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Additive manufacturing is one of the most promising processing techniques for fabricating customized 3D
objects. For the 3D printing of functional and stimuli-triggered devices, interest is steadily growing in
processing materials with magnetic properties. Synthesis routes for magneto-responsive soft materials
typically involve the dispersion of (hano)particles into a non-magnetic polymer matrix. Above their glass
transition temperature, the shape of such composites can be conveniently adjusted by applying an
external magnetic field. With their rapid response time, facile controllability, and reversible actuation,
magnetically responsive soft materials can be used in the biomedical field (e.g. drug delivery, minimally
invasive surgery), soft robotics or in electronic applications. Herein, we combine the magnetic response
with thermo-activated healability by introducing magnetic FesO4 nanoparticles into a dynamic
photopolymer network, which undergoes thermo-activated bond exchange reactions. The resin is based
on a radically curable thiol-acrylate system, whose composition is optimized towards processability via
digital light processing 3D printing. A mono-functional methacrylate phosphate is applied as a stabilizer
to increase the resins' shelf life by preventing thiol-Michael reactions. Once photocured, the organic
phosphate further acts as a transesterification catalyst and activates bond exchange reactions at elevated
temperature, which render the magneto-active composites mendable and malleable. The healing
performance is demonstrated by recovering magnetic and mechanical properties after the thermally
triggered mending of 3D-printed structures. We further demonstrate the magnetically driven movement
of 3D-printed samples, which gives rise to the potential use of these materials in healable soft devices
activated by external magnetic fields.
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1. Introduction

Since the beginning of the 1980s, 3D printing has become a fast-
emerging technology, which has been successfully imple-
mented world-wide in academic and several industrial sectors."
Multi-functional objects with complex and customized archi-
tectures are easily formed into physical objects by layer-by-layer
deposition of materials directly from computer-aided design
without molds and heavy machining.> Due to freedom in
component design and production, the 3D printing technology
is applied for fabricating parts used in industrial machines,
consumer products (electronics), motor vehicles, and aerospace
or medical (dental) sectors.®> However, significant progress has
been achieved by introducing a shape-morphing capability into
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3D-printed objects, also known as 4D printing. Initiated and
termed by researchers from MIT* in collaboration with Stra-
tasys, Inc., the fourth dimension of 3D printed objects offers the
ability to switch their geometric configuration in response to
variations of the surrounding environment. This unlocks a new
toolbox of application areas in 3D printing.> Numerous external
stimuli can be applied such as light,*” heat,** temperature,®
solvent,’ pH value,” electric field,” magnetic field” or
humidity.* Due to their multi-functional behavior (e.g. recon-
figurable structure, shape memory effect, actuation, sensing),
these composites can be used in a broad variety of applica-
tions® including soft robotics,'® shape memory structures,”
sensors and actuators."®

In this context, great effort has been devoted to develop
magneto-active materials for functional composites.” By expo-
sure to an external magnetic field, these materials undergo
mechanical and rheological changes (e.g. damping, elasticity),
and shape changes. Magneto-responsive materials are found in
the form of a fluid, a gel or a solid.*® Solid magneto-active
materials consist of a soft polymeric matrix, in which inor-
ganic magnetic particles (e.g. ferrite particles Fe;04, maghemite
v-Fe,O; or neodymium-iron-boron particles NdFeB)*' are
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dispersed. Prominent examples of polymers are elastomers,>
plastomers® and foams.** A typical behavior of magneto-
responsive elastomers (MREs) under the application of
a magnetic field is their change of modulus. However, the range
of applications is limited due to small magnetically induced
actuation strain. Various additive manufacturing techniques,
such as direct ink writing (DIW) and fused filament fabrication
(FFF) have been employed to fabricate polymers containing
high loads of magnetic fillers.*®*® Colorado and Restrepo
demonstrated the printing of an epoxy resin loaded with
magnetite particles up to 41 wt% via DIW. Results on
compressive strength and ductility of tested printed composites
showed their applicability in structural components.*” In 2018,
Zhao et al. reported the 3D printing of elastomer composites
filled with ferromagnetic microparticles prepared by direct ink
writing. More precisely, they were able to program ferromag-
netic domains in complexly designed 3D-printed materials by
applying a magnetic field directly to the dispensing nozzle
during the printing process.®

Recently, Rodionova et al. incorporated magnetic ferrite
particles into polylactic acid and produced objects with tunable
magnetic properties via FFF. Results set up the stage for the
additive manufacturing of composites with controlled magnetic
anisotropy, as well as, for achieving a spatial distribution of
nanofillers in a non-magnetic polymeric matrix.” One of the
salient feature of DIW is that inks with high loads of magnetic
fillers are applicable.>* Moreover, previous research showed that
both DIW and FFF can be used to produce fast responding
actuators® as well as permanent magnets.*® Despite the
mentioned advantages, objects printed by these techniques
suffer from poor resolution. In addition, fillers may be not
homogeneously dispersed, which leads to inhomogeneous
magnetic response. In addition, high temperatures required
during the FFF process may affect the fillers negatively.*

Another promising printing approach is based on vat pho-
topolymerization, in which the liquid photo-reactive resin is
mixed with magnetic fillers. The method known as digital light
processing (DLP) 3D printing is based on a layer-by-layer curing
of the resin upon irradiation with a suitable light source.
Compared to DIW and FFF, DLP offers several advantages, as it
provides higher resolution and build speed, and it operates at
room temperature. However, vat photopolymerization presents
some drawbacks in terms of the maximum load of fillers in the
resin. The photopolymerization process may be negatively
affected by an increase in the content of fillers, which
compromise on the optical properties of the resin. In addition,
the stability and sedimentation of dispersed fillers in the liquid
resin plays a vital role in achieving 3D-printed objects with
a homogeneous magnetic response. In 2019, Lantean et al.
developed magneto-responsive photopolymers based on
a urethane-acrylate resin filled with Fe;O, nanoparticles.
Mechanical properties were tuned by adding butyl acrylate,
which reduced the resin's viscosity, and magnetic properties
were tailored by loading magnetic filler up to 6 wt%.* In
subsequent work, the authors studied the magnetically driven
self-assembly of Fe;O, nanoparticles into chain-like structures
within the vat. The rotation and kinetics of chain formation
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depended on the viscosity, weight percentage of nanofillers, the
intensity of the external magnetic field, and its application time.
By applying magnetic fields of varying direction and intensity
during the printing process, the authors could control the
orientation and the length of the magnetic chains in each
printed layer, which was exploited for the fabrication of
magnetically driven devices.**

Recently, our group demonstrated the possibility to print
soft magneto-active objects using thiol-click photopolymers as
matrix. In particular, by advancing from pure acrylate to thiol-
acrylate systems, we overcome shrinkage stress, oxygen inhibi-
tion and low monomer conversion of the filled photopolymers.
Soft and flexible polymer composites were obtained by DLP 3D
printing with 6 wt% of Fe;O, nanoparticles at a reasonable
build time.*

Herein, we extended the functionality of 3D printable
magneto-responsive thiol-acrylate composites by introducing
an additional healing and re-shaping function. In particular, we
exploited thermo-activated bond exchange reactions following
catalyzed transesterification to induce a material flow above the
networks topological freezing temperature. We optimized the
composition of the photocurable formulation in terms of
viscosity and stability and were able to 3D print objects with
a Fe;0, loading of up to 6 wt%. As a proof of concept, magneto-
responsive structures were DLP 3D printed, which were ther-
mally healed and could be conveniently reshaped and activated
by applying an external magnetic field.

2. Results and discussion

2.1. Network design and optimization of the photocurable
resin containing Fe;O, nanofillers

To prepare magnetically responsive dynamic photopolymers,
we used our recently reported thiol-acrylate system, which has
been loaded with magnetic Fe;0, nanoparticles (ds, = 50 nm)
as a basis.*

The system was composed of hydroxy-2-phenoxypropyl
acrylate (HPPA) and glycerol 1,3-diglycerolate diacrylate
(GDGDA) and provided ample -OH groups for the thermo-
activated transesterification reaction (Fig. 1).

