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Abstract: The introduction of Diels–Alder (D-A) bonds into epoxy resins is a promising pathway to
convert these unrecyclable materials into sustainable materials. However, D-A bonds make epoxy
resins extremely brittle materials and hinder their practical usability. Nonetheless, the reversibility of
D-A bonds allows the transition of the material to a de-crosslinked network formed by separated
oligomers that can melt above 90–100 ◦C. This means that D-A epoxy resins can be reprocessed after
being cured like thermoplastics. In the present work, a thermoset blend is made by adding spent
epoxy particles to a D-A epoxy resin to increase its thermal and mechanical properties and to evaluate
a possible reuse of conventional thermoset wastes. The application of hot-pressing to a mixture of
epoxy particles and powder of cured D-A epoxy creates a material in which the interaction of the
particles with the D-A resin increases the thermal resistance of the material and prevents the D-A
epoxy from melting at high temperatures. In addition, the flexural strength is increased by 80% and
the chemical resistance against organic solvents is also improved.

Keywords: Diels–Alder; thermosets recycling; CAN; thermo-reversible epoxy; thermosets blend

1. Introduction

Over the past few decades, the use of thermosets has registered an upward trend
in the industry, which implies some technological challenges once their life of service
ends. Thermoset polymers usually offer moderate to low viscosities before curing and high
adhesivity. After being cured, these materials acquire a highly crosslinked network, which
gives them outstanding specific mechanical properties among polymer materials. Moreover,
thermoset resins, such as epoxies, have other properties, like chemical resistance and low
curing shrinkage, which make them suitable materials for coatings, insulators, or adhesive
joints, among other industrial uses [1]. However, the formation of crosslinked networks
with high thermomechanical properties and chemical inertness hinders the recyclability of
thermosets [2,3]. Today, the use of oil for polymer synthesis demands around 10 million
barrels of oil per day [4]. Within plastics manufacturing, thermosets already represent
around 12%. The annual production of thermosets reaches around 44 million tons [5]; there
numbers will grow from now to 2030 according to the forecast of the International Agency
of Energy [4], even under policy scenarios of net zero emissions.

Conventional waste management of composites and thermosets is based on techniques
unable to recover and reuse the polymer properly, such as landfilling or incinerating [2,6,7].
Landfilling is the least preferable option since it supposes the complete loss of wastes, an
occupation of space, and severe environmental impact and health risks in the mid- and
long-term [8]. Consequently, different government agencies, such as the European Union,
are moving toward the complete restriction of this practice [9]. On the other hand, the
combustion of thermoset wastes also supposes a total and irreversible loss of the material.
Even though it mitigates the problem related to storage and recovers the notable calorific
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power of these materials to obtain thermal energy, this methodology is not exempt from dis-
advantages, especially those related to harmful and greenhouse gas emissions [5,7]. Beyond
these conventional treatments, different thermochemical alternatives have been proposed
over the last few years to give some recyclability to thermosets, such as pyrolysis [7,10–12],
gasification [10] or solvolysis [2,5,7]. Pyrolysis and gasification treatments recover oils
and gases suitable for energy uses by cracking the thermoset chains and some fractions
of reusable monomers; meanwhile, solvolysis recycling achieves the recovery of reusable
monomers and oligomers. On the other hand, these methods are not free of drawbacks:
pyrolysis pathways, like other thermal treatments, generate noxious and greenhouse gas
emissions, and solvolysis usually implies the management of hazardous liquid streams
and certain complexities for large-scale implementation. Otherwise, thermoset wastes can
also be treated through mechanical processes [2,5,11]. These processes are relatively simple
and require moderate energy demands, but they suppose the loss of the original thermoset
as structural material and downgrade its added value. Mechanical recycling is frequently
based on cutting and grinding up to transform thermoset wastes into uniform flakes or
small particles that are used as fillers for asphalt and concrete. Along these lines, the use of
thermoset particles for thermoplastic matrices reinforcement is also under analysis [13–15],
observing that they can increase certain thermal and mechanical properties similarly to the
addition of other conventional fillers, such as some ceramic particles.

