd curing stage, in which heating 
leads to the activation of the epoxy-acid reaction, catalyzed by Zn 
(acac)2, as seen in Scheme 3 (a). The side carboxyl groups from GLU
HEMA in the acrylic network react with the epoxy groups from DGEBA, 
leading to coupling of acrylic chains in the network and therefore further 
crosslinking, as illustrated in Scheme 3 (b). Consequently, a dense 
crosslinked network structure is obtained at the end. However, it is 
worth noting that all the crosslinking sites from GLYDA and reacted 
GLUHEMA bear dynamic β-hydroxyester groups in their structure, 
which should allow complete relaxation of the stress by thermo- 
activated transesterification [28].

The 1st reaction stage of the dual-curing process was investigated by 
means of photoDSC. Fig. 1 (a) provides the thermograms of the different 
formulations, showing clearly the activation of the chain-growth poly
merization of (meth)acrylic groups upon activation of the photoinitiator 
by exposure to UV light, as seen in Scheme 2 (a). No relevant changes in 
reaction rate with composition were observed. The DSC scan at 10 ◦C/ 
min of partially cured materials in Fig. 1 (b) shows the curing exotherm 
corresponding to the epoxy-acid reaction catalyzed by Zn(acac) 2 [31], 
evidencing that the kinetics of the 2nd curing stage are hardly affected 
by the change in composition either. Therefore, the change in the con
tent in GLYDA is not expected to affect the global processing of these 
materials in the 3D-printing process nor the subsequent thermal curing 
in the oven. On the other hand, an isothermal DSC analysis at 180 ◦C was 
performed to monitor the exothermic reaction between epoxy and acid 

Scheme 2. (a) Light-induced radical chain-growth polymerization of (meth) 
acrylates and (b) resulting intermediate random copolymer structure.

A. Escribá-Flores et al.                                                                                                                                                                                                                         Reactive and Functional Polymers 217 (2025) 106494 

4 



groups catalyzed by Zn(acac)2, corresponding to the GLUHEMA1_20 
formulation (see Fig. S-3). The results show that the reaction proceeds 
rapidly, with conversion degrees exceeding 97 % after 30 min. This is 
highly desirable, as it enables high conversion levels to be achieved in 
relatively short times, which is advantageous from a processing 
standpoint.

The FTIR analysis of the initial, intermediate, and final materials 
further demonstrated effective control over the curing process. Fig. S-4 
displays the infrared spectrum of the GLUHEMA1_20 formulation. A 
comparison between the uncured liquid and the partially cured sample 
clearly shows the complete reaction of the (meth)acrylate groups, 
indicated by the disappearance of absorption peaks at 1300–1340 cm− 1, 
and 1610–1640 cm− 1. Additionally, the presence of epoxy groups is 
highlighted by absorption bands between 915 and 925 cm− 1, which are 
not affected by the UV-curing process and disappear almost completely 
in the fully cured material, therefore confirming the orthogonality of the 
dual-curing process and the effective control of the curing sequence.

3.2. Thermal and thermomechanical characterization

DMA analysis was conducted for the different formulations in their 
fully cured state. Fig. S-5 (a) shows the peaks in the loss factor (tan δ) 
corresponding to the α-relaxation of the material, related to the glass 
transition of the network. It can be seen that the relaxation starts around 
40–50 ◦C, with a Tg around 70–80 ◦C, taken as the tan δ peak temper
ature. The storage modulus and loss modulus values presented in Fig. S- 
5 (b) and (c), respectively, demonstrate a similar behavior for all 

formulations, showing only minor differences. There is a certain trend of 
increasing Tg and reducing intensity of tan δ peak with increasing 
GLYDA content, that can be related to the shorter length of GLYDA 
bridges connecting acrylic networks, in comparison with the length of 
the longer GLUHEMA+DGEBA+GLUHEMA structures formed in the 
2nd reaction stage (see Scheme 3 (b)), reducing the mobility of the 
network structure. However, the resulting crosslinking density, deter
mined from the relaxed storage modulus E’, is similar in all cases, as seen 
in Fig. S-5 A single peak is observed in all cases, evidencing the homo
geneity of the final network structure, resulting from the coupling of 
(meth)acrylic chains after the epoxy-acid reaction between the DGEBA 
and the acid groups in the side chains of GLUHEMA, taking place in the 
2nd reaction stage. The evolution of the loss modulus E" shows similar 
trends as the loss factor. A comparison with the recycled samples at 
180 ◦C for 6 h and 10 MPa is shown in Fig. S-5.

The thermal stability of the materials was studied with TGA under 
non-isothermal (dynamic) and isothermal conditions. Thermogravi
metric analysis at 10 K/min in Fig. S-6 (a) shows a single, well-defined 
degradation stage in all formulations, indicating a homogeneous 
degradation process. However, degradation starts at slightly lower 
temperatures in materials with lower GLYDA content. Specifically, T2% 
is approximately 270 ◦C for GLUHEMA1_20 and GLUHEMA2_20, 
increasing to 300 ◦C for GLUHEMA5_20. Similarly, T5% rises from 
around 310 ◦C in GLUHEMA1_20 and GLUHEMA2_20 to 335 ◦C in 
GLUHEMA5_20. These results reflect enhanced thermal stability with 
higher GLYDA content. These subtle shifts in degradation temperatures 
may be associated with a higher crosslink density in the (meth)acrylate 
phase, which restricts polymer segment mobility and delays thermal 
decomposition. Nonetheless, assessing the thermal behavior under 
reprocessing conditions is more relevant, as potential changes in 
network structure or loss of volatile components could affect material 
reuse. For that purpose, isothermal degradation experiments were con
ducted at 180 ◦C. Fig. S-6 (b) shows that the weight loss during 24 h 
exposure at 180 ◦C is around 2 % in all cases, with minor differences 
between the different materials. This slight loss in volatiles indicates 
that minimal changes in the network structure are expected, although 
the impact on the reprocessing capabilities of the materials will have to 
be analyzed in any case [27]. Table 2 shows the principal thermal and 
thermomechanical properties of the formulations.

3.3. Analysis of processing parameters

The printability of the formulations is influenced by both the reac
tivity during layer formation and their viscosity. The Jacobs curve de
fines the minimum energy required for layer formation, serving as a 
comparative parameter for resins and providing insight into the ease 
with which layers can be formed. Regarding viscosity, formulations with 

Scheme 3. (a) Thermally induced epoxy-acid reaction and (b) final 
network structure.

Fig. 1. Photo-DSC thermogram at 30 ◦C showing the reaction kinetics of the 1st stage UV-activated free-radical polymerization of methacrylates present in the 
formulation (a). DSC thermogram at 10 ◦C/min depicting the reaction kinetics of the 2nd stage thermally activated epoxy-acid reaction (b). A similar trend is 
observed across all formulations when comparing their behavior in the intermediate state after light irradiation and in the final state after thermal treatment.
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high viscosity require longer processing times and more complex setups, 
while those with low viscosity allow smoother material flow, efficiently 
filling the gaps between the formulation, vat, and platform.

Fig. 2 (a) shows the Jacobs working curves for the formulations, all 
displaying similar behavior and confirming excellent photoreactivity. 
The dashed blue line marks the exposure dose used during printing, 
which was carefully chosen to ensure sufficient curing and reliable 
interlayer adhesion, while preserving lateral resolution. This setup 
proved effective for producing mechanically stable parts without 
printing defects.

Fig. 2 (b) shows the viscosity profiles of the formulations across a 
range of shear rates. All formulations exhibit non-Newtonian, shear- 
thinning behavior characteristic of pseudoplastic fluids, which may be 
attributed to the alignment of their components under shear. Notably, 
the viscosities remain relatively low throughout the tested range, 
decreasing from approximately 500 mPa⋅s at low shear rates (0.1 s− 1) to 
below 100 mPa⋅s at high shear rates (1000 s− 1). These values are much 
lower than the critical value of self-leveling (3000 mPa⋅s) [32], indi
cating excellent flow properties. Within this shear rate window, the 
formulations exhibit excellent printability, facilitating smooth process
ing during 3D printing. Fig. 3 presents both photographs and microscope 
images of a complex printed element, highlighting the excellent 
deformability of the material in its intermediate state (Fig. 3 (a) and (b)), 
as well as the outstanding surface finish (Fig. 3 (c)) and high lateral 
resolution (XY plane) achieved during printing(Fig. 3 (d)).

The photo-rheology analysis allowed for the investigation of both 
shrinkage and mechanical behavior of the solutions during photocuring. 
The selected setup closely simulates conditions typically encountered in 
VPP 3D printing. Shrinkage induced by the photoreaction was deter
mined, with an average reduction of 5.79 ± 0.96 %, as shown in Fig. 4
(a). This relatively small value of shrinkage can be attributed to the 
reduced (meth)acrylic fraction in the formulation, due to the volume 
fraction of epoxy monomer that is not participating in the 1st reaction 
stage, and to the large equivalent weight of the acrylic components, 
specially the monofunctional GLUHEMA coupling agent, in comparison 
with conventional polyfunctional or smaller (meth)acrylates, Table S-1 
compares the lineal shrinkage values of various vitrimeric systems 
suitable for processing via VPP. Moreover, to evaluate the effect of 

thermal treatment on shrinkage, it was observed that heating had a 
positive impact on the geometrical stability of the printed parts, showing 
a linear volumetric increase relative to the initial gap, with a value of 
1.22 ± 0.96 %.The thermal expansion induced during the post-curing 
process at 180 ◦C caused a slight network dilatation, which, upon 
cooling, resulted in minimal final shrinkage. This behavior can be 
attributed to a volumetric compensation provided by the epoxy reaction 
occurring in the later stages, leading to coupling of (meth)acrylate 
chains and the formation of a denser and more dimensionally stable 
network, with higher Tg, ultimately yielding parts with only minor 
geometrical deviations. Epoxy reactions are known to produce less 
curing shrinkage than acrylic reactions. It is hypothesized that this lower 
curing shrinkage of the 2nd stage reaction, in combination with the 
higher Tg of the material, leading to lower volumetric shrinkage upon 
cooling, may contribute to this observed effect.

Fig. 4 (a) shows that the onset of the shrinkage formation takes place 
shortly after irradiation starts. Indeed, the evolution of storage and loss 
moduli, G’ and G" respectively, in Fig. S-7 (b), reveals the transition from 
a liquid solution to a solid in less than 20 s, stabilizing after 30 s of 
irradiation, which indicates the completion of the (meth)acrylate re
actions. It can be observed that gelation and network formation, 
determined from the crossover of G’ and G"(this occurs around second 
64, about 4 s after irradiation, as is shown in the scaled chart in Fig. S-7), 
coincides with the onset of the appearance of curing shrinkage measured 
by the instrument. The final value of the modulus G’ evidences the 
formation of a lightly crosslinked network structure.

Additional tests were carried out with different compositions and 
gaps (see Fig. S-8) The comparison of the formulations GLUHEMA1_20, 
GLUHEMA5_20, and GLUHEMA40_20 evaluated with a 100 μm gap 
shows a clear trend across the formulations, with GLUHEMA1_20 
exhibiting the lowest final shrinkage. This sequence is consistent and in 
line with expectations, given that increasing GLYDA content should lead 
to lower gel point conversion and therefore higher curing shrinkage 
after gelation. When GLUHEMA1_20 is tested at a 400 μm gap (dotted 
line), the shrinkage curve is smoother and overall, more attenuated, 
which is attributed to reduced light penetration in the thicker layer, 
leading to slower polymerization kinetics and delayed apparent gel 
point. These observations suggest that better printing accuracy may be 

Table 2 
Thermal and thermomechanical properties of the formulations.

Formulation Tg intermediate state* (◦C) Tg Final state (◦C)** E glassy (Mpa) E rubbery (Mpa) Crosslink density final state (mol/m3) T2% (◦C)

GLUHEMA1_20 − 12.68 72 2026 12.55 1250.05 270
GLUHEMA2_20 − 7.75 79 1922 12.74 1267.78 300
GLUHEMA5_20 − 7.65 82 2014 12.85 1252.62 335

* Value corresponds to the phase transition measured by DSC in the intermediate state.
** Value corresponds to the peak observed in DMA.

² µm)

Fig. 2. Jacobs working curves for all evaluated formulations are presented. The purple dot indicates the dose used for printing elements, while a layer thickness of 
70 μm was maintained (a). The viscosity of different formulations at various shear rates is shown (b). (For interpretation of the references to colour in this figure 
legend, the reader is referred to the web version of this article.)
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achieved with dual-curing formulations containing reduced GLYDA 
content, due to lower shrinkage-induced stress, although this may result 
in a somewhat longer printing time in order to ensure a sufficient degree 
of conversion after gelation has been reached.

On the other hand, when the gap was fixed, it was possible to observe 
the level of stress experienced by the layers during their formation. 
Fig. 4 (b) illustrates how the GLUHEMA1_20 formulation, with a fixed 
gap of 0.1 mm, experiences stress due to shrinkage during the photo
curing process. It is evident that the system reaches a maximum force of 
− 5.14 N, which is relatively low. Taking into consideration the plate 
diameter of 25 mm, this corresponds to a stress of approximately 0.010 
MPa, which is about 10 % of the maximum tensile stress the material can 
withstand in its intermediate state, as will be seen later in the analysis of 
the mechanical properties of the materials. Therefore, the stress gener
ated during photocuring should not compromise the structural integrity 
of the printed layers. Fig. S-9 shows a comparison of force levels for the 
same 0.10 mm gap in two commercial systems and various configura
tions of components present in the GLUHEMA system. This figure 
demonstrates that, on one hand, the stress levels during photocuring are 
lower compared to those found in commercial systems. Moreover, there 
is a systematic effect of delaying and decreasing shrinkage stress with 
decreasing GLYDA content. Both effects are explained by the increase in 
gel point conversion caused by the reducing content in GLYDA 

crosslinker, therefore increasing gel time and reducing shrinkage- 
induced stress after gelation. This can be beneficial in terms of print
ing accuracy due to the lower geometrical distortion produced by the 
shrinkage stress, but this is accomplished with an increasing UV expo
sure, eventually resulting in a somewhat higher printing time. These 
results are in agreement with the shrinkage measurements shown in 
Fig. S-8.

In order to highlight the changes taking place in the network struc
ture throughout the dual-curing process, the 2nd reaction stage was also 
monitored in the photorheometer. Fig. 5 shows the temperature profile 
(a) and the evolution of the storage modulus G’ in both curing stages (b). 
Initially, the system is stabilized at 30 ◦C to ensure isothermal condi
tions. It is then exposed to UV radiation for 7 min (around 420 s), after 
which the lamp is turned off and the thermal curing stage begins. In this 
phase, the sample is gradually heated until reaching 180 ◦C, a temper
ature that is maintained for nearly 1 h. In the first stage, a rapid and 
sustained increase in the storage modulus is observed, attributed to the 
formation of the (meth)acrylate network initiated by the photo
polymerization of (meth)acrylates, with G’ around 0.18 MPa, as 
described before. Subsequently, as the temperature increases, the ther
mal curing stage is activated, leading to further crosslinking of the 
network structure. This is evidenced by an increase in G’ that is initially 
slow but then accelerates substantially after 10 min at 180 ◦C, reaching 

Fig. 3. Part printed with the GLUHEMA1_20 formulation, demonstrating the capability of these systems to fabricate complex structures (a); deformation capacity of 
the system in its intermediate state (b); microscopy image showing an excellent surface finish (c). In the magnified view of a node of the structure (d), the layer 
thickness matches the value described in the Methods section, with no significant surface defects observed.

Fig. 4. GLUHEMA1_20 evolution of shrinkage (a); GLUHEMA1_20 for the evolution of the shrinkage force (b).
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values of G’ around 1.2 MPa, which represents nearly a 10-fold increase 
compared to the intermediate material before the heating process. This 
slower progression, compared to the behavior in Fig. S-7, is evident in 
Fig. 5 (b). The differences observed between both techniques are mainly 
due to the measurement conditions imposed by each instrument. DSC 
provides precise thermal control and operates with small sample masses, 
enabling rapid thermal homogenization and an accurate representation 
of curing kinetics under isothermal conditions. In contrast, the rheom
eter evaluates the system’s evolution under mechanical stimuli, using 
larger volumes where thermal transfer may be less efficient. These 
methodological differences explain the discrepancies observed: while 
DSC can reach degrees of conversion above 97 % in less than 15 min at 
180 ◦C, under more heterogeneous rheological conditions, at least 30 
min may be required to achieve a comparable degree of cure.

The initially slow growth in G’ in the thermal curing stage indicates 
that there is an extended stability of the intermediate material in terms 
of structure and thermal-mechanical properties. Even though the epoxy- 
acid reaction may already have taken place, it may be necessary to have 
a significant conversion of epoxy and acid groups in order to produce a 
substantial increase in crosslinking density. This may be rationalized 
taking into consideration that the epoxy-acid reaction is a random step- 
wise reaction, and that a new crosslink may be formed only when both 
epoxy groups of a diepoxy monomer have reacted (see Scheme 3). This 
means that for a conversion of epoxy groups equal to x = 0.2, the 
fraction of new crosslinks formed will be equal to x2 = 0.04; for x = 0.5, 
the fraction of new crosslinks will be to x2 = 0.25. It is therefore quite 
clear that only when the conversion of epoxy groups is close to 1, the 
crosslinking process is complete. An additional benefit is the precise 
control of network formation in the thermal curing stage. Rapid curing 
processes can induce network defects or internal stresses that compro
mise mechanical integrity, while excessively slow curing is impractical 
for industrial applications and can lead to incomplete crosslinking 
[33,34]. Therefore, balancing the curing rate is essential to maintain 
both the dimensional stability and stiffness of the final material, 
ensuring its performance and reliability. Moreover, the simultaneous 
occurrence of bond exchange reactions between formed β-hydroxyester 
bonds (see Scheme 3) may also help alleviate the formation of possible 
defects caused by reaction-induced shrinkage stress. In this experiment, 
the rheometer showed a volumetric expansion of 2.47 %, which was 
close to the measurements obtained using the micrometer after thermal 
treatment in printed cylinders. The measurement was taken after the 
rheometer had cooled down. The relatively high volumetric expansion 
value may be attributed to the fact that, during the experiment, all 

components in contact with the sample inside the rheometer were 
heated and experienced thermal expansion together with the printed 
part.

3.4. Mechanical characterization

3.4.1. Tensile test
The mechanical properties of the intermediate and fully cured ma

terials were analyzed in detail. Fig. 6 (a) shows the stress-strain curves 
corresponding to the tensile analysis of intermediate materials. It can be 
clearly observed that the intermediate materials have a clearly ductile 
behavior, with elastic modulus ranging from 1 to 2.5 MPa, depending on 
the formulation, and strain that exceeds 50 % (see Table 3). The values 
of elastic modulus are of a similar magnitude as the values of shear 
storage modulus G’ determined from the photorheological analysis of 
the 1st reaction stage (see Fig. S-7). The mechanical behavior is pri
marily determined by the composition of the (meth)acrylic network 
formed in the 1st reaction stage, higher GLYDA content leading to higher 
modulus, and the presence of unreacted epoxy monomer acting as 
plasticizer.

In contrast, in the fully cured state, the material exhibits a rigid 
behavior with significantly improved mechanical properties, as shown 
in Fig. 6 (b). The formulations display similar behavior, with consistent 
values of elastic modulus between 2.5 and 3.5 GPa, maximum strain 
between 3 and 4 %, and ultimate stress between 50 and 70 MPa (see 
Table 3), depending on the formulations. These elevated values of 
modulus and ultimate stress and reduced strain at break are explained 
by the fact that the materials are in the glassy state at room temperature, 
along with extensive hydrogen bonding between hydroxyl groups 
formed in the epoxy-acid reaction and numerous ester groups present in 
the network structure providing them with a very strong cohesive en
ergy density and efficient chain packing [35], hence explaining the high 
modulus values.

These mechanical properties clearly outperform many of those re
ported for commercial acrylic formulations in the literature. Fig. 7 (a) 
presents a comparison of ultimate tensile strength of other dynamic 
polymer systems capable of being processed via 3D printing [36–46]. 
Fig. 7 (b) presents a comparison between tensile strength and Young’s 
modulus, highlighting a noticeable gap in the stiffness typically ach
ieved by dynamic polymer networks. The material developed in this 
work stands out by exhibiting significantly higher rigidity at room 
temperature, which can be attributed to the high epoxy content and the 
strong interactions between the components of the formulation. 

Fig. 5. Thermal and UV radiation profile (a), and evolution of G’ throughout all treatments during network formation of GLUHEMA1_20 formulation (b).
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Moreover, the careful balance between the reactive diluent (meth)ac
rylates and the crosslinking agents contributes to both enhanced me
chanical properties and excellent processability. Additionally, Fig. 7 (c) 
shows that tensile strength and viscosity are frequently reported 
together in the literature, as both parameters are critical for ensuring 
printability and mechanical performance. As illustrated, our formula
tions successfully bridge the typical gap between low viscosity and high 

tensile strength, offering a balanced profile suitable for advanced 3D 
printing applications.

In order to analyze the benefits of the dual-curing processing, we 
evaluated the mechanical performance of joints created following 
different procedures, in intermediate and fully cured materials. The 
analysis of the joints included four different treatments to assess the 
mechanical behavior and performance of the system in each case. Fig. 8

Fig. 6. Comparison of mechanical properties for different formulations in the intermediate state (a) and in the final state (b).

Table 3 
Primary mechanical properties of each formulation, measured in the intermediate and final states.

Formulation E-Intermediate state (Mpa) σ max-Intermediate state (MPa) E-Final state (GPa) σ max-Final state (MPa) Toughness-Final state (MJ/m3)

GLUHEMA1_20 0.97 ± 0.06 0.57 ± 0.04 2.5 ± 0.4 66.09 ± 5.16 2.06 ± 0.45
GLUHEMA2_20 1.61 ± 0.13 0.68 ± 0.05 3.3 ± 0.5 66.47 ± 5.5 2.16 ± 0.55
GLUHEMA5_20 2.33 ± 0.27 1.61 ± 0.16 3.5 ± 0.4 65.2 ± 6.08 2.31 ± 0.38

Fig. 7. A comparison is made between 3D-printable dynamic polymer systems and their tensile strength (a). Additionally, tensile strength and Young’s modulus 
values reported in the literature are compared (b), along with an analysis of the relationship between maximum tensile strength and the viscosity of the systems (c).
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(a) compares mechanical properties of intermediate joined samples of 
GLUHEMA1_20 formulations, prepared following the different meth
odologies described in the experimental section. It can be observed that 
the properties of the JTF and JTFF are comparable to those of the bulk 
material, indicating excellent adhesion. The slight improvement 
observed in the intermediate state with the JTF treatment is due to the 
interaction of residual groups in the network with the groups at the 
interface, enhancing adhesion and performance. In contrast, the JTFF 
treatment shows a slight decrease in its properties. However, the elastic 
modulus and strain remain nearly identical to those of the bulk material.

On the other hand, the performance of the joints subjected to thermal 
treatments (JTC and JTCC) compared to the fully cured bulk material is 
shown in Fig. 8 (b), which displays stress-strain curves for each treat
ment and for the bulk material of the GLUHEMA1_20 formulation. The 
curves are observed to be quite similar to each other. Furthermore, the 
values of elastic modulus and strain at break also exhibit minimal dif
ferences among them. This clearly indicates that the applied thermal 
treatment (JTC and JTCC) has only minor variations in terms of 
maximum tensile strength, elastic modulus, and strain at break. Such a 
comparison highlights the excellent adhesive tensile properties of this 
system, which is an attribute rarely explored in 3D-printed materials but 
extremely important in structural design.

3.4.2. Torsion and direct shear test
With the purpose of providing a more complete mechanical char

acterization of the materials, particular emphasis is placed on the 
analysis of shear behavior, a critical factor in structural design, but often 
overlooked in the characterization of systems employed in VAT 
photopolymerization-based 3D printing. Shear stress (τ), shear modulus 
(G), and angular deformation (γ) were studied using different 
techniques.

Fig. 9 (a) presents the results obtained from a torsion test conducted 
on the GLUHEMA1_20 formulation in its fully cured state, where a 
maximum shear strength of 52.82 ± 2.23MPa, a shear modulus of 
872.31 ± 30.86 MPa, and an angular deformation of 0.73 ± 0.20 were 
observed. The experimental shear modulus was compared with the 
theoretical value calculated using the following Eq. 2: 

G =
E

2(1 + v)
(2) 

where G is the shear modulus, E is the Young’s modulus, and v is the 
Poisson’s ratio. This equation assumes that the material is homogeneous 
and isotropic, which allows its elastic behavior to be described using the 
constitutive equations of linear elasticity. Under these conditions, the 
deformations in the elastic region are functions of the applied stresses 
and are uniformly distributed in all directions. For the theoretical 
calculation of the shear modulus with eq. 2, a value of 2508.24 MPa was 
used for E and 0.35 for v, based on data obtained from the tensile test 
using a video extensometer, yielding a value of 928.88 MPa that is very 

similar to the experimental value from the torsion test. This agreement 
validates the assumptions of linearity, elastic behavior, and material 
isotropy, allowing engineers to confidently use simpler tensile test data 
(E and ν) to estimate shear properties without the need for additional, 
more complex torsion tests. This is particularly useful in early-stage 
material selection, finite element modeling, and structural simula
tions, where complete mechanical characterization is often unavailable.

Additionally, Fig. 9 (b) compares the maximum shear strength of all 
formulations in their final state, obtained using the tooling described in 
the Methods section and also used in [29]. The results obtained with the 
tooling show a good correlation with those of GLUHEMA1_20 deter
mined from the torsion test, with no significant differences between the 
formulations. Furthermore, Fig. 9 (b) also shows the maximum shear 
strength of a joint (following the procedure JTC in a shear specimens) 
made with the GLUHEMA1_20 formulation in its final state. Although 
the obtained values are slightly lower than in the bulk state, the varia
tions fall within the expected margins, confirming the consistency of the 
material’s properties under joint conditions.

3.5. Stress relaxation behavior

The presence of dynamic β-hydroxyester groups in all the bridging 
crosslink sites between the (meth)acrylic chains, either originally pre
sent (GLYDA) or formed in the 2nd reaction stage between GLUHEMA 
and DGEBA, should enable complete relaxation of the stress in these 
materials and therefore enable interesting reprocessing capabilities, as 
recently described [28]. Because of this, we analyzed the relaxation 
behavior of the different materials, the results being shown in Figs. 10
(a). All systems exhibit a slow relaxation process, with approximately 
63 % of the initial stress being relaxed within 10 to 15 min. After 200 
min, full relaxation is achieved. Notably, the three formulations display 
very similar relaxation profiles, as seen in the corresponding graph. 
Fig. 10 (b) presents the relaxation curve for the GLUHEMA1_20 
formulation after extended thermal treatment at 180 ◦C, revealing an 
increase in relaxation times after longer curing times. This phenomenon 
can be explained by a reorganization of the polymer chains within the 
existing network architecture, that may be explained by the occurrence 
of transesterification reaction of β-hydroxyester groups, and other 
possible transesterification events. This may result in a more densely 
crosslinked network structure, leading to slower stress relaxation, as 
reported previously [47]. However, there is also the risk of formation of 
volatile components and irreversible network rearrangement, eventu
ally resulting in a loss in reprocessing capabilities of the material [48]. 
Indeed, Fig. 10 (b) seems to suggest that successive relaxation cycles 
result in incomplete relaxation of the stress due to the irreversible for
mation of permanent bonds in the network structure.

Such evolution could be related to the weight loss experienced by the 
materials under isothermal treatment at 180 ◦C, as shown in Fig. S-6 (b). 
A moderate weight loss is observed that could be with the formation of 
volatile components because of the bond exchange reactions taking 

Fig. 8. Comparison of mechanical properties for different bonding protocols in the intermediate state (a) and in the final state (b).
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place and eventually leading to irreversible changes in the network 
structure. Indeed, the evolution of Tg over extended thermal treatment 
at 180 ◦C was analyzed with DSC. The results in Fig. S-11 reveal a 
progressive increase in Tg, eventually stabilizing after 8–10 h, which can 
be related to the weight loss observed (Fig. S-6 (b)) and the reduction in 
stress relaxation capabilities of the materials (Fig. 10 (b)). The pro
gressive increase in the Tg observed via DSC suggests that the primary 
polymer chains are not being degraded, as their breakdown would 
typically lead to a decrease in Tg due to the loss of structural integrity. 
The analyses of the reprocessed samples presented in Figs. S-5 and S-10 
further confirm that thermal treatment negatively affects the final 
properties of the materials. The mechanical pulverization prior to 
thermal exposure not only leads to the rupture of permanent bonds 
within the polymer network but also significantly increases the surface 
area of the samples. This enlarged surface area may enhance the release 
of volatile components during thermal treatment, thereby contributing 
to the observed lower performance.

Such undesired side effect represents a serious setback for the 
effective exploitation of the reprocessing capabilities of 3D-printed 
components following this strategy. In order to gain more understand
ing on this degradation process and their negative effects, we analyzed 
the materials by GC–MS. Preliminary results shown in Supporting In
formation (Fig. S-12 and Fig. S-13) evidence the presence of fragments 
compatible with small aromatic components that could come from the 
side chains of FEMA in the (meth)acrylic network. Indeed, a sample was 
prepared without FEMA in their structure and the fraction of volatile 
components was significantly reduced. We suspect that there must be 
side reactions under elevated temperatures and acid catalysis that may 
lead to the loss of aromatic side groups from FEMA and irreversible 
network rearrangements leading to the formation of non-dynamic 
bridges between (meth)acrylic chains. These results suggest that the 
reprocessing capabilities of these materials could be improved by 
removing FEMA from the formulations, although this would lead to an 

increase in the viscosity of the 3D-printable formulations. Future work is 
under way in order to elucidate the reaction mechanism leading to 
irreversible changes in the network structure and analyze the impact on 
the reprocessing capabilities of these materials.

4. Conclusions

In this work, a dual-curing vitrimer system was developed and 
evaluated, with particular focus on its performance in 3D printing via 
vat photopolymerization (VPP). The formulations offered key process
ing advantages, including low viscosity, fast cure rates, and excellent 
printability. In the intermediate state, all formulations exhibited high 
flexibility and low stiffness, with tensile moduli ranging from 0.97 to 
2.33 MPa, tensile strengths between 0.57 and 1.61 MPa, and strains at 
break from 63 to 91 %, enabling reliable fabrication of large parts with 
minimal internal stress.

Upon thermal treatment, the epoxy reaction proceeded to comple
tion, producing a rigid and homogeneous network. Final mechanical 
properties improved dramatically, with tensile moduli reaching 2.5–3.6 
GPa, tensile strengths around 66 MPa, and glass transition temperatures 
(Tg) rising from 72 to 82 ◦C, demonstrating the significant structural 
reinforcement achieved after full curing. Mechanical tests under torsion 
and direct shear confirmed uniform and consistent behavior, with 
maximum shear stresses up to 50 MPa, highlighting the material’s po
tential for structural applications.

The comparative analysis of intermediate and final states clearly il
lustrates the orthogonality of the dual-curing system: the acrylate stage 
provides processable flexibility and minimal shrinkage, while the epoxy 
stage governs the final network homogeneity and mechanical perfor
mance. Thermal treatment studies revealed measurable changes in 
relaxation behavior and Tg evolution, suggesting partial loss of chain- 
side groups involved in the dynamic exchange. These effects may 
reduce recyclability and increase network rigidity over time, 

Fig. 9. τ − γ of 3D printed samples for the formulation GLUHEMA1_20 in the final state, determined from torsion tests (a). Shear strength for all the formulations 
obtained by using the tooling and torsion test (b).

Fig. 10. Relaxation profiles at 180 ◦C for all formulations in their fully cured state (a). Relaxation profiles for the formulation GLUHEMA1_20 with curing times of 1, 
4, 6, and 12 associated hours (b).
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emphasizing the importance of considering the thermal stability of 
mono- and bifunctional monomers in vitrimer design. Understanding 
how thermally sensitive side groups influence network evolution is 
essential for developing high-Tg, high-performance 3D-printed compo
nents that retain their dynamic properties after multiple processing or 
recycling cycles.
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