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Abstract

Self-healing materials have been intensively studied as materials that can mimic healing
properties of biological systems. Reversible polymeric networks based on Diels-Alder
thermoreversible covalent bonds exhibit great healing performance by controlling the
temperature of the system. Despite the attractive applications of self-healing materials,
most of them are restricted to the repair of narrow cracks due to their restricted mobility
in the solid state. In this work, magnetite (Fes0a.) particles are used to create self-healing
magnetic composites. The use of a conventional magnet to apply a magnetic driving force
is proposed for the closure of wide damage gaps in the solid state without the need of either
mechanical intervention or liquid-like flow inside the material, limiting the structural
stability. Thermal, mechanical and chemical characterization of different composites are
performed in this study and the healing efficiency is evaluated to assess their potential to
close and heal large damage sizes.
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1. Introduction

The continuous development of material science and technology has underpinned the basis
of evolution of humankind. A better understanding of the intrinsic behaviour of materials
gives rise to the possibility to modify their composition and physicochemical properties,
tailoring their properties to our needs. An emerging example of smart, advanced materials
is the class of stimuli-responsive materials, which can reversibly modify one or more of their
properties under the application of an external trigger in a controlled fashion [1]. The
activational trigger can be based on changes in temperature, pH, application of an external
mechanical force, irradiation with light at a certain wavelength or by the presence of an
external electrical or magnetic field [2]. These materials have showed interesting results in
a wide range of different applications, including coatings [3,4], drug delivery [5,6],
electronics [7,8] and actuators [9,10].

Inspired by nature, engineering new materials that can heal external damage, mimicking
biological skin systems, is attainable with the development of the so-called self-healing (SH)
materials. SH-materials are able to repair damage upon activation of a healing mechanism,
often activated by changes in the environment surrounding the material. The ability to heal
damage extends their lifetime, reliability and safety, and decreases the need for costly
maintenance. Often, self-healing materials are classified as extrinsic or intrinsic SH
materials, according to how the mechanism to repair damage is achieved in the material.
For extrinsic SH materials, the healing ability is built-in, usually via encapsulation of healing
agents inside microcapsules [11] or vascular networks [12]. In case of intrinsic materials, the
healing functionality is inherent to the material system as a result of physicochemical
interactions [13] or dynamic covalent chemical bonds [14].

Thermoreversible covalent bonds have received a great deal of attention during the past
few decades, emphasizing those based on the formation of reversible Diels-Alder (DA)



crosslinks [4,15-17]. The DA reaction is a concerted 4n+2m cycloaddition of a conjugated
diene and a dienophile employed for the formation of six-membered and polycyclic ring
systems [18,19]. The 4n+2m cycloaddition takes place between furan and maleimide groups
as a diene and dienophile, respectively. The reaction kinetics and thermodynamics are
based on the shifting of the chemical equilibrium reaction towards the formation of the DA
product (DA adduct) at low temperatures and promoting the reverse dissociation reaction
at high temperatures, restoring the initial monomers (retro-DA reaction). The healing is
either activated by mechanical breaking of the bonds or by increasing the temperature,
shifting the equilibrium towards the breaking of the adducts, leading to the formation of
free furan and maleimide groups. This increases the mobility in the material as a
consequence of the decreased crosslink density, while retaining enough crosslinks points to
preserve the solid state [20]. Because of the increase in the mobility of the material, the
micro-macroscopic damage can be sealed, and upon cooling, the shift of the equilibrium is
reversed, resulting in the reformation of the crosslinks in the network and, hence, the
recovery of the initial properties. Controlling the DA crosslink density and polymeric chain
length allows the manufacturing of a wide variety of distinct materials with different
thermal and mechanical properties, ranging from stiff, hard thermosets [21,22] to elastic,
soft elastomers [17,23].

All self-healing materials, extrinsic or intrinsic, need sufficient mobility to close the damage
and to activate the healing process. To this end, an intimate contact between broken
surfaces is necessary for intrinsic SH materials, while in extrinsic SH materials the healing
agent can fill narrow cracks by way of capillary action. In most cases, this contact is only
possible if damage dimensions are narrow, allowing the material with sufficient mobility to
react across the broken surfaces (sharp cuts, scratches, perforations...). In the case of large
damage, to the author’s knowledge, the damage recovery is only possible in three different
ways: (i) applying an external mechanical force, by way of human intervention, resulting in
an lack of autonomy of the process, (ii) closing of the small gaps by way of elastic recovery
of the material after the damaging force has been removed or the use of the shape-memory
effect, designed into the material structure. This method, known as shape memory assisted
self-healing (SMASH), is a nice approach but it is based on complex systems and
microstructures, so it is highly dependent of complicated synthesis or elaborate fabrication
processes [24,25], (iii) using a two-stage extrinsic SH approach where in a first stage a gelling
agent is released to create a scaffold in the large damage volume, in which a healing agent
can flow and cure to repair the damage in the second stage [26]. In this case, the healing
cycles of extrinsic systems are limited, as the healing agent is consumed after the healing
process. In this regard, it is desired to find new approaches for the closure of large damage
in easily synthesizable and cost-affordable materials, so they are able to heal autonomously
upholding their applicability.