To overcome the disadvantages and difficulties of thermoset recycling, new approaches
based on dynamic chemistry have been developed over the last decade, creating new cova-
lently crosslinked networks with reversible bonds that give recyclability to thermosets [2].
These reversible thermosets, also known as covalent adaptable networks (CANs), switch
and rearrange their structures through thermal stimuli. Depending on the exchange mecha-
nism, CANs are grouped into two different categories: associative and dissociative. The
associative CANs maintain a constant crosslink density across simultaneous exchange
reactions when the temperature exceeds the recombination activation (Tv) [16], using mech-
anisms such as transesterification [17], transamination [18], or imine [19] and disulfide [20]
exchanges. Meanwhile, the dissociative CANs disengage the reversible bonds first and
transit to a temporary fully loose structure analogous to a thermoplastic. Afterwards, a rear-
ranged network can be built through a new crosslink reaction [21]. Most of the dissociative
CANs are based on Diels–Alder (D-A) reactions. D-A reactions are cycloadditions between
conjugated dienes and dienophiles, in which four π-electrons of the conjugated dienes
and two π-electrons of the dienophiles react and generate σ-bonds, which are energetically
more stable. As a result, unsaturated rings are formed. The introduction of switchable D-A
crosslinks into thermosets to create dissociative CANs by adding furans (FAs) as dienes,
and maleimides (BMIs) as dienophiles, is a field that has been under development in recent
years [22–26]. Through activating this switchable structure, D-A resins can be recycled and
thermoformed successfully by applying thermal and mechanical stresses [27–30]. One of
the most common recycling treatments for CANs consists of milling, as in the mechanical
recycling of conventional thermosets, followed by powder hot-pressing. As a result, a
new solid bulk is rebuilt, and even more, it can show slight improvements in the mechan-
ical and thermal properties compared to the original resin if the compaction is correctly
optimized [27,30].

However, despite these exceptional advantages related to macromolecular mobil-
ity, D-A networks also have notable brittleness and a lack of mechanical properties in
a glassy state compared with conventional thermosets [26]. D-A bonds are longer [31]
and thermodynamically weaker [32] than single covalent bonds, which makes them more
susceptible to mechanical breakage. This weakness becomes especially noticeable when
the D-A bonds constitute all or a majority fraction of the thermoset network. For exam-
ple, fully reversible D-A epoxies without permanent crosslinks have high brittleness and
strengths below 10 MPa [24,26,33], which make them impractical, in contrast with the
mechanical strength of conventional epoxies [24,26,34]. In addition, the chemical resistance
against common organic solvents (dimethylformamide, dimethyl sulfoxide, etc.) is also
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low [24,33,35]. Nonetheless, the poor thermomechanical properties and fluidity of D-A
epoxies, when the temperature reaches the activation of the retro D-A reaction (from 90 to
180 ◦C [29,33]), opens up the possibility of exploring the manufacturing of thermoset com-
posites by adding fillers into previously cured D-A resins, as in the case of thermoplastic
matrices’ reinforcement previously mentioned [13–15]. Thus, the possibility of enhanc-
ing D-A resin’s properties by recycling conventional thermoset wastes seems a synergic
pathway to enhance the usability of these thermo-reversible resins and the circularity of
thermosetting materials.

In the present work, the manufacturing of a D-A epoxy resin filled with conventional
and non-reversible epoxy particles is proposed for the first time with the aim of initiating a
new route for thermoset recycling joined with the development of new recyclable epoxy
formulations based on dynamic bonds. The material is made by milling a conventional
crosslinked epoxy resin with a fully reversible D-A epoxy resin. As a result, a mixture
of non-dynamic thermoset particles and D-A epoxy powder is obtained and pressed at
130 ◦C and 150 bar to obtain a solid bulk. The obtained material shows higher thermal,
mechanical, and chemical resistance in comparison with an unreinforced D-A epoxy resin
due to the interaction among the bulk constituents.

2. Experimental
2.1. Materials

The reagents used for the resin manufacturing were the following: bisphenol A
diglycidyl ether (DGEBA), m-xylylene diamine (MXDA), furfurylamine (FA), and 1,1′-
(methylenedi-4,1-phenylene) bismaleimide (BMI). All the components were purchased
from Merck (Darmstadt, Germany) and used as received.

Figure 1a shows the structural formulas of DGEBA, MXDA, FA, and BMI. The forma-
tion of D-A crosslinks is performed among furan groups of FA and maleimide groups of
BMI. These crosslinks can be arranged from 50 to 70 ◦C, approximately, and disengaged
when the temperature of the material is raised above 90 ◦C (Figure 1b).
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Figure 1. Structural formulas of DGEBA, FA, MXDA, and BMI (a), and reversible D-A bond formation
and dissociation depending on the temperature applied (b).

To obtain a dissociative epoxy resin, the curing method has to be carefully set in terms
of the temperature in order to minimize side reactions such as Michael addition, a non-
reversible reaction between maleimides and amines that can impede the formation of the
epoxy covalent network and the formation of D-A bonds. The manufacturing method used
to allow the correct synthesis of the reversible resin, as developed in a previous work [26],
is detailed in the next section.
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2.2. Manufacturing

The initial resins were made according to a method developed in a previous work [26].
Specifically, the composition used in this work corresponds to a 0 D-A (DGEBA-MXDA)
ratio and a 1.0 D-A ratio (DGEBA-FA-BMI). The adjustment of the reagent masses was
performed according to the following equations:

mFA =
mDGEBA·NeqDGEBA

MwDGEBA
·MwFA
NeqFA

·DAratio (1)

mBMI =
mFA

MwFA
·MwBMI ·

1
2

(2)

mMXDA =
mDGEBA·NeqDGEBA

MwDGEBA
·MwMXDA
NeqMXDA

·(1 − DAratio) (3)

where mDGEBA, mFA, mBMI and mMXDA are the masses of the epoxy monomer, furfury-
lamine, bismaleimide and m-xylylene diamine, MwDGEBA, MwFA, MwBMI and MwMXDA
are the molar masses, NeqDGEBA, NeqFA and NeqMXDA are the number of equivalents of
epoxy per mole of DGEBA or amino equivalents per mole of furfurylamine and m-xylylene
diamine, and DAratio is the Diels–Alder bonds ratio of the resin.

To manufacture the traditional epoxy resin, 0 D-A ratio resin, DGEBA was heated up
to 80 ◦C and degassed under mechanical stirring for 15 min. Then, MXDA was added, and
the mixture was put in a mold to cure at 60 ◦C for 30 min and 100 ◦C for 6 h. On the other
hand, to manufacture the totally reversible resin, 1.0 D-A resin, the reagents DGEBA and
BMI were mixed and heated up to 80 ◦C with further mechanical stirring and degassing
for 15 min. After, the reagents FA and MXDA were added, and the resin was molded to
obtain the polymer. The curing cycles were set in two steps: first at a temperature of 100 ◦C
for 6 h to generate covalent bonding and a second stage of 60 ◦C for 12 h to generate the
Diels–Alder crosslinking [26].

After the curing of the resins, they were crushed to a fine powder in a miller and then
mixed in proportions of 31 wt.% of 0 D-A ratio resin and 69 wt.% of 1.0 D-A ratio resin.
These proportions give a blend with the same molar composition as a 0.6 D-A ratio resin
whose properties and thermomechanical recycling through milling and hot-pressing were
analyzed in previous works [26,30]. Finally, the powder mixture was put in a mold and
hot-pressed at 130 ◦C and 150 bar for 30 min to create the recycled thermoset blend.

2.3. Characterization

Attenuated total reflectance–Fourier transform infrared spectroscopy (ATR-FTIR) was
also used to analyze the chemical structure of the resins. For this purpose, scans from
500 to 4000 cm−1 were performed using a Nicolet iS50 from Thermo Fisher Scientific
(Waltham, MA, USA).

Differential scanning calorimetry (DSC) tests were carried out with a DSC25 device
from TA Instruments (New Castle, DE, USA) by setting a ramp from 30 to 240 ◦C with a
10 ◦C/min heating rate.

Thermal mechanical analysis (TMA) tests were applied using a Q400 machine from
TA Instruments. The measurements were carried out for a temperature range from 30 ◦C to
200 ◦C, with a heating rate of 5 ◦C/min and an applied force on the samples of 0.02 N.

The thermomechanical properties were measured by dynamical thermomechanical
analysis (DTMA) with a Q800 from TA Instruments. Tests were performed in single
cantilever mode with an amplitude of 1% regarding the sample thickness and a frequency
of 1 Hz. Thermomechanical data were collected in a temperature range from 30 ◦C to
150 ◦C, with a heating rate of 2 ◦C/min.

Flexure tests were carried out at ambient temperature on a universal testing machine
Z100 from Zwick-Roell (Ulm, Germany), in the three-point bending mode using a 500 N
load cell with a crosshead speed of 1.5 mm min−1, by ASTM D790. The fracture surfaces
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were sputtered with a thin layer of gold and observed via scanning electron microscopy
(SEM) using a Hitachi S3400N (Tokyo, Japan) to investigate the morphologies.

The Vickers microhardness was measured by applying 1 kg loads (HV1) with an
Innovatest Falcon 500 indentation tester (Maastricht, The Netherlands).

Wear tests were carried out at room temperature and under dry-sliding conditions
with a ball-on-disc configuration using a Microtest SMT-A/0100 tribometer (Madrid, Spain).
The wear tests were realized under 10 N loads and a sliding speed of 200 rpm, using steel
balls. The tests were maintained up to a sliding distance of 1000 m. The samples were
weighed before and after the wear tests to determine the mass loss and the wear tracks
were observed with an optical microscope Leica DMR from Leica Microsystems (Wetzlar,
Germany) equipped with Leica Image Pro plus software LAS V4.8.

The surface profilometries were determined using an SJ-301Surftest profilometer from
Mitutoyo (Kawasaki, Japan).

3. Results and Discussion

The blend obtained from the hot compaction of the mixture of reversible (1.0 D-A ratio)
and non-reversible thermoset particles (0 D-A ratio) shows a clear phase differentiation,
as observable in Figure 2a. The reversible resin melts during hot compaction due to
the retro D-A reaction, leaving the non-reversible resin particles dispersed throughout
the material. The solid bulk is analyzed by infrared spectroscopy, avoiding those parts
with coarse superficial particles of thermoset waste to not alter specific bands such as the
C–N and C=O characteristic bands of maleimide groups. The analysis is carried out to
corroborate that the thermomechanical treatment does not induce significant changes in the
chemical structure. As shown in Figure 2b, there are no qualitative changes in comparison
to the spectra of the constituent resins. The spectrum of the hot-pressed bulk shows the
characteristic bands given by the presence of the bismaleimide. However, it has lower
peak intensities than those observed in the infrared spectrum of the reversible resin. In this
regard, the appearance of the characteristic bands of the C=O bond (maleimide groups,
1708 and 1774 cm−1) and the intensification of the C–N bond band (1382 cm−1) can be
pointed out. In addition, there are also differences in the intensity of the 914 cm−1 band,
which corresponds to unreacted epoxy groups and furfurylamine. The blend shows a less
intense band compared to the reversible resin (1.0 D-A) due to the post-curing effect of
hot-pressing that helps to increase the curing conversion and eliminates free remanent
epoxy groups [30], and due to the presence of the non-reversible particles (0 D-A), which
only show a faint peak at this wavelength. It is also worth noting the appearance of the
-OH bond band between 3200 and 3600 cm−1 in the blend material after hot-pressing. In
previous work, it was observed that the epoxy resins with D-A bonds show faint -OH
bands due to the formation of hydrogen bonds with oxygen atoms of furans and nitrogen
and carbonyl groups of maleimides [24,26]. Formation of -OH bonds seems reversible with
heating, and D-A resins can show increased -OH bands in the FTIR spectra after being
heated above 100 ◦C [26,30], as happens with the manufactured blend.

Regarding the thermal response, differential calorimetry scans (Figure 3) reveal the
composition of two phases with different behaviors in the blend, as is to be expected for
a blend with two different polymer phases. Figure 3a compares the thermal behaviors
of the blend and its constituents (0 D-A and 1.0 D-A ratio resin). The blend shows a first
glass transition at 72 ◦C, followed by a second one at 122 ◦C, which correspond, respec-
tively, to the reversible epoxy and the non-reversible particles. At higher temperatures,
an exothermic curve above 180 ◦C can be observed due to the homopolymerization of the
bismaleimide. This homopolymerization among maleimides confirms that the hot-pressing
cycle does not activate this reaction or other irreversible reactions involving maleimide
groups (such as Michael addition). The second glass transition at 122 ◦C overlaps with the
retro D-A reaction, hindering the observation of the characteristic endothermic peaks made
by reversible bond disengagement. Compared with its constituents, the blend scan shows
two glass transitions that occur at temperatures higher than those observed in the cured
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0 D-A and 1.0 D-A resins (64.4 and 108 ◦C, respectively). As mentioned in the FTIR analysis,
hot-pressing induces post-curing in both phases that completes the reaction between the
unreacted epoxy and amine groups after the initial curing, especially for the reversible
resin. The increase in the glass transition temperatures agrees with the attenuation of the
914 cm−1 peak previously observed in the FTIR analysis.
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Another interesting point is the effect of epoxy particles and hot-pressing post-curing
on the reduction of thermal aging caused by the subsequent D-A reaction at 60 ◦C. As
seen in Figure 3a, the blend does not show an enthalpy relaxation peak associated with
the glass transition of the matrix that does appear in the DSC scan of the 1.0 ratio resin.
Physical aging, caused by the proximity of the D-A heating temperature to the glass
transition temperature of the 1.0 D-A ratio resin, is a reversible phenomenon [36] that
can be attenuated or even eliminated if the resin is above the glass transition temperature
for at least 10–15 min [37]. The hot-pressing process, performed with an isothermal and
isobaric step at 130 ◦C for 30 min, can reverse the aging of the D-A resin. However, after the
manufacturing of the solid bulk, the blend is heated again at 60 ◦C for 12 h to rebuild the



Polymers 2024, 16, 3205 7 of 15

Diels–Alder adduct network. The absence of the enthalpy relaxation of the DSC of the blend
points to two possible effects. On the one hand, the post-curing caused by hot compaction
raises the glass transition temperature of the reversible phase, which may mitigate aging
by increasing the temperature gap with the D-A reaction temperature, thereby impeding
configurational changes in the polymeric network. On the other hand, it could be possible
that the presence of the ratio 0 resin particles dispersed in the ratio 1.0 matrix could also
contribute to the attenuation of the physical aging. This type of behavior has been observed
in some epoxy resin copolymers [37].

Finally, to complete the analysis, a second DSC scan (included in Figure 3b) after
the first heating up to 240 ◦C is performed on the blend material. In this second scan,
the slight endothermic peak of the dissociative phase upