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To address the need for sustainable materials in 3D printing applications, a bio-based vitrimer was developed
using an epoxy resin derived from cardanol and cystamine as a cross-linker. Cystamine was chosen due to its
dynamic disulfide bonds, bio-based nature and highly reactive aliphatic amine groups, enabling rapid network
formation under mild thermal conditions. Microfibrillated cellulose (MFC) and ultrafine cellulose (UFC) were
used as bio-based fillers and rheology modifiers to formulate printable pastes. The curing process was thoroughly
investigated by DSC and FTIR-ATR, confirming efficient cross-linking under the selected conditions. Thermal and
structural properties of the vitrimers were characterized by gel content, swelling, and heat resistance analyses.
The printability of the pastes via Liquid Deposition Modeling was evaluated through rheological analysis, and a
concentration of 13 wt% MFC and 13 wt% UFC was identified as the optimal compromise between shear-flow
behavior and post-print structural integrity. Simple and more complex geometries were printed and then
cured at 30-80 °C, ensuring high shape fidelity (87.0 %). The vitrimer behavior was confirmed by stress-
relaxation experiments, showing an overall activation energy in the range of 63-65 kJ mol !, and by success-
ful mechanical recyclability. Finally, a preliminary Life Cycle Assessment underscored the potential of these

materials for sustainable additive manufacturing.

1. Introduction

Liquid Deposition Modeling (LDM) is a recent 3D printing technique
similar to Direct Ink Writing (DIW) and Fused Deposition Modeling
(FDM). It involves three main steps: extrusion of a paste or gel using a
syringe or screw extruder, layer-by-layer deposition and solidification
(through evaporation, gelation, or cross-linking) [1-4]. In LDM, one or
more fillers are incorporated into a liquid phase (i.e., a reactive resin or a
solvent) to produce shear-thinning fluids characterized by a yield stress
[5-7]. These fluids do not flow unless the applied stress exceeds the yield
stress, and during flow, their apparent viscosity decreases with
increasing shear rate. This rheological behavior enables the material to
act as a solid when printed, yet to flow like a liquid during extrusion
[8,9]. In recent years, LDM has been increasingly applied to various
materials, particularly ceramic and polymer-based pastes. However,
studies specifically addressing epoxy thermosets remain scarce, and only
a few examples of LDM-processed epoxy vitrimers have been reported in
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the literature [10,11].

Epoxy thermosets, with their cross-linked structure, are of particular
interest for 3D printing applications due to their superior chemical and
mechanical resistance compared to conventional thermoplastics [12].
However, their limited reprocessability at end-of-life, combined with the
need for high-temperature curing—which poses a risk of significant
deformation and collapse during final curing—has severely limited their
use for 3D printing. Beyond that, increasingly stringent regulations on
fossil-derived raw materials for epoxy resins (i.e., bisphenol A and
epichlorohydrin) further limit their adoption in new applications
[13,14]. To solve both these problems, in this work, a fully bio-based
epoxy vitrimer able to cross-link at low temperatures and showing
reprocessability was developed starting from a bio-based resin (Cardo-
lite® LITE 514HP, hereafter named 514HP), ultrafine cellulose (UFC)
and microfibrillated cellulose (MFC) as fillers, and a dynamic diamine
hardener containing disulfide bonds (cystamine).

514HP is a flexible epoxy resin produced by epoxidation of cardanol
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Table 1
Investigated formulations and characterization of the cured samples: fillers amount, conversion a, gel content, swelling values, T and Tsg, of cross-linked samples.
MFC UFC o Gel content Swellingr,” Swelling,” T, Tso, [°C]
[wt%] [wt%] [%] [%] [%] [%] [°C]
NoFiller - - 100 98.9 £ 0.1 1.8 £ 0.0 1.0 £ 0.0 23 257
13UFC - 13 94 99.9 £+ 0.0 5.7+£03 45+0.3 18 265
13MFC 13 - 95 (bottom) — 83 (top) 80.8 £ 0.2 248+ 1.0 10.2 + 4.9 16 194
13MFC + 9UFC 13 9 95 82.1 £ 0.4 27.2+0.1 11.7 £ 0.0 16 199
13MFC + 11UFC 13 11 92 83.2+ 0.0 29.5+ 0.3 10.1 £0.0 17 201
13MFC + 13UFC 13 13 94 82.8 £ 0.0 28.9 £0.1 13.9+£ 0.9 15 204

? my is taken after swelling and drying.
> my is taken before immersing the samples in water.

extracted from purified raw cashew nutshell liquid (CNSL) [15,16].
Epoxy thermosets produced from cardanol derivatives, both as cross-
linkers or epoxy resins, have been studied in recent years and have
recently found application in several fields [17-19]. However, only a
few works have reported cardanol-based vitrimers [20], and applica-
tions of such systems in LDM remain very limited. Apart from the study
of Capannelli et al. [11], which demonstrated cardanol-based vitrimers
for LDM via transesterification at elevated temperature, the combination
of bio-derived epoxy resins, mild-temperature curing without catalysts,
dynamic disulfide exchange, and LDM processing remains unexplored.

Cystamine is an aliphatic diamine containing a disulfide bond
derived from an amino acid. Its dynamic behavior has recently been
studied, demonstrating the molecule's ability to undergo disulfide ex-
change reactions [21,22]. This hardener has been combined with epoxy
resins to produce vitrimers that can be reshaped and reprocessed at high
temperatures, above their glass transition. These characteristics of
reprocessing and reshaping contribute to the environmental sustain-
ability of the resulting materials [23], showing significant potential for
advanced manufacturing applications in areas such as electronics,
automotive, and biomedical devices [24]. Moreover, they have recently
gained interest in the 3D printing sector [25,26]. In this work, cystamine
was employed as a curing agent due to its advantageous properties,
including a liquid state, low viscosity, and catalyst-free reactivity na-
ture. These properties enable efficient mixing with high filler contents,
which is crucial for LDM applications [3]. Furthermore, its ability to
start the cross-linking reaction with epoxy resins at quite low tempera-
tures (i.e., above 30 °C) helps in preserving the shape of the 3D printed
piece during the initial curing stage. Then, a complete cross-linking can
be subsequently achieved via a second curing step at slightly higher
temperature (i.e., 80 °C). This approach represents a unique advance-
ment in the field of 3D printing, as it combines bio-based materials with
the innovative use of epoxy vitrimers for LDM, enabling low-
temperature, catalyst-free curing, reshaping, and reprocessing without
compromising the mechanical stability of the printed structures.

Fillers are the most important part of polymeric pastes for LDM: their
addition to the thermoset polymer causes a radical change in the rheo-
logical properties of the fluid making it suitable for 3D printing [27-29].
Cellulose is the most common biopolymer highly present in nature and it
can be utilized to make bio-composites and 3D printable pastes [30].
However, the hydrophilic nature of cellulose represents a disadvantage
to its application due to the difficulty of homogeneous dispersion in
most non-polar polymer matrices [31,32]. Cellulose can be extracted
through mechanical, chemical, or enzymatic treatments from different
sources such as plants, algae, bacteria and tunicates [33,34]. Ultrafine
cellulose (UFC) and microfibrillated cellulose (MFC) were used together
as fillers in this work. UFC refers to cellulose particles with sizes in the
range of few micrometers. MFC is instead more uniform and nanoscaled;
it is obtained through a simple mechanical process that includes refining
and high-pressure homogenization [35,36]. This process applies me-
chanical shear forces that promote the fibrillation of cellulose fibers,
producing microfibrils with diameters between 10 and 100 nm and
lengths in the micrometer range [37-39].

To select the most appropriate formulation, the influence of the used

fillers on the cross-linking reaction, rheology properties and dynamic
bond exchange of the prepared pastes was also deeply investigated.
Mechanical reshaping was successfully performed and finally, the
formulation with the highest amount of fillers was 3D printed. A Life
Cycle Assessment (LCA) was performed to evaluate the environmental
performance of vitrimer production at the laboratory scale, following
the European Commission's guidelines and reports [40-42], and ISO
standards as references [43,44].

2. Experimental section
2.1. Materials

The cardanol-based epoxy resin Cardolite® LITE 514HP (514HP),
with an epoxide equivalent weight (EEW) of 302 g/eq and a viscosity of
5790 cps was supplied by Cardolite® Corporation. Cystamine dihydro-
chloride 96 %, methanol 99.9 %, acetonitrile 99.9 %, potassium hy-
droxide and magnesium sulfate anhydrous were all purchased from
Sigma Aldrich. Two cellulosic fillers were used in this work: micro-
fibrillated cellulose Celova® MFC Powder (MFC), a powder with 40-60
wt% MFC content with a residual moisture less than 10 %, purchased
from Weidman, and ultrafine cellulose dry powder Technocel® FM8
(UFC) supplied by CFF GmbH & Co. KG, with a particle diameter of
6-12 pm and a length of 9-10 pm. 514HP, MFC and UFC were used as
received.

2.2. Cystamine desalination

To prepare 5 g of desalinated cystamine (cys), 7.4 g of cystamine
dihydrochloride were dissolved in 350 mL of methanol. Separately, 3.7 g
of KOH were dissolved in 50 mL of methanol. After 1 h, the KOH solution
was added to the cystamine solution and stirred for another hour. The
formed KCl was removed by filtration, methanol was evaporated using
an evaporator and residue was dried over MgSOy4 in acetonitrile. After
complete evaporation of acetonitrile, the cystamine was obtained as a
yellowish liquid and stored at 3-4 °C. The cystamine desalination pro-
cess was carried out at room temperature. The recovery rates of meth-
anol and acetonitrile were verified by volume measurements. The 'H
NMR spectrum of cystamine and the reaction scheme for the desalina-
tion process are reported in Fig. S1 of the Supporting Information.

2.3. Preparation of vitrimer formulations

Formulations containing 514HP and cystamine with 1.2 equivalent
of curing agent were prepared via mixing with a speed mixer DAC 250.3
FVZ (Hauschild) at 2000 rpm for 2 min. The amount of cystamine in the
formulations was calculated from the epoxide equivalent weight (EEW
= 302 g/eq) and amine hydrogen equivalent weight (AHEW = 38 g/eq),
according to Eq. 1:

phr,

cystamine

= (AHEW/EEW) x 1.2 x 100 1

where phreystamine corresponds to the amount of hardener to add for 100
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g of epoxy resin. TGA analysis revealed that the MFC powder contained
approximately 10 wt% of water and ~ 45 wt% of glycerol (see Fig. S2 of
the Supporting Information) [45,46], consistent with the information
reported in the Technical Datasheet. Since glycerol is generally used to
favor the dispersion of cellulose, its content in the MFC was accounted
for in the total composition when calculating the weight percentages of
the formulations. Six different formulations were prepared following the
composition indicated Table 1 (wt% refers to dry cellulose weight).
Table S1 of the Supporting Information lists the measured weights of all
components employed in the preparation of the composites. All the
formulations were cross-linked in the oven for 3 h at 80 °C to study the
influence of the cellulosic fillers on the curing process and on the final
material.

2.4. Characterization

Fourier Transform Infra-Red (FTIR) analysis was performed in
Attenuated Total Reflectance (ATR) mode with a Nicolet iS50 spec-
trometer (ThermoFisher Scientific Inc.) equipped with an ATR-Smart
Orbit sampling accessory with a diamond crystal. The spectra were ac-
quired in the 550-4000 cm ™! range, with 16 scans per spectrum and a
resolution of 4 cm™!. The conversion a of the cross-linking process was
calculated from the average spectrum of 3 measurements for each
sample by Eq. 2:

where A?10 is the area of the peak at 910 em ™! (epoxy C—O) after 3 h,

A58 s the area of the peak at 1580 cm™! (aromatic C=C), taken as

1

internal reference, after 3 h, A?!° is the area of the peak at 910 cm ™" at

initial time, A1 is the area of the peak at 1580 cm ™ at initial time.

Gel content (gel %) test in acetone was carried out to quantify the
cross-linked fraction of polymer: samples of ca. 200 mg were cut in small
pieces, weighted (mg), wrapped in metallic nets and soaked for 24 h in
10 mL of acetone; they were then taken out from acetone and dried
under fume hood for 24 h and finally in the oven at 100 °C for 2 h. The
so-obtained masses (m;) of the samples were used to calculate the gel %
of the epoxy matrix by Eq. 3 after correction of the initial and final
values considering the mass of the cellulose fibers, my.

M % 100 3
(mo —my)

Water absorption test was performed to check the swelling ratio (i.e.,
swellingqry) of the cross-linked formulations. Samples of ca. 250 mg
were soaked in 10 mL of ultrapure water. After 1 week they were taken
out from water and gently wiped to remove the water from the surface;
they were weighed (mjweex) and then dried in the oven at 100 °C for 6 h.
Eventually, they were weighed again (mg) and the swelling ratio was
calculated by Eq. 4. For comparison, thus taking into account that
glycerol is soluble in water, a second swelling ratio (i.e., swellingg) was
also calculated using mo measured before immersing the samples in
water.

gel% =

swelling ratio% = Mhweek M0 . 100 4
mop

Dynamic differential scanning calorimetry (DSC) was performed on
5-10 mg samples for each formulation with a Mettler Toledo Differential
Scanning Calorimeter under a constant nitrogen flow rate (20 mL/min)
with the following temperature cycle: 1) from —70 °C to 200 °C at 5 °C/
min; 2) 200 °C for 2 min; 3) from 200 °C to —70 °C at 5 °C/min; 4) -70 °C
for 2 min; 5) from —70 °C to 200 °C at 5 °C/min. Also, isothermal DSC
with the same instrument was performed at 80 °C for 3 h for each
formulation to check the absence of residual enthalpy after the curing
cycle in the oven. Dynamic DSC from —30 °C to 180 °C at 10 °C/min was
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performed on cross-linked and reshaped formulations to check glass
transitions and potential residual cross-linking too. Glass transition
temperature Ty was determined by the transition onset point.

Thermogravimetric analysis (TGA) was performed with an ATG/
DSC3+ from Mettler-Toledo in Al,O3 crucibles under nitrogen with a
debit of 50 mL/min and a 10 °C/min ramp. TGA was performed on each
formulation and on the samples before and after mechanical reshaping.

Dynamic Mechanical Analysis (DMA) tests were conducted on a TA
Instruments DMA 850, from 25 °C to 180 °C at a rate of 3 °C/min. After
applying a 0.05 N preload force, a constant deformation of 20 pm was
chosen with a regular frequency of 1 Hz in tensile mode. The dimensions
of the samples averaged 6 mm x 5 mm x 1.5 mm. DMA was performed
on the samples before and after mechanical reshaping.

Stress relaxation experiments were performed for each cross-linked
material to evaluate the rate of dynamic bond exchange with the
Anton Paar Modular Compact Rheometer MCR 302 equipped with
HPTD200 oven. The test was carried out using an 8 mm plate to plate
geometry on 1.5-2.0 mm thick disks of the cross-linked polymer without
fillers and with the highest amount of fillers (13MFC + 13UFC) at
temperatures ranging from 140 °C to 180 °C. prior to the experiments a 1
% strain was applied with a constant normal force of 1 N for the samples
without fillers and 5 N for the samples with fillers.

Rheological tests were performed to determine the viscoelastic
properties of the formulations by using an Anton Paar Modular Compact
Rheometer MCR 302 using a 25 mm plate to plate geometry. Amplitude
sweep test at 1 Hz was performed to determine the viscoelastic param-
eters (G' and G") between shear strain (y) = 0.01 and 100 % and to
determine the yield stress (t) at cross-point ({) between G' and G". Three
interval Thixotropy Test (3iTT) was performed to simulate the printing
process with the following three consecutive steps: 1) strain rate = 0.01
s~! to have viscosity values almost at rest; 2) strain rate = 1 s~! to have
structural breakdown under high shear conditions; 3) strain rate = 0.01
s~ ! to have structural regeneration almost at rest. Flow curves between
0.01 and 100 s~ ! of shear rate were obtained for determining the vis-
cosity trend with shear rate. Herschel-Bulkley model was applied on
data from flow curves and yield stress from amplitude sweep test to
determine the printability of the pastes.

Both the formulations NoFiller and 13MFC + 13UFC were success-
fully mechanically reshaped by using Carver Model C laboratory hot
press at 160 °C under 3.5 metric tons for 1.5 h. The 3D printed piece
made with the 13MFC + 13UFC formulation was reshaped as well using
the same conditions.

2.5. 3D printing of the vitrimer paste by liquid deposition modeling

A Sidewinder SW-X2 Black (Artillery) FDM 3D printer was adapted
for LDM by adding an extruder for clay produced by WASP fed by a
pneumatic syringe. The system was used for 3D printing the composite
paste with the highest concentration of fillers (13MFC + 13UFC). The
software Simplify3D was used to set the printing parameters and the g-
code files were exported and used for printing. An extruder nozzle of 1.0
mm was used with a resulting extrusion width of 1.1 mm. The printing
was performed with the following parameters: infill = 0 % or 45 %, layer
thickness = 0.9 mm and extruder movement speed = 500 mm/min.

To improve the curing cycle of the 13MFC + 13UFC formulation
(after the printing process), the paste was placed on a parallel plate
rheometer (25 mm diameter plate) and cured at 35 °C for 24 h and
storage (G') and loss (G") modulus and viscosity were monitored by
applying uniaxial stress of 1 % and a frequency of 1 rad/s.

2.6. Life cycle assessment (LCA)

This study is implemented as a deterministic screening LCA based on
laboratory-scale measurements and single-parameter inventories. The
objective is to provide preliminary environmental insights to orient
material development at low Technology Readiness Level (TRL). The
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Fig. 1. Cardolite 514HP/cystamine vitrimer: schematic illustration of the dual reversible dynamic cross-linking network through dynamic disulfide bonds with the

presence of MFC/UFC as rheology enhancers.

Life Cycle Inventory (LCI) was developed using primary data from lab-
oratory experiments for all foreground processes. Background data for
upstream processes were sourced from the Ecoinvent database (v3.11).
The bio-based epoxy resin 514HP was modeled by adapting a standard
fossil-based epoxy dataset, substituting bisphenol A with a bio-based
cardanol derivative (NX-2026) based on its EPD data. A two-step pro-
cess was modeled for cystamine preparation: 1) synthesis of cystamine
dihydrochloride was reconstructed from patent CN109503441B [47]; 2)
the desalination step was modeled using primary lab data, assuming 90
% solvent recovery. For the cellulosic fillers, as supplier LCI data was
unavailable, the energy for mechanical milling was estimated using Von
Rittinger's law [48]. Electricity for all lab operations was estimated from
equipment specifications and operational durations. Full details on the
LCI are documented in the supplementary spreadsheet. This screening-
LCA is subject to some methodological limitations. The LCI for key
precursors like cystamine carries inherent uncertainty due to its recon-
struction from patent literature, and the energy models are based on lab-
scale equipment not representative of industrial efficiencies. Further-
more, the assessment scope was limited to seven impact categories,
omitting others relevant for bio-based systems like land use and water
scarcity. The primary analysis also assumes an idealized 100 % material
recovery in reshaping scenarios; however, the robustness of this and
other key assumptions is directly tested in the sensitivity analysis.

Eventually, as mechanical performance data are still evolving, a
mass-based functional unit (1 kg of vitrimer formulation) was selected.
However, being the present LCA subjected to several sources of uncer-
tainty, including the use of laboratory-scale energy data, proxy datasets,
and simplified stoichiometric inventories, the reported impacts should
be interpreted as indicative trends rather than precise predictions.

3. Results and discussion

In pursuit of more sustainable materials for eco-friendly epoxy sys-
tems in 3D printing, herein a bio-based vitrimer was developed using an
epoxy resin derived from cardanol (514HP) and cross-linked with cyst-
amine (Fig. 1). Cystamine was chosen for its renewable origin, reactive
aliphatic amine groups, which promote efficient network formation
under relatively low thermal conditions, and dynamic disulfide linkages.
These unique bonds are capable of undergoing disulfide exchange re-
actions (Fig. 1), which can be exploited to enable the mechanical
reprocessing of the vitrimer network.

To create printable pastes suitable for LDM 3D printing, MFC and
UFC were introduced as natural fillers and rheological modifiers. In
particular, six different vitrimer formulations were prepared increasing
the amount of dry cellulose (see Table 1). MFC and UFC were used both
separately and together, with a content up to 13 dry wt% of both fillers.
The epoxy-amine formulation without filler (NoFiller) was used as
reference.

3.1. Curing and characterization of the cured vitrimers

The reactivity of the six formulations was first studied via isothermal
DSC at 80 °C. This curing temperature was selected to prevent the

thermal degradation of cystamine, which is sensitive to elevated tem-
peratures (> 180 °C) when not cross-linked. This choice is supported by
the TGA of desalinated cystamine, presented in Fig. S3 of the Supporting
Information alongside the TGA curve of the 514HP resin, confirming the
stability of cystamine under the selected curing conditions. Further-
more, curing at low temperatures helps avoid bubbles formation caused
by the evaporation of water from the cellulosic fillers. The correspond-
ing isothermal DSC curves are shown in Fig. S4 of the Supporting In-
formation. A general decrease in the reaction rate was observed upon
the addition of fillers, especially with MFC. This effect was attributed to
the presence of both water and glycerol, which diluted the reacting
mixture and promoted competitive opening of the epoxy groups. The
influence of glycerol on the reaction was confirmed by heating a mixture
of glycerol and 514HP resin at 80 °C for 3 h; FTIR-ATR analysis before
and after heating revealed a slight decrease in the epoxy ring signal at
910 em ™!, accompanied by a strong reduction in the O—H stretching
band at 3200-3400 cm™! (Fig. S5 of the Supporting Information).
Conversely, no change in reaction rate was observed when higher con-
centrations of UFC were added to the 13MFC formulation, indicating
that UFC alone does not significantly affect the curing kinetics. Overall,
no residual enthalpy was detected after three hours of curing. For this
reason, all subsequent cross-linking procedures were conducted at 80 °C
for 3 h after pouring the formulations into silicone molds. Notably, the
cardanol-based system investigated in this study achieved complete
cross-linking at a lower temperature than other cardanol-based systems
reported in the literature [11,20,49], demonstrating improved energy
efficiency.

The cross-linking was verified by FTIR analyses performed in ATR
mode before and after curing (Fig. S6 of the Supporting Information).
The reaction was monitored by the disappearance of oxirane signals at
826 cm’l, 910 cm~! and 3000 cm’l, accompanied by a concurrent in-
crease of the O—H group stretching signal at 3200-3400 cm ! [50,51].
Conversion (o) of the epoxy groups was calculated as described in the
Experimental Section, and the resulting values are shown in Table 1.
While complete consumption of epoxy groups was observed for the
sample without fillers (no residual peak at 910 cm_l), when cellulosic
fillers were used, a general decrease of conversion was noticed, with a
minimum of 92 % for the 13MFC + 11UFC sample. Furthermore, the
13MFC sample exhibited a gradient in conversion across its thickness:
values of 83 % in the upper part (in contact with air during curing) and
of 95 % in the bottom part (on the base of the mold) were obtained. This
is because, at high temperatures, glycerol tends to separate from the
MFC and accumulate on the surface of the sample, diluting the reactive
mixture and causing a conversion gradient throughout the thickness of
the cross-linked material (see Fig. S7 in the Supporting Information).
However, when MFC was used in combination with UFC, no gradient in
conversion values was noticed, indicating that UFC effectively sup-
pressed the upward migration of glycerol, resulting in more homoge-
neous samples. The inhibition of additive migration, such as plasticizers
or dyes, by cellulose has been previously documented in the literature,
supporting this hypothesis [52,53]. To further validate these findings,
dynamic DSC analyses were performed on each formulation immedi-
ately after mixing using crude samples: the corresponding DSC curves
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Fig. 2. Rheological analyses of the pastes: amplitude sweep test results of storage modulus G' (a) and loss modulus G" (b) of each formulation; cross-point ¢ of 13MFC
+ 11UFC and 13MFC + 13UFC formulations (c); 3iTT chart (d), and flow curves of each formulation (e); Herschel-Bulkley fitting (f) and flow consistency index K and
flow behavior index n with corresponding error bars (g) for selected formulations with a yield stress.

are shown in Fig. S8 of the Supporting Information. Values of glass
transition temperature Tg (taken at onset) before (Tgpre) and after (Tg.
post) cross-linking, cross-linking enthalpy (AH:) after correction
considering the cellulose fraction, reaction temperature onset (Topget)

and peak (Tpear) are listed in Table S2 of the Supporting Information.
When fillers were added, an increase in Topser and Tpeak Was observed,
confirming a decrease in the cross-linking rate. Simultaneously, a
decrease in reaction enthalpy (—13 % ca. for 13UFC sample and — 21 %
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Fig. 3. Printing by LDM: storage modulus (G'), loss modulus (G") and viscosity vs time at 35 °C for the 13MFC + 13UFC formulation (a); printed vase (b) and filled

cylinder (c) before and after curing in the oven.

ca. for the samples with MFC) was noticed, also confirming the reduc-
tion of cross-linking degree when cellulosic fillers were used.

To further confirm the efficiency of the curing reaction, the insoluble
fraction and the water swelling behavior of the cross-linked materials
were evaluated, and the results are reported in Table 1. Compared to the
unfilled system, a decrease in gel content values was observed when
MFC was used, with a minimum of 80.8 % for the 13MFC sample. This
decrease can be ascribed both to the dissolution of glycerol during the
extraction test and to its influence on the cross-linking degree, which
likely contributes to a lower network density. This influence was also
confirmed by the swelling test (swellingg,y) in water: while a negligible
swelling value was observed for the sample without fillers, the intro-
duction of MFC strongly increased the water uptake, due to the hydro-
philicity of MFC itself and the decrease of cross-linking density. The
addition of UFC did not modify the insoluble fraction, and adding UFC to
the formulations with MFC even caused a slight increase in gel content
values compared to the sample with only MFC. Moreover, the inclusion
of UFC caused only a slight increase in swellingg,y, due to the presence of
ultrafine cellulose between the cross-linking bonds. The highest swelling
value was observed for the 13MFC + 11UFC formulation (swellinggry =
29.5 + 0.3 %), due to the combined effects of the larger particle size of
MFC and the reduction of cross-linking density caused by side reactions
involving glycerol. Overall, the swelling behavior of the composite vit-
rimers arises from the interplay among glycerol dissolution during the
test, the hydrophilicity of the cellulose fillers, and the structure of the
cross-linked network. However, as demonstrated by the comparison
with swellingg values, which are significantly lower than the previously
reported values of swellingg,y, the dissolution of glycerol in water has a
pronounced effect. When m( was measured prior to immersion, the
maximum actual swelling was 13.9 % for the 13MFC + 13UFC sample.

Dynamic DSC analyses were also performed on cured samples (in
oven) and the measured T, values are listed in Table I: the results show
only a slight decrease in glass transition temperature with the addition
of cellulose, attributed to the lower epoxy conversion (Fig. S9 of the
Supporting Information).

The cross-linked samples were also characterized by TGA, to eval-
uate their thermal resistance and to confirm the composition. The
thermograms are displayed in Fig. S10 of the Supporting Information.
Generally, the samples exhibited good thermal stability, with a decrease
in Tso, values (i.e., the temperature at 5 % of weight loss, Table 1) for the
sample containing MFC, due to the presence of glycerol. The degrada-
tion of glycerol was confirmed by TGA of MFC and by literature as well
[45,46]. Two other degradation steps can be observed, the first starting
at 250 °C and the second one at 310 °C, mainly attributed respectively to
the cystamine fraction and to the 514HP fraction. Eventually, as ex-
pected, the residual char at the end of the analysis increased at higher

cellulose content.

3.2. Rheology characterization of the pastes

In order to select the most appropriate paste for printing, each of the
six formulations was characterized by rheological measurements. An
amplitude sweep test was performed to evaluate the storage (G') and loss
(G") moduli. Information about yield stress (to), which is fundamental
for 3D printing evaluation, was also obtained. The results are presented
in Fig. 2a-c. An increase in modulus values was observed with a higher
filler content. A higher increase was observed when MFC was used
instead of UFC (see results for 13MFC and 13UFC), however using
higher amounts of MFC was not possible due to issues inherent to the
presence of water and glycerol as previously discussed. For NoFiller and
13UFC samples, a G" higher than G' throughout the entire shear strain
interval was observed, meaning that they behave as liquid regardless of
the applied shear strain. However, all other formulations presented a G'
higher than G" at low shear strain and a cross-point { where G" became
higher than G'. This indicates that they have solid-like behavior at low
shear rates and liquid-like behavior at high shear rates, typical of shear-
thinning fluids. Furthermore, the cross-point { shifted to higher shear
strain by increasing the filler content. This behavior is necessary for LDM
printing, but it is not sufficient on its own to define the paste as 3D
printable. The modulus of the paste must be high enough to prevent the
collapse of the 3D printed structures due to atmospheric pressure.

A Three interval Thixotropy Test (3iTT) test in the shear rate range of
0.01 to 1 s~ ! was performed to study the thixotropy of the pastes (see
Fig. 2d). The variation in shear rate is representative of the three steps of
the printing process: 1) material at rest in the syringe (low shear rate); 2)
material flowing through the extruder (high shear rate); 3) extruded
material deposited on the printing plate (low shear rate). Despite a
certain degree of thixotropy can be useful for 3D printing, a paste with
low thixotropy (i.e., stable viscosity trend following shear rate changes)
is also preferred over a material with too high thixotropy. In fact, once
extruded, the material must stop flowing as quickly as possible to
maintain its shape and avoid following the movement of the extruder. In
general, pastes containing MFC showed better thixotropy behavior than
those formulated with only UFC, confirming the importance of including
MEFC in the formulations. Furthermore, a greater difference in viscosity
between low and high shear rates can enhance paste printability. Flow
curve tests between 0.01 and 100 s~ were performed to obtain the
dependence of viscosity on the shear rate. The results are shown in
Fig. 2e. The addition of the cellulosic fillers produces a shear-thinning
material (i.e., viscosity decreases with an increasing shear rate). As ex-
pected and confirmed by 3iTT and amplitude sweep tests, MFC has a
higher impact on viscosity than UFC. In fact, at low shear rates the
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Fig. 4. Modified KWW fitted normalized stress relaxation measurements for samples NoFiller (a) and 13MFC + 13UFC (b); characteristic average relaxation time < ©

> vs 1000/T for samples NoFiller (red) and 13MFC + 13UFC (blue) (c).

13MFC paste has a viscosity value 1000 times higher than the one of
13UFC. By adding UFC to MFC, a gradual increase of viscosity can be
noticed, with a more marked difference at low shear rate. The magni-
tude of the viscosity drop at high shear rates is important, as it indicates
pronounced shear-thinning behavior and good flow during extrusion.

The values of shear stress obtained from the flow curves were fitted
to the Herschel-Bulkley model (Eq. 5) using t¢ as the yield stress ob-
tained from amplitude sweep measurements [54,55]:

In(z — 70) = InK + nin(shear rate) 5

where 7 is the applied shear stress obtained from flow curves measure-
ments, Ty is the yield stress, K is the flow consistency index and n is the
flow behavior index. For printing by LDM, a low value of n and a high
value of K are desirable: this is usually associated with a better shape-
preservation and an enhanced shear-thinning behavior. Furthermore,
a high 1 is usually associated with higher moduli, which are needed to
prevent the collapse of the printed structure and to enable the layers to
efficiently support the weight of the upper layers. The fitting results are
depicted in Fig. 2f-g. As expected, by increasing the fillers amount, the n
values decrease to a minimum of 0.31 and the K values increase to a
maximum of 2890 Pa-s" for the 13MFC + 13UFC formulation, indicating
higher yield stress and shear thinning behavior. Based on the results
from rheology tests, the 13MFC + 13UFC paste was selected for 3D
printing.

3.3. 3D printing by liquid deposition modeling

3D printing was performed on the 13MFC + 13UFC formulation by

LDM. To prevent the collapse of the 3D printed structure during the
curing step in the oven, a rheological plate-to-plate isothermal test at
35 °C was performed to monitor the evolution of G', G" and viscosity
versus time. A uniaxial stress of 1 % and a frequency of 1 rad/s were
applied. The results, shown in Fig. 3a, indicate that although the printed
paste immediately retains its geometry due to its rheology-driven so-
lidity, chemical gelation at 35 °C proceeds gradually. An increase in G'
and G" was observed after approximately 9 and 6 h, respectively, and the
gelation time (tgep), identified as the point of maximum viscosity in-
crease, occurred between 10 and 12.5 h. After this point the temperature
can be increased, while preserving the shape.

For this reason, the curing cycle consisted of an initial step at 35 °C
for 12 h to stabilize the printed structure, followed by a second step at
80 °C for 3 h to achieve complete conversion and optimal thermo-
mechanical properties. Two different shapes were printed (Fig. 3b-c): a
vase without infill and a cylinder with 45 % infill, both with same
printing parameters. The fidelity index (F;) for the cylinder shape, which
reflects the printing precision measuring how accurately the shape of the
printed object matches its original digital design (CAD model), was
calculated by Eq. 6:

fidelity index (%) = :—p' x 100 6
h

where Sp; is the vertical section of the printed cylinder and Sy, is the
vertical section of the theoretical cylinder. A F; value equal to 87.0 %

was obtained, indicating good fidelity. No difference in size of the shape
was observed before and after curing.
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Table 2
Values of t*, p and < t > at each analyzed temperature for NoFiller and 13MFC
+ 13UFC formulations.

NoFiller 13MFC + 13UFC
T [°C] i} T* <t R? i} T* <t R2
[-1 [s] > [-1 [s] >
[s] [s]

140 058 896 1406  0.999  0.49 1575 3227  0.988
150 0.54 536 942 0998 052 1114 2089  0.998
160 052 353 654  0.997  0.48 708 1505  0.999
170 0.46 163 382 0.994  0.41 314 947  0.999
180 0.43 105 289  0.989  0.47 263 584  0.999

3.4. Stress relaxation and reprocessing of the cured vitrimers

The dynamic bond exchange rate of the vitrimers without fillers and
with the highest amount of cellulose (13MFC + 13UFC, which has been
used for LDM) was analyzed by stress relaxation measurements. A
constant strain of 1 % was applied at five different temperatures ranging
from 140 °C to 180 °C (the upper limit determined by TGA measure-
ments) and the normalized relaxation modulus G/Gg was monitored as a
function of time. The relaxation curves were fitted to the Kohl-
rausch—Williams—Watts (KWW) stretched exponential decay reported
in Eq. 7, modified taking into account that the relaxation modulus was
normalized to the initial value taken at 0.4 s [56-58].

G(t) / Go = Grs / Go + (1~ Grs/Go) exp[ 0.4/ ) — ¢/’

where G(t)/Gg is the normalized stress at time t, Gyes/Go is the fraction of
residual relaxation modulus, t* is the characteristic relaxation time and
B (0 < B < 1) is the stretching exponent that controls the shape of the
stretched exponential decay and reflects the breadth of the relaxation
distribution. The smaller the value of B, the broader the distribution of
relaxation times. The characteristic average relaxation time < t > of the
stretched exponential decay was subsequently calculated by Eq. 8.

<t>=(7T(1/8))/p 8

where T is the mathematical gamma function [59]. The KWW normal-
ized fitted curves are shown in Fig. 4a-b. Values of §, t* and < T > are
listed in Table 2. A general increase in the characteristic average
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relaxation time was observed for the 13MFC + 13UFC samples
compared to those without cellulose. The presence of cellulose slowed
down the relaxation of the vitrimer that still had complete relaxation at
T > 170 °C, but incomplete relaxation at lower temperatures (at 140 °C:
Gres/Go = 0.36; at 150 °C: Gres/Go = 0.22; at 160 °C: Gyes/Go = 0.11).
Furthermore, overall lower values of p were observed for the 13MFC +
13UFC samples, suggesting a wider distribution of relaxation dynamics.
In general, when no filler was used, the values of § were comparable to
the ones found for other vitrimers based on cystamine [21]. When
considering relaxation times, our NoFiller system exhibited values
approximately one order of magnitude higher than those reported in the
literature for a similar system combining cystamine with a vanillin-
based epoxy. For instance, Guggari et al. reported relaxation times of
73.7 s and 22.1 s at 140 °C and 170 °C, respectively [21]. However,
when comparing our cardanol-based system with another system based
on transesterification reactions, lower relaxation times were observed
overall. Hu et al. reported relaxation times of 48.2 min at 140 °C and 6.2
min at 200 °C, which are considerably higher than those obtained for
our vitrimer system [20]. These findings demonstrate that the incor-
poration of disulfide bonds in the crosslinker significantly enhances the
dynamic behavior and reprocessability of the developed cardanol-based
vitrimer.

Values of activation energy (E,) were calculated by fitting the rela-
tionship between In<t > vs 1000/T to the Arrhenius equation for both
formulations. The fitted curves are showed in Fig. 4c. Values of 63 kJ
mol ! and 65 kJ mol~! with a R? value of 0.99 were obtained for
NoFiller and 13MFC + 13UFC formulations, respectively. These values
are comparable to those previously published for formulations based on
cystamine; however, activation energies are known to depend strongly
on various materials' parameters [60]. Notably, the incorporation of
fillers does not significantly affect E,, but only slightly slows down the
exchange kinetics, likely due to restricted molecular mobility. This
result thus demonstrates that the introduction of fillers can enhance the
functionality of the vitrimer network without compromising its dynamic
characteristics.

Samples without (NoFiller) and with the highest concentration of
fillers (13MFC + 13UFC) were then cut in half and hot-pressed in a 15
mm x 25 mm rectangular closed geometry mold. The process was car-
ried out at 160 °C and was repeated two times to demonstrate reshap-
ability. The resulted samples were analyzed by FTIR-ATR (Fig. 5a), TGA
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Fig. 5. Reshaping of vitrimers: FTIR-ATR spectra (a) and TGA curves (b) of samples after the 1st and 2nd reshaping steps with the corresponding pictures (c).
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Table 3
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Values of conversion (), gel content (gel %), swellingy and Tse, of samples after the 1st and 2nd reshaping steps.

1st reshaping step

2nd reshaping step

[\ Gel content Swelling, Tso [°C] o Gel content Swelling, Tso, [°Cl
[%] [%] [%] [%] [%] [%]
NoFiller 100 99.7 £ 0.3 0.8 +0.1 265 100 99.3 £ 0.0 0.9 +0.1 264
13MFC + 13UFC 100 83.0+1.2 13.0 +1.2 204 100 83.4+21 14.1 £ 0.5 204

Table 4

Description of the various considered LCA scenarios, including manufacturing
routes, material compositions, and key hypotheses (each scenario contemplates
incineration as EoL treatment).

Mechanical
reshaping

Scenario  Manufacturing  Filler Number Key

of uses Hypotheses

C-NF Casting No No 1 Virgin matrix,
no filler,
processed by
casting, no
reshaping
Matrix with
filler,
processed by
casting, no
reshaping
Casting Yes Yes 3 Matrix with
(up to 2x) filler,
processed by
casting,
closed-loop,
full material
recovery for up
to 2 reshaping
steps,
properties
maintained
per
experimental
data (no
significant
degradation/
mass loss)
Matrix with
filler, 3D
printed, no
reshaping
Matrix with
filler, 3D
printed,
closed-loop:
same as C-F +
R, but
fabricated via
3D printing

C-F Casting Yes No 1

CF+R

P-F 3D printing Yes No 1

P-F+R 3D printing Yes Yes 3

(up to 2x)

(Fig. 5b), dynamic DSC and DMA (Fig. S11 and Fig. S12 of the Sup-
porting Information, respectively). Fig. 5 depicts also the images of the
samples before and after hot-pressing. The values of conversion (), gel
content, swellingy and Tso, of the samples after each reprocessing step
are listed in Table 3. Images of bigger samples (70 mm x 40 mm) are
also reported in Fig. S13 of the Supporting Information. While almost no
change was observed for gel content and swelling values before and after
reprocessing, confirming no change of soluble fraction and cross-linking
density, a slight increase in conversion of epoxy groups was noticed.
This small increase can be attributed to oxidation at high temperature of
residual epoxy groups that did not previously react with the amine
groups of cystamine during the cross-linking step in the oven at 80 °C.
This interpretation is supported by the FTIR-ATR spectra, which show
the appearance of a carboxylic signal at 1700 em ™. Furthermore, the
samples became darker after hot pressing (Fig. 5c), particularly in the
case of the filled system, a behavior commonly observed in epoxy

thermosets as a result of oxidative phenomena [61]. The absence of air
bubbles or residual crack confirmed the successful reshaping process
and efficient flow of the vitrimer during the hot-pressing. Dynamic DSC
measurements performed on the samples after each reshaping step
showed no residual reaction enthalpy and no significant changes for
both NoFiller and 13MFC + 13UFC samples. TGA analysis also
confirmed the thermal stability of the materials after reshaping, with
negligible variations observed. A slight improvement in thermal resis-
tance was noted for the reshaped NoFiller samples, which exhibited a
marginally higher Tsy. Overall, the DMA results revealed negligible
variations in the T; values (approximately 55 °C) and comparable
moduli across all reshaping cycles. The higher T, values obtained from
DSC (Table 1), relative to those from DMA, can be ascribed to the
distinct physical phenomena probed by the two techniques and to dif-
ferences in the applied heating rates. All these results demonstrate the
successful feasibility of mechanically repairing and reshaping of the
studied vitrimers, both with and without cellulosic fillers.

3.5. Life cycle assessment results of the vitrimer system

The primary objective of the Life Cycle Assessment (LCA) was to
evaluate the environmental performance of the studied epoxy vitrimer
system, focusing on the effects of matrix composition, fabrication
method and End-of-Life (EoL) treatment. The LCA compared formula-
tions with and without the cellulosic fillers, produced by either casting
or 3D printing, across multiple EoL strategies. The results were intended
to identify environmental hotspots and inform material selection and
process optimization. The functional unit (FU) was defined as 250 g of
vitrimer material: this corresponds to a batch size used in experiments
including ~ 50 individual samples (=~ 5 g each) for 3D printing and a
single block of equivalent mass for casting. A cradle-to-grave system
boundary was adopted, covering raw material extraction, formulation,
fabrication, thermal curing, optional mechanical reshaping, and final
EoL treatment (Fig. S14 of the Supporting Information). The use phase
was considered environmentally neutral. Five scenarios were defined, as
summarized in Table 4. In reshaping scenarios (C-F + R, P-F + R), initial
production impacts are allocated equally across three use cycles. The
additional energy for each reshaping operation is added to the respective
cycle.

The aggregated results for each scenario are presented in Fig. 6.
Across all scenarios, the upstream synthesis of desalinized cystamine
was unequivocally identified as the dominant environmental hotspot,
contributing to the majority of impacts for Global Warming Potential
(GWP), fossil fuel depletion and toxicity potentials. The introduction of
the cellulosic fillers improves the environmental profile by displacing a
fraction of the high-impact epoxy-cystamine matrix. In particular,
screening-level results indicate a potential reduction in GWP for for-
mulations incorporating cellulose fillers, mainly due to lower epoxy
content and the reduced impacts of bio-based components. Such a result
is particularly noteworthy given that the addition of cellulose fillers is
essential for enabling 3D printing; thus, they not only facilitate the
processing of the material but also enhance its overall sustainability.
Comparing C-F + R and C—F scenarios, it can be noticed that the
advantage of reusability is significant. Allocating the initial production
impacts over three uses reduces the per-use GWP of the reshaped vitri-
mer (C-F + R) by 36 % compared to its single-use counterpart. The
recurring energy for hot-pressing is minor in comparison to the
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“amortized” impact of material production. From comparison of P—F
and C—F scenarios, the 3D printing process (P—F) exhibits a higher
impact than cast molding (C—F), with a 63 % higher GWP. This is
attributed to the process-level inefficiencies of fabricating numerous
small, discrete parts versus a single bulk object, which leads to higher
cumulative energy consumption. Nonetheless, 3D printing provides
significant advantages in terms of design flexibility, material efficiency,
and the capability to produce complex, customized polymer structures.
Therefore, the selection of the processing technique should not be based
solely on environmental impact, but must also consider the specific re-
quirements of the intended application. It is critical to note that once the
3D printed part is reshaped, it can no longer be reprinted. While the
material is mechanically reshapable, its unique additive manufacturing
capability is lost, representing a form of functional downcycling.

As the LCA results are based on laboratory-scale data, they should be
interpreted as indicative trends. To evaluate the robustness of the study's
conclusions against key modeling assumptions, a sensitivity analysis was
performed on the GWP results for all relevant scenarios. The GWP
contribution from the cystamine LCI, the primary environmental hot-
spot, was varied by +50 % to account for data uncertainty. The results
(Fig. S15a of the Supporting Information) show that while the absolute
GWP scores fluctuate, the relative ranking of the scenarios is unequiv-
ocally preserved for both manufacturing methods. The reshaped cast-
molded vitrimer (C-F + R) consistently shows a significantly lower
GWP than its single-use counterpart (C—F) across the entire uncertainty
range. The same holds true for the 3D printed scenarios (P-F + R vs.
P—F). This confirms that the conclusion that reshaping is environmen-
tally preferable is highly robust against uncertainty in the main impact
driver. Furthermore, the reshaping scenarios were re-modeled to assess
the impact of non-ideal material recovery, testing 100 % (ideal), 95 %,
and a conservative 90 % recovery rate per cycle, with losses replenished
by virgin material (Fig. S15b of the Supporting Information). The
analysis shows that even in the most conservative case of 90 % recovery,
the environmental benefit of reshaping remains substantial. The per-use
GWP of the reshaped casted vitrimer (C-F + R) is 33 % lower than its
single-use version. This advantage is even more pronounced for the 3D

10

printed scenario (P-F + R), which maintains a GWP over 45 % lower
than its single-use benchmark. This analysis confirms that the study's
primary findings, namely that reshaping provides a strong environ-
mental benefit regardless of manufacturing method, and that cast
molding is more efficient at this scale, are robust and not artifacts of
idealized modeling assumptions. Overall, the LCA demonstrates that
reshaping markedly lowers per-use environmental impacts, under-
scoring the relevance of this fully bio-based vitrimer in the context of
sustainable additive manufacturing.

4. Conclusions

In this work, a fully biobased epoxy vitrimer based on disulfide bond
exchange was successfully formulated and processed by LDM 3D print-
ing, employing ultrafine cellulose and microfibrillated cellulose as
rheology modifiers. Cystamine was used as cross-linker, enabling curing
of printed structures at temperatures low enough to prevent deformation
in the oven, yet high enough to avoid premature cross-linking during
printing. Systems with and without cellulosic fillers were fully charac-
terized, and the curing cycle was optimized by DSC, gel content and
swelling measurements. Rheological tests identified 13 wt% MFC and
13 wt% UFC as optimal filler concentrations for balancing shear-flow
behavior and post-print structural integrity. The pastes were success-
fully printed in various shapes and cured through a two-step low tem-
perature process (12 h at 35 °C and 3 h at 80 °C), achieving a final shape
fidelity index of 87.0 %. The vitrimer behavior of the materials was
confirmed for both filled and unfilled systems by stress-relaxation tests,
which revealed fast relaxation times (654 s and 1505 s at 160 °C for
unfilled and filled systems, respectively). Mechanical reshaping by hot
pressing (1.5 h at 160 °C, 3.5 metric tons) demonstrated full recycla-
bility, with DSC, TGA, DMA and gel content analyses showing no
degradation in performance after repeated cycles. The preliminary LCA
provided comparative insights into the environmental performance of
the vitrimer systems. Screening-level results suggested a potential
reduction in GWP for cellulose-filled systems, driven by the partial
substitution of epoxy resin with low-impact fillers, confirming the dual
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role in enabling LDM printing and improving sustainability. Moreover,
compared to a single-use lifecycle, reprocessing reduced the GWP by 36
% for cast-molded and up to 48 % for 3D-printed systems. Sensitivity
analysis confirmed the robustness of the comparative conclusions,
showing consistent scenario rankings under varying assumptions. The
synthesis of the cystamine crosslinker was identified as the dominant
environmental hotspot, underscoring the need for higher-quality, in-
dustrial-scale data to refine the environmental profile of the entire sys-
tem. The novelty of this work lies in integrating a fully biobased
vitrimer, capable of low temperature stabilization and reprocessability,
into a formulation suitable for LDM, an approach not previously
demonstrated for cardanol-based systems. The resulting materials are
well suited for non-load-bearing applications such as flexible fixtures,
housings, cushioning or damping elements, and customized geometries
where print fidelity, sustainability, and recyclability are key
requirements.
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