This article presents a novel approach to heal large damage by dispersing magnetite (Fe30a)
within an elastomeric thermoreversible covalent network based on the DA chemistry.
Magnetic nanoparticles of iron oxides have been intensively studied as a result of their
technological applications, pointing out data storage [27], biosensors [28], drug delivery
[29], wastewater treatment [30], materials science [31] and catalysis [32,33], among others.
Incorporation of magnetic particles within self-healing materials has received research
attention for different applications. Magnetic self-healing hydrogels have shown interesting
results as potential injectable drug carriers with excellent biocompatibility [34,35]. An
interesting approach is the use of magnetic particles to produce hysteresis heating under
the application of an oscillating magnetic field, hence self-repairing cracks by promoting
flow of the interfacial regions [36—38]. Other applications such as direct furan-
functionalization of Fesz0s nanoparticles as reversible crosslink centers [39] or the
development of self-healing magnetic elastomers with shape memory effect [40] have been
explored. The recovery of conductive properties and healing of external fractures through
incorporation of permanent magnetic microparticles within conductive graphitic inks
resulted in a potential candidate for long-lasting printed electronic devices [41].

Immobilization of magnetic nanostructures into a polymeric matrix leads to the formation
of integrated functional systems which can interact with an external magnetic field. The



resulting magnetic force may be used to manipulate the motion or shape of the material in
a controlled fashion. In this study, the effect of different filler loadings of the magnetic
particles on the thermomechanical, viscoelastic properties and on the self-healing
behaviour is assessed. By placing the broken material close to a permanent magnet, while
heating the material, an enhancement of the viscous behaviour as a result of the
temperature increase allows the material to have enough mobility to move along the
magnetic field without the need to degel (transition from solid to liquid state in amorphous
polymers), aligning broken surfaces and sealing the damage.

2. Materials and Methods
2.1. Materials

The chemicals employed for the synthesis of the materials are shown in Figure 1. The
polyethertriamine Jeffamine T5000 with average degree of polymerization x+y+z
(determined by NMR) of 85 (M, = 5649 g/mol) was kindly provided by Huntsman
Corporation.  Furfuryl  glycidyl ether (FGE, 96%), 1,1-2(Methylenedi-1,4-
phenylene)bismaleimide (DPBM, 95%) and Iron (ll, Ill) oxide nanopowders (Fe30a, 50-100
nm, BET surf. area 20-50 m? g%,4.8 - 5.1 g ml, 97% trace metals basis) were obtained from
Sigma Aldrich, and Hydroquinone was obtained from Chimica.
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Figure 1. Chemical reactants employed for the synthesis of the Diels-Alder
thermoreversible materials: a) Jeffamine T5000 (x + y + z = 85) b) Furfuryl Glycidyl Ether
(FGE) c¢) 1,1’-(methylenedi-1,4-phenylene)bismaleimide (DPBM) d) Hydroquinone

2.2. Synthesis of the magnetic self-healable polymers

The synthesis of the magnetic materials was carried out using a 2-step synthesis procedure,
by first performing the solventless epoxy-amine reaction between the Jeffamine T5000 and
FGE at 90 °C until completion in a sealed container to generate the furan-functionalized
monomer, named F5000. Subsequently, the monomers F5000 and DPBM were mixed in
chloroform and magnetically stirred at room temperature until DPBM was completely
dissolved. Hydroquinone was added as a radical inhibitor, to prevent side reactions such as
the maleimide homopolymerization [42]. Once the monomers were completely dissolved,
different loadings of Fes30s nanoparticles (NPs) were added to the solution, and
mechanically shaken for one day to homogenize and properly disperse the particles in the
solution. While shaking, the container was opened to let the chloroform evaporate and
speed up the polymerization.

2.3. Characterization
2.3.1. Scanning Electron Microscopy (SEM)

The distribution and size of the Fe30a4 particles was visualized by using a JEOL JSM-6010LV
SEM, operating at 10 kV accelerating voltage. All samples were sputter coated with a thin



Au/Pd layer by a JEOL JFC-1300 autofine coater in order to minimize sample charging during
imaging.

2.3.2. FTIR Spectroscopy

The Diels-Alder reaction was studied using a Thermo Fisher Scientific Nicolet 6700 FT-IR
spectrometer. An attenuated total reflectance (ATR) setup was employed to perform the
analysis at room temperature using a Nicolet smart iTR with a diamond coated ZnSe crystal.
Atmospheric contributions were corrected prior to the measurements via measuring and
subtracting the background signal.

2.3.3. Thermogravimetric Analysis (TGA)

A Q500 TGA (TA Instruments) was used to assess thermal degradation of the polymer, as
well as to verify the presence of any remaining solvent into the sample. The material was
heated at a rate of 10 K min™! up to 450 °C under air atmosphere.

2.3.4. Differential Scanning Calorimetry (DSC)

The thermochemical behavior of the materials was analyzed using a Q2000 DSC (TA
Instruments), equipped with a Refrigerated Cooling System (RCS). The DSC cell is purged
with nitrogen gas.

Heating-cooling cycles were performed from -90 °C to 140 °C at a rate of 10 K min, to assess
the thermal reversibility of the Diels-Alder adducts. After the first heating cycle, the material
stayed isothermal at 140 °C to almost completely dissociate into the monomers. These
temperatures were chosen to prevent possible side reactions that can give rise to undesired
variations in endothermic signals, due to Michael addition or homopolymerization of
bismaleimides.

2.3.5. Dynamic Rheometry

Rheological experiments were performed on an AR-G2 stress-controlled rheometer (TA
Instruments) equipped with a convection oven as a heating system using air atmosphere
and steel parallel plate geometry of 25 mm diameter. Contact pressure was set as 1 N to
ensure good contact between the material and the oscillatory plate.

A thermal sweep was performed ranging from 70 °C to 130 °C at a heating rate of 2 K min™.
During the thermal scan, five different discrete oscillation frequencies following a
logarithmic distribution were switched between 0.01 and 1 Hz. A strain of 0.5 % was used
and previously proved that is in the linear viscoelastic region.

2.3.6. Dynamic Mechanical Analysis (DMA)

Tensile measurements of the different materials were carried out at room temperature
using a Q800 DMA (TA Instruments device) performing stress-strain tests until fracture in
controlled strain mode. Rectangular specimens of 7.79 £0.44, 5.55+0.03, 0.65 + 0.18 (mm)
were subjected to tensile stresses with a rate of 60 % min. The results were determined
from the average values of at least ten replicates for each sample.

3. Results and Discussion

3.1. Synthesis and Chemical Characterization

First, the synthesis of the furan-functionalized monomer F5000 was carried out via an
irreversible epoxy-amine reaction. Completion of the reaction was evaluated by

thermogravimetric analysis concluding that, under the above-mentioned reaction
conditions, total conversion was obtained (see Supplementary Information, Figure S2.1).



The furan-functionalized Jeffamine F5000 was reacted with the bismaleimide DPBM to form
the Diels-Alder crosslinks of the reversible covalent network, following the scheme available
at the Supplementary Information (Figure S1). A stoichiometric ratio r (r = Nmaleimide/NFuran)
of 0.5 is used for the materials studied in this work. The aim is to obtain a low crosslink
density in the polymeric network. It was hypothesized that a flexible elastomeric network
would be required to manifest a response caused by the external magnetic force without
the need to raise the temperature up to too high values, where the material would start to
degel or to initiate irreversible side reactions. Hence, the healing experiments can be
performed at low enough temperatures to ensure proper mechanochemical stability.
Robotics researchers have demonstrated the use of changing the stoichiometric ratio for
self-healing materials to (i) alter the thermomechanical properties, (ii) to influence the self-
healing behaviour and (iii) to demonstrate successful healing of multi-material soft robotic
actuators [43,44].

As described in Section 2.2, once the monomers were fully dissolved, the Fes304
nanoparticles (NPs) were added to the solution. Mixing under mechanical shaking with an
oscillation frequency of 120 rpm in a closed vial environment, so CHCl3 cannot volatilize,
was performed to disperse the particles for one day. Different loadings of FesOs NPs were
employed for the synthesis of different composite compositions to assess the effect on both
the magnetic response and the thermomechanical properties of the resulting composites.
Table 1 shows the different synthesized composites, numbered as the mass percentage of
Fes04 employed, as well as the bulk material without NPs.

Table 1. Weight and volume fractions of Fes3Os filler in the composites and residual weight
of the inorganic filler after thermal degradation of the composite in TGA.

Composite Weight fraction Volume Fraction Residual weight
(wt% Fe304) (vol% Fe304) (m% TGA)

DPBM-F5000 0.5 0 0 0
MagSH5000 5% 5 1 5,4
MagSH5000 10% 10 2 10,3
MagSH5000 20% 20 5 14,8
MagSH5000 30% 30 8 25,4
MagSH5000 50% 50 17 50,2

With the aim of creating flat films for mechanical testing, the polymerization was carried
out onto a Teflon Petri dish, obtaining thin films of around 0.7 mm thickness. The samples
were removed from the Petri dish and dried under vacuum at 60 °C for two days to eliminate
remaining traces of chloroform trapped in the sample. Low vacuum was needed in this case
in order to avoid the formation of gas bubbles in the films.

SEM images in Figure 2 show the surface of the different composite films and the bulk
polymer, and present how Fes04 particles are distributed along the matrix. Increasing the
amount of Fes304 results in a higher agglomeration of particles in the final composite,
reaching sizes close to 40 um for the MagSH5000 50% material. The presence of Fe304 also
intensifies the number of surface defects, showing a “river-like pattern” microstructure,
achieving the highest defects density for 30 wt% of Fes04 incorporated. Nevertheless, the
density of the defects for MagSH5000 50% appeared to be lower, indicating that FesO4
particles may prevent the formation of a brittle fracture since the load is transferred from
the weaker matrix to the stronger Fes0Oa. Similar behavior of Fes04 particles has been
previously observed [45].
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Figure 2: SEM images of a) DPBM-F5000 0.5 b) MagSH5000 5% c) MagSH5000 10% d)
MagSH5000 20% e) MagSH5000 30% f) MagSH5000 50%

FT-IR measurements confirm the consumption of the furan and maleimide groups to form
the DA adducts. Figure 3 shows the spectra for the furan-functionalized Jeffamine F5000,
the bismaleimide DPBM and the final material after reaction with the bismaleimide (DPBM-
F5000 0.5). Previous reports couple the stretching mode corresponding to the C=C bond
associated with the DA adduct with the signal at 1510 cm™ [21]. However, the presence also
at 1514 cm™ previously reported for DPBM of C—C stretching in phenyl groups makes this
affirmation unreliable. On the other hand, a small absorption is detected at 1777 cm'?, a
common signal attributed to the existence of DA adducts based on furan and maleimide
reactions that indicates the formation of DA adducts. Though, due to the presence of large
aliphatic C—O absorption generated by PEO structures present in the Jeffamine, the
characteristic C—-N—C stretch of DA adducts at around 1146 cm™ is hard to assess [46,47].
Looking at the results, it cannot unambiguously ascertain the formation of DA adducts,
despite seeing the presence of some distinctive signals because of their formation.
However, based on previous studies carried out by the FYSC group, the reactivity between
furan and maleimide groups under the proposed conditions is feasible [48]. Additionally, no
changes in the chemical composition of the final composite was found looking at the results
caused by the inclusion of Fe304 material, confirming that the magnetic particles did not
alter the chemistry of the final polymer in comparison with the bulk counterpart (See
Supplementary Information, Figures S3.1 — S3.6).



0,30

0,25

0,20

0,15 A

Absorbance (a.u.)

0,10 A

1777 cm’’

N\

T T T T

2000 1900 1800 1700 1600 1500

0,05 A1

0,00 A

Wavenumbers (cm™)
Figure 3. FT-IR spectra of pure DPBM (dark yellow line), pure F5000 (blue line) and DPBM-
F5000 0.5 polymer (red line)

3.2. Thermomechanical Analysis of DA composites:

TGA measurements show that the materials are thermally stable up to about 320 °C. TGA
curves of the bulk polymer and the magnetic composites are available at the Supplementary
Information (Figure S2.2). At these temperatures, the polymer network dissociates into the
monomers which degrade, and volatile compounds escape from the material, reducing
sample weight. Note, however, that these degradation temperatures should not be
considered as the maximum temperature for applications or processing of the material,
since at temperatures higher than 120-130 °C irreversible side reactions can take place,
modifying the reversible properties of the DA polymers.

Furthermore, the remaining weight of the samples after degradation of the organic polymer
network at temperature up to 400 °C relates to the amount of inorganic filler present in the
studied composite. It is possible to determine the fraction of NPs dispersed within the
analyzed sample yne from the weight fraction of the composite left after thermal
degradation of the organic polymer matrix ycomposite and taking into account the remaining
fraction of the pure polymer matrix ymatrix after degradation (green curve in Figure S2.2):

. Y composite — Ymatrix

e = (1 - ymatrix)

It is assumed that no degradation of the inorganic filler occurs, and that the inorganic filler
does not affect the rate and extent of degradation of the organic polymer matrix. At low
and high filler loadings, the calculated weight fractions (Table 1) match the values used
during synthesis, while for 20 and 30 wt% the calculated values deviate, suggesting
inhomogeneity in the dispersion of NPs along the polymeric film at these concentrations. In
literature, a mass gain in the region of 200 °C has been reported for the calcination of pure
Fes0as, associated with the oxidation of magnetite to iron (lll) oxide in the presence of
oxygen [49]. However, this increase was not observed for the current composites,
confirming that the Fe304 particles are protected by the polymeric matrix and preserve their
stability.

DSC measurements were performed to evaluate the thermoreversibility of the DA
polymeric network. In calorimetry, when heating up the DA polymer networks, two broad
endothermic peaks are observed for the cycloreversion of the DA adduct [50]. The first
endothermic peak is attributed to the dissociation of the endo isomer, which is kinetically
more favorable at low temperatures due to secondary interactions between the bulkier



sides resulting in a lower activation energy barrier. The second peak originates from the
thermal dissociation of the thermodynamically more stable exo isomer.
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Figure 4. Overlay of DSC thermograms of the different studied systems (DPBM-F5000 0.5:
Black; MagSH5000 5%: Dark green; MagSH5000 10%: Green; MagSH5000 20%: Yellow;
MagSH5000 30%: Orange; MagSH5000 50%: Red). Heating rate employed is 10 K min!

The reactivity of the Diels-Alder reaction can be studied using calorimetry, as elaborated by
Cuvellier et al. [50]. Figure 4 compares the DSC results of all studied composites with the
result for the pure polymer matrix. The experimental heat flow signal from DSC was
recalculated to the weight of the polymer matrix only to allow straight forward comparison
for all material compositions. The second heating is shown, after a first dissociation cycle to
140 °C to eliminate the different thermal histories of the materials. Between the first
heating and the second heating the material samples have received the same thermal
treatment to allow reliable comparison of the amount of adduct formed during cooling.
Fes0s is a well-known Lewis acid, widely employed in catalysis. In the case of Diels-Alder
reaction Lewis acids catalyze the formation of the endo adduct over exo [51]. From the
results in Figure 4, it can be concluded that there is no change in reactivity due to different
loadings of Fe30s, as the thermograms overlap and exhibit the same proportions of endo
and exo adducts. Only for the 30 wt% composite the heat flow signal deviates from the
materials with different compositions. This can be explained by the uncertainty of the filler
loading due to inhomogeneity of the sample. An overestimation of the filler content leads
to a wrong correction of the heat flow signal with respect to the underestimated polymer
fraction. This explains why the heat flow signals are larger, while the ratio of the
endothermic peaks from the endo and exo adducts is the same as for the other materials.

The effect of the filler and the filler loading on the viscoelastic properties is studied using
dynamic rheometry. The viscoelastic properties of the composites play an important role in
the handling and processing of the networks, and dynamic rheological tests are suitable to
study them. Figure 5 compares the phase angle é of the pure polymer matrix (dark yellow)
with the phase angle of the composites at different discrete frequencies during the heating
in a dynamic oscillatory measurement. At low temperatures, the phase angle d is almost
equal to 0°, corresponding to an elastic response. As the temperature increases, gradually
more reversible DA bonds are broken and the crosslink density of the network decreases.
At a certain point, the phase & angle starts to increase, as a critical number of bonds is
broken. Finally, the phase angle 8 nears 90°, corresponding to a viscous response [52]. At a
phase angle of about 60°, the lines at different frequencies cross. The point where the phase
angle becomes independent of frequency is referred to as the gel point [53]. At this point,
the material goes from a predominantly solid-like behaviour to a predominantly liquid-like



behaviour, and vice versa upon cooling. The temperature for which the critical gel
conversion Xgel is reached is referred to as the gel transition temperature (Tge)). For DPBM-
F5000 0.5 the equilibrium Tgel equals 104 °C.
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Figure 5. Phase angle (8) of DPBM-F5000 0.5 (black), MagSH5000 20% (yellow),
MagSH5000 30% (orange) and MagSH5000 50% (red) at five discrete frequencies
(0.312599 Hz; 0.562301 Hz; 1 Hz; 1.778 Hz; 3,12599 Hz) at 1 K min™'. The phase angles of
MagSH5000 5 and 10% are similar to those of DPBM-F5000 0.5 and not shown for clarity.

Table 2. Gel transition temperature, Young’s Modulus, fracture strain and stress for the pure
polymer network and the magnetic composites.

Composite Tgel (°C) E (MPa) Efracture (%) Ofracture (MPQ)
DPBM-F5000 0.5 104.2 1.12 +0.05 191+24 0.62 +0.13
MagSH5000 5% 104.5 1.05+0.04 165+ 21 0.58 +£0.03
MagSH5000 10% 104.2 1.05+0.06 155+ 14 0.59+0.01
MagSH5000 20% 103.6 1.24 +0.06 139+ 15 0.67 £0.09
MagSH5000 30% 103.8 2,14 +1.53 111 £+ 46 0,72+0.13
MagSH5000 50% n.a. 12.14+1.21 53110 1,29+0.2

The viscoelastic behaviour of the magnetic composites with 5 and 10 wt% NP’s was similar
to that of the pure polymer matrix due to the limited effect of the small amounts of NP’s.
Both gel points are also around 104 °C (Table 2). Figure 5 also shows the viscoelastic
behaviour of the composites with higher filler loadings. For these composites, the phase
angle d also increases as the material is heated, however, the phase angle does no longer
go towards 90° due to the filler-filer interactions. Instead, it goes through a maximum. For
the 20 and 30 wt% NP composites, a gel transition temperature Tge could still be
determined, as the frequency-independent cross-over was still observed at around the
same temperature as for the other materials. The 50 wt% composite does no longer show
liquid-like behaviour under the measuring conditions for the small angle oscillatory
measurements, as the forces applied on the sample and the amplitude of the oscillation are
no longer high enough to make the liquid composite flow due to the increased particle
interactions. Still, a clear increase in the phase angle can be observed around the same
temperature as for the other materials. Hence, it can be concluded that despite the clear
effect of the filler and filler loading on the viscoelastic behaviour of the composites, the gel
transition temperature Tgel Of the polymeric matrix remains the same for all composites.
This is supported by the earlier conclusion that the reaction kinetics and thermodynamics
of the Diels-Alder reaction remain unchanged in the presence of the Fes04 NP (DSC, Figure
4). In a control experiment using non-magnetic Al,Os nanoparticles similar results were
obtained, not showing any influence on the reactivity of the reversible Diels-Alder reaction
(Figure S5).



To evaluate the mechanical properties of the solid composites, tensile tests were performed
until failure of the material. Full plots of the DMA tensile experiments are available in the
Supplementary Information (Figure S4). The values for the Young’s moduli and fracture
strains are compared in Figure 6 for all composites. The Young’s Modulus E, calculated as
the slope in the linear region of the curves at strain values from 0 to 5 %, slightly increased
with the filler content, abruptly increasing for the 50 wt% composite. The same abrupt
change can be seen for the fracture stress. Conversely, the fracture strain decreases
gradually with increasing filler content, almost linearly with the filler content (Figure 6).
MagSH5000 30% exhibits a different mechanical behavior depending of in which zone of
the composite film is the specimen chopped (see cyan curves in Figure S4). This is explained
by inhomogeneities in the distribution of Fe3Os particles along the polymeric matrix.
Young’s Modulus of MagSH5000 30% was determined as the mean value of different
specimens taken from different parts of the composite film, resulting in a large error on the
calculated properties.
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Figure 6. Fracture strain (blue triangles) and Young’s Modulus (red circles) values as a
function of the volume fraction of the different composites

3.3. Magnetic and Conventional Healing Experiments

A setup was prepared for the healing experiments using a magnetic driving force, as shown
schematically in Figure 7. Samples (1) were clamped (3) inside an oven underneath a
conventional ring magnet (2), with the broken gap aligned alongside the magnet (roughly
2-3 mm of separation). The temperature of the oven was monitored using a thermocouple
(4) next to the sample. A piece of the sample was sliced off using a scalpel. Length and width
of scissions were 4.67 £ 1.13 and 2.42 + 0.66 (mm), respectively, for the different
experiments. Specimens with thicknesses of 2-3 mm were tested. Note that the size of the
damage is comparable to the thickness of the samples.

The optical photographs in Figure 7 show the behavior of different composites when heated
up to a temperature where the mobility of the network was high enough to be influenced
by the external magnetic force and to align the damage with the magnet, closing the
fracture. Temperatures were optimized for each sample and are shown in Table 3 by
heating the broken materials next to the magnet (as indicated in Figure 7) at different
temperatures and studying the response of the material after 1 h of experiment, which was



chosen as the time limit for the healing process. The chosen temperature was the lowest at
which the material was able to close the damage within the proposed times. Samples
without Fe304 did not show any change after one hour of experiment at temperatures
ranging from 95-97 °C, where the material is still below the gel point. Healing experiments
were carried out at least four times to check reproducibility of the experiments.

(4)

e) , f) . -
Figure 7. The top scheme gives a schematic representation of the setup built inside the
annealing oven: (1) composite sample, (2) magnet, (3) clamp (4) thermocouple. The



circular magnet (poles shown) was mounted such that the field lines would travel from
left to right through the sample. An example of the direction of the magnetic field lines is
shown. Photographs show the healing experiments of MagSH5000 5% a) before healing
and b) after healing, MagSH5000 10% c) before healing and d) after healing, and
MagSH5000 20% e) before healing and f) after healing.

The temperatures required to fully close the damage of the MagSH5000 5% composite
(Figure 7a and 7b) were too, as can be observed by the droplet coming off of the sample
and the material that has moved towards the magnet. The temperatures of around 99 °C to
close the damage after 30 — 60 minutes of experiment are too close to the gel point
temperature of 104 °C. At these temperatures the dynamic reversibility of the DA reaction
becomes so fast that the material managed to flow under the application of the magnetic
force. MagSH5000 10% (Figure 7c and 7d) healed the gap at a lower temperature than the
5 wt% composite (96-97°C) after one hour of experiment while retaining the solid-like state.
If the sample was clamped too tight, permanent creep at the bottom may still take place
generated by the pressure of the clamp at the elevated temperatures and the fixed
geometry of the clamp during cooling down the material. However, the damage was
recovered in a very good fashion under these environmental conditions. MagSH5000 20%
(Figure 7e and 7f) closed the gap after 20 min in the oven at a temperature of 92°C, and the
sample remained in good conditions after cooling down. The damage surfaces were
properly aligned, the gap successfully closed, and there were no signs of deformation
caused by clamping at this temperature.

Lack of reproducibility was seen for MagSH5000 30%, exhibiting distinct behaviours in
different measurements, due to the inhomogeneity of the distribution of Fes04 particles
along the matrix. Thus, the MagSH5000 30% is not considered reliable for the magnetically
induced healing evaluation. For MagSH5000 50%, temperatures much lower could be used
to close the damage, however, the healing of the gap once the material was cooled down
was too poor. Hence, MagSH5000 30% and MagSH5000 50% materials were rejected for
further healing characterization.

A control experiment was performed using non-magnetic Al;03 nanoparticles as a filler to
assess the effect of the filler on the healing properties (Figure S6). Similarly to the unfilled
material, no closing of the damage was observed. The experiment serves to demonstrate
that the damage closure is indeed due to the presence of a magnetic interaction between
the magnetic composites and the magnet.

Based on the obtained results, MagSH5000 10% and MagSH5000 20% exhibited the best
mechanical response using less Fes04 NP’s as well as good thermomechanical properties
compared with the rest of the composites. After healing, no relevant deformations were
found on MagSH5000 20% caused by clamping. In the case of MagSH5000 10%, controlling
the experimental timing it makes possible to diminish substantially clamping influence and
stress-strain curves demonstrate that elastomeric properties are similar to that of their
analogues with lower loadings of Fez0a4 (see Table 2).

Table 3. Healing temperatures (1 h) and resulting healing efficiencies for gap closure under
magnetic activation

Composite Healing Temperatures (°C) Healing Efficiency (%)
DPBM-F5000 0.5 n.a. 103

MagSH5000 5% 99-100 100*

MagSH5000 10% 96-97 85

MagSH5000 20% 91-92 56

MagSH5000 30% 88-93 Not determined’
MagSH5000 50% 86-87 Not determined’

* The damage gap closed successfully, however the sample did not retain its shape
° Lack of reproducibility caused by inhomogeneities in case of MagSH5000 30% material and poor
healing observed during healing experiments for MagSH5000 50%



Quantitative evaluation of the healing efficiency of the final pieces, presented in Figure 7 is
not possible since the deformation of the material after filling the empty gap avoid it, so the
possibility to obtain a homogeneously shaped specimen for a stress-strain test was not
possible. Conventional stress-strain tensile tests until fracture were performed for the pure
polymer matrix and the 5, 10 and 20 wt% composites using rectangular specimens of the
same dimensions as for the tensile measurements in Figure 6. The samples were healed at
92 °C (temperature used for MagSH5000 20% magnetic healing experiments) for one hour,
cooled down at 0,5 K min! and left at room temperature for three days to restore the
equilibrium conditions, and finally submitted to the same tensile test to evaluate the
mechanical properties after healing. MagSH5000 30% and MagSH5000 50% were not
considered for this purpose due to the lack of their reproducibility and bad mechanical
response.

Healing efficiency (n) was considered as the ratio between the fracture stress after healing
and before healing:

Oa

n=—
Op

Healing efficiency data is compilated in Table 3. Fracture stress and Young’s Modulus before
and after healing of the proposed materials are presented in Figure 8. Although these
results are not applicable for the healing experiments using a magnet due to the different
conditions evaluated and different morphologies, they may be employed as a comparison
of the different materials in terms of the efficiency of their healing properties. A total
recovery of the mechanical strength was observed for DPBM-F5000 0.5 and MagSH5000 5%
by evaluating the tensile properties. For MagSH5000 10% and MagSH5000 20%, a lower
recovery of the mechanical properties was observed, and failure occurred at lower strain
values at the same location as where the cuts were previously made. The assumption of this
deterioration of the tensile properties is that Fes04 aggregates are too big, so the mobility
of furan and maleimide groups along the broken gap is limited. The size of some of the
particles found in SEM results is close to the film thickness of the composite. However, the
fracture stress value recovered for MagSH5000 10% is perfectly acceptable, achieving a
healing efficiency of the process of 85% allowing the material to be reused in a wide range
of applications in the same way as the original material was employed. MagSH5000 20%
exhibited a lower recovery but a much faster closure of the broken gap, being applicable on
duties where low stress or strains are required.
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Figure 8. Fracture stress (solid) and Young’s Modulus (dashed) for bulk DPBM-F5000 0.5
and MagSH5000 20% before (black) and after (red) healing at 92°C for 1 hour



While not all of the mechanical properties of the material were fully recovered for
MagSH5000 10% and MagSH5000 20%, the idea of using magnetic particles to enhance the
healing performance of self-healing materials remains as a promising and challenging
alternative, and this first proof of concept opens a door for the preparation of a wide range
of different composites with different healing methods and different magnetic materials,
and the optimization of dispersion and particle size may lead to a material with same
mechanochemical properties as the bulk polymeric counterpart but with the advantage of
being magnetically healable.

Conclusions:

A novel approach has been developed in this study with the aim of improving the healing
of large damage in self-healing materials by using a magnetic field as the driving force to
close large damage sizes and to improve the contact between the broken surfaces.
Magnetic FesOa nanoparticles were incorporated in an elastomeric polymer network with
reversible Diels-Alder crosslinks to create self-healing magnetic elastomeric composites.
Healing experiments were performed by placing a magnet next to a large damage and
increasing the environmental temperature. The increased mobility at elevated
temperatures allowed for successful closing of the damage area.

Composites with different filler contents were studied to optimize the magnetic response
of the material with respect to the healing behaviour. Promising results were obtained for
composites with 10 and 20 wt% of magnetic nanoparticles, as the mechanical properties
were similar to those of the bulk material in a considerable range of strains and stresses
(Young’s modulus values of 1.07 and 1.27 MPa for the composites with a Fe304 loading of
10% and 20%, respectively, compared to 1.12 MPa of the bulk material) and exhibited a
good magnetic response. For the mentioned composites, sufficient mobility and successful
closing of the damage could be achieved at temperatures where the material could retain
its structural integrity, without the need to increase the temperature too high so the
material would start to degel. Healing efficiencies of 85 % and 56 % were obtained for the
10 wt% and 20 wt% composites, respectively.

Lower filler contents resulted in higher healing efficiencies around 100 %. However, the
temperature needed to be raised too high to obtain a noticeable magnetic response, which
resulted in viscous flow for the 5 wt% composite under the magnetic force. At the other
extreme, the 30 and 50 wt% composites demonstrated excellent magnetic response and
closing of the damage, while the healing efficiency dramatically suffered from the limited
chain mobility due to the high filler loadings.

While the feasibility study was successful and a clear optimum in composite composition
could be found, the performance of the magnetic composites can still significantly be
improved by (i) changing the flexibility and mobility of the polymer matrix and the
thermomechanical behaviour, (ii) changing the nanoparticle size and dispersion quality of
the Fes04 particles to reach better magnetic properties at lower particle loadings, reducing
the adverse effects on the viscoelastic behaviour and healing efficiency and (iii) evaluating
other metallic nanoparticles that may exhibit stronger magnetic properties at lower
loadings. Fes04 is stated as a promising, cheap and non-toxic alternative for the synthesis
of magnetic composites. Considering the ability to close and heal large damage, while
preserving good mechanical properties and structural integrity these self-healing magnetic
composites are very interesting candidates for applications in soft robotics.
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