Trimethylolpropane tri(3-mercaptopropionate) (TMPMP)
was added as a thiol crosslinker to switch the curing mecha-
nism of pure acrylates following a chain-growth mechanism to
a mixed mode one including chain-growth and step-growth
reactions. In previous work, we further employed a mono-
functional methacrylate phosphate as stabilizer to prevent
thiol-Michael reactions and to increase the stability of the
photo-curable resins during storage and printing. In another
study we showed that this stabilizer is also able to catalyze
transesterification reactions due to its Brensted acidity.*
Herein, we exploited this feature to print magneto-active
composites with additional functions such as thermo-
activated mendability.

We varied the filler loading between 0 and 6 wt%, as previous
work revealed that filler loadings >6 wt% negatively affect the
cure kinetics and stability of the photocurable thiol-acrylate
resins. In the present study, we additionally varied the
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Fig. 1 Monomers, transesterification catalyst, photoinitiator and iron
oxide nanoparticles (NPs) used in magneto-responsive resins pro-
cessed via DLP 3D printing.

Table 1 Molar composition of the thiol-acrylate formulations under
investigation

Compound Resin-1 (ref. 36) Resin-2
HPPA 50 mol% 65 mol%
GDGDA 25 mol% 25 mol%
TMPMP 25 mol% 10 mol%
BAPO 2 wt% 5 wt%
Miramer A99 5 wt% 5 wt%

content of the low viscous HPPA and the thiol crosslinker to
reduce the viscosity of the formulations and increase the resins'
stability, respectively (Table 1).
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As viscosity and shelf life of the resin are crucial parameters
in vat photopolymerization 3D printing, we determined the
viscosity of the new resin formulation (resin-2) with varying
content of magnetic nanofillers (0-6 wt%) (Fig. 2b) and
compared it with our previously published system (Fig. 2a). The
measurements were performed over a prolonged time (15 min)
to further get an idea of the resins’ stability. Rheological data
reveal that the viscosity increases with rising filler concentra-
tion but does not exceed 1000 mPa s, which is still within the
range (250 and 5000 mPa s) of 3D DLP printable resins.*”

By increasing the HPPA content from 50 mol% to 65 mol%
and by decreasing the thiol content from 25 mol% to 10 mol%,
the viscosity of the filled and unfilled resins could be signifi-
cantly reduced. In particular, for the unfilled resin, a decrease in
the viscosity from 1320 to 203 mPa s was observed. Interest-
ingly, the addition of up to 4 wt% of nanofillers did not
significantly affect the viscosity compared to the unfilled system
(302 versus 203 mPa s). In contrast, the presence of 6 wt% of
nanofillers resulted in a rapid increase in viscosity (934 mPa s)
which is also reported for other systems.*® Due to the reduction
of the thiol content in resin-2, the stability of the filled and
unfilled compounds could be significantly improved compared
to the previously studied resin systems.

In contrast to previous work, we additionally increased the
BAPO concentration from 2 to 5 wt% to accelerate the cure rate.
BAPO as a classical radical photoinitiator absorbs in the visible
region (A = 360-440 nm) and forms up to four radicals by
undergoing two subsequent Norrish type I reactions across the
o bond between the carbonyl groups and the phosphor atom.*
Since the formed radicals rapidly initiate radical-mediated
polymerization reactions, BAPO is a commonly used photo-
initiator for the photocuring of acrylate, thiol-acrylate and
interpenetrating epoxy-acrylate resins.*

We studied the cure kinetics by Fourier-transform infrared
(FTIR) spectroscopy, in which the C=C-H stretching band of
the acrylate groups was monitored at 1616 and 1634 cm™ " upon
exposure at 405 nm. It should be pointed out that the IR signal
at 2575 cm ™, which belongs to the mercapto groups, was too
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Fig.2 Stability of the resins filled with up to 6 wt% of nanofiller at a constant shear of 300 s~: (a) published thiol-acrylate vitrimer system (resin-

1)*¢ and (b) modified thiol-acrylate vitrimer system (resin-2).
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Fig. 3 Monitoring the acrylate conversion of resin-2 as a function of
the concentration of FezO4 nanoparticles. The lines are a guide for the
eye.

weak to consider for quantitative evaluation. The IR spectrum of
resin-2-ONPs (prior to and after light exposure) is provided in
Fig. S1 in ESL{ We studied the acrylate conversion versus the
filler content as Fe;O, nanoparticles absorb light in the UV and
visible region (internal filter effect). The results clearly show
that the presence of the nanofillers slows down the reaction
kinetics, albeit at a lower extend as expected (Fig. 3). For the
unfilled resin, the monomer conversion amounted to 85% after
64 s of light exposure, whilst it decreased to 76% for the system
containing 6 wt% filler.

2.2 3D printing and material characterization

Due to the decent cure rates, it was possible to DLP 3D print test
specimen for dynamic mechanical thermal analysis (DMTA)
and stress relaxation studies. DMTA was used to study the
thermo-mechanical properties of the 3D-printed samples filled
with nanofillers in the range of 0 to 6 wt% (Fig. 4). When
nanoparticles were added to the photocurable formulation, the
T, of the printed composites increased from 45 °C (resin-2-
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Fig. 4
nanofillers up to 6 wt%.
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ONPs) to 51 °C (resin-2-6NPs). In previous works, a reduction
of the T, for magneto-responsive nanocomposites based on
urethane-acrylate resins was observed and explained by the
decrease of the monomer conversion due to competition
between the photoinitiator and nanofiller in absorbing radia-
tion during the printing process.*

Interestingly, here we observed a slight increase in the T,
value by introducing nanofillers into the system. On the one
hand, this can be explained by the presence of the thiol cross-
linkers, which lead to higher carbon double bond conversion
due to the mixed mode curing mechanism. Thiols act as chain-
transfer agents for the chain-growth polymerization of acrylates
and reduce the kinetic chain length. This results in lower
diffusion limitations of the reacting monomers and a shift of
the gel point to higher conversions.*

On the other hand, coordinative bonds might be formed
between the Fe;O, nanoparticles and the unreacted thiol
groups, which anchor the filler to the photopolymer matrix.** In
the presence of the organic phosphate, the photopolymer
composites are able to undergo thermo-activated dynamic bond
exchange reactions across the functional ~-OH and ester groups
(transesterification). The change in the viscoelastic properties
was studied by rheometer experiments.

Fig. 5 provides the time-dependent evolution of the relaxa-
tion modulus for resin-2 with varying concentration of nano-
fillers at 180 °C. While temperature and catalyst in the thiol-
acrylate systems have an impact on the stress relaxation
kinetics,*® the results clearly indicate that the addition of
nanofillers (and the related slight shift to higher T, values) does
not significantly affect the bond exchange rate within the
investigated range of filler concentration.

2.3 Thermal healing and magnetic properties

Although resin-2 was printed with up to 6 wt% of nanofillers, we
performed further printing studies with resin-2-4NPs to avoid
premature gelation during the printing process. To demon-
strate the magnetic response of the filled thiol-acrylate vitrimer
network, a printed stripe was fixed on one side with tweezers. As
is shown in Fig. 6a, by applying an external magnetic field (1.24
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(a) Loss factor (tan¢) and (b) storage modulus (E') versus temperature as obtained from DMA measurements of resin-2 filled with
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Fig. 5 Normalized stress-relaxation curves (obtained at 180 °C) of
resin-2 with varying filler concentration.

T), the stick containing 4 wt% of nanofillers could be activated
even without physical contact between the magnet and the
stick. Moreover, we printed a stickman where every single part
was activated separately. It should be noted that we were not
able to print more complex structures as premature gelation
occurred at a filler concentration of 4 wt% upon prolonged
printing time. In addition, the viscosity of the filled resin was
too high to print objects with feature sizes lower than 1 mm.
Thermal healing of magneto-responsive photopolymers was
demonstrated on 3D-printed dumbbell test specimens. An
appropriate aligning of thin broken test bars is challenging and
thus, test bars with a circular-shaped hole in the center were
printed together with the circular-shaped counterpart (Fig. 7b).
For the healing step, the disc was fitted in the hole and
a thermal healing/welding at 180 °C for 4 h was carried out. Due
to the macroscopic reflow, the boundaries between the two
parts efficiently welded together and the original tensile
strength (defect-free bar) could be partly recovered. The defect-
free control samples (Fig. 7b) resulted in a tensile strength of
11.2 MPa and an ultimate elongation of 46%. In contrast, the
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Fig. 7 (a) Stress—strain curves of test specimens DLP 3D-printed with
resin-2 containing 4 wt% of FesO,4 nanoparticles prior to and after
a thermal healing at 180 °C for 4 h, (b) DLP 3D-printed test specimen
used for thermal healing experiments: (i) DLP 3D-printed control
sample. (ii) DLP 3D-printed test specimen with a circular-shaped hole
in the center and DLP 3D-printed circular shaped counterpart. (iii) Test
specimen after fitting the circular-shaped counterpart in the hole and
subsequent thermal treatment.

tensile strength of the sample, which contained the hole, was

drastically reduced to 2.3 MPa with an elongation of 27.9%.
Due to the thermally triggered repair process, the tensile

strength could be regained to a large extend (8.1 MPa), whilst

Fig. 6 Activation of objects DLP 3D-printed with resin-2 containing 4 wt% of FezO4 nanoparticles.
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Fig. 8 Room temperature hysteresis loops of 3D-printed magnetic
composites from resin-2-4NPs prior to and after welding at 180 °C for
4 h.

the elongation (3.9%) was even lower than the value measured
for the sample containing the hole. Whilst the test bars were
breaking nearly in the center (Fig. S2 in ESIf), the fracture
behavior changed. Since this behavior was not observed in our
previous studies on the healing of unfilled dynamic photo-
polymer networks, we assume that this change in damage
behavior is mainly related to the fillers present in the dynamic
thiol-acrylate composite.

Along with mechanical performance, the magnetic proper-
ties were determined prior to and after thermally induced
welding. Room-temperature hysteresis loops of 3D-printed
control and welded samples are shown in Fig. 8. The hyster-
esis curves and the magnetic characteristics of both types of
samples (control and welded) are comparable. The coercivities
are around 80 Oe (control sample) and 75 Oe (welded sample).
Due to the low coercivity at room temperature, one can assume
a superparamagnetic behavior, which does not change due to
the thermo-activated healing process. The results indicate that
the magnetic properties are not affected by the thermal healing
step, which has been carried out at 180 °C for 4 h.

3. Experimental
3.1 Material and chemicals

2-Hydroxy-2-phenoxypropyl acrylate (HPPA), glycerol 1,3-digly-
cerolate diacrylate (GDGDA), trimethylolpropane  tri(3-
mercaptopropionate) (TMPMP), Fe(i,m) oxide nanoparticles
(dso = 50 nm), and phenylbis(2,4,6-trimethylbenzoyl) phos-
phine oxide (BAPO) were purchased from Sigma-Aldrich. Mir-
amer A99 was used as stabilizer and transesterification catalyst,
and was received from Miwon Speciality Chemical (Korea). All
chemicals were used without further purification.

3.2 Preparation of resins

3.2.1 Preparation of resin-1. HPPA (50 mol%) was mixed
with GDGDA (25 mol%) and 5 wt% Miramer A99. 0.05 wt%
Sudan II was added and the formulation was ultra-sonicated

© 2023 The Author(s). Published by the Royal Society of Chemistry
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until the photoabsorber was dissolved. 3 wt% phenylbis(2,4,6-
trimethylbenzoyl)phosphine oxide and TMPMP (25 mol%)
were added and dissolved by stirring the formulation at room
temperature for 30 min.

3.2.2 Preparation of resin-2. HPPA (65 mol%) was mixed
with GDGDA (25 mol%) by means of a magnetic stirrer at room
temperature. Subsequently, 5 wt% of phenylbis(2,4,6-
trimethylbenzoyl) phosphine oxide and 5 wt% Miramer A99
were added and the formulations were ultra-sonicated at 40 °C
until all components were dissolved. After cooling to room
temperature, TMPMP (10 mol%) and Fe;O, nanoparticles were
added. The prepared formulation was manually stirred with
a spatula and sonicated for 1 min at room temperature.

3.3 Characterization

Fourier transform infrared spectroscopy was studied on a Vertex
70 spectrometer (Bruker, USA). Spectra were taken in trans-
mittance mode over a wavenumber range from 4000 to
700 cm™". All spectra were accumulated from 16 scans at
a resolution of 4 cm ' and the absorption peak areas were
calculated with OPUS software. For sample preparation, 1.5 pL
of resin was drop cast between two CaF, discs. Samples were
irradiated with a light emitting diode lamp (zgood® wireless
LED curing lamp) with a power density of 3.3 mW cm™> (A =
420-450 nm). The conversion at corresponding exposure times
were calculated with OPUS software by evaluating the decrease
of the characteristic acrylate infrared absorption band at 1620~
1636 cm ™ .

The viscosity of the formulations was determined with
a modular compact rheometer MCR 102 from Anton Paar (Aus-
tria) in a parallel plate set up with a 25 mm diameter. Each
measurement was carried out with 0.5 mL formulation at room
temperature and a shear rate ranging between 0.1 and 300 s .
The same measuring setup was utilized to determine the stability
of the resins by applying a shear rate of 300 s™* over 14 min.

Dynamic mechanical analysis (DMA) was carried out on
a Mettler Toledo DMA/SDTA861e analyzer. Mechanical loss
factors (tan ) and storage moduli (E') were monitored over
a temperature range from —25 to 70 °C at a heating rate of 3 ©
C min~ ", with a frequency of 1 Hz, in a displacement-controlled
mode with maximum amplitude 10 pm and maximum force of
5 N. The glass transition temperature (T,) was determined by
the temperature at the maximum of the loss factor. For sample
preparation, test specimen (30 mm x 4 mm X 1 mm) were 3D
printed with resin-2 using a commercial printer from Anycubic
(China).

Mechanical properties were characterized by a ZwickRoell
(Germany) Z1.0 static materials testing machine with a cross-
head speed of 250 mm min . Tensile tests were performed on
3D printed dumbbell specimens (resin-2 filled with 4 wt%
nanoparticles) with the dimensions of 2 x 12.5 x 75 mm.

Stress relaxation experiments were carried out at 180 °C on
an Anton Paar Physica MCR 501 rheometer (Austria) with
parallel plate geometry. Printed samples (10 x 1 mm) of resin-2
were equilibrated to the set temperature and a specified
constant normal force of 20 N was applied for 15 min.
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Subsequently, 3% step strain was applied and the decreasing
stress was recorded over time.

3.4 DLP 3D printing

3D printing was performed on an Anycubic Photo Mono printer
(China) with a LED 405 m light source. Two bottom layers were
exposed for 24 s, whereas the other layers were illuminated for
5 s. The layer height was set to 50 um with a building speed of

6 mm s ' and a retracting speed of 1 mm s~ .

3.5 Thermo-activated healing

Both, the control sample and the defect sample with a hole had
dimensions of 30 x 10 x 1.5 mm and were printed together
with the corresponding disc (d = 5 mm) via DLP 3D printing
using resin-2 filled with 4 wt% of nanofillers. For the thermal
healing, the printed disc was fitted inside the hole and the
samples were heated to 180 °C for 4 h.

3.6 Welding experiments and magnetic properties

Three discs (10 x 1 mm) were printed with resin-2 containing
4 wt% of nanofillers. Welding of two discs was achieved by
pressing the discs over each other and heating at 180 °C for 4 h.
Magnetic properties of control and welded samples were
measured with a vibrating sample magnetometer (8600 Series
VSM System, Lake Shore) at room temperature. The magnetic
field was applied perpendicular to the sample surface in a range
between +1 T.

4. Conclusions

In summary, we have prepared DLP 3D printable thiol-acrylate
resins containing magneto-active fillers and dynamic covalent
bonds, which rendered the cured photopolymers malleable and
thermally mendable. Whilst viscosity and T, increased with
rising filler content, the cure kinetics decreased due to the
competition between the nanofiller and the photoinitiator
resulting in a slight delay in the photopolymerization process.
At a concentration of 4 wt% nanofillers, objects with a simple
geometry could be DLP 3D printed and their activation by an
external magnetic field was demonstrated. Due to thermo-
activated transesterifications, the photopolymers were weld-
able and thermally healable. Both control and welded samples
showed supermagnetic behavior after thermal treatment at
180 °C for 4 hours and the magnetic properties did not signif-
icantly change during the welding step. In addition, thermal
healing of printed test bars was demonstrated giving rise to the
versatility and functionality of the developed resin system.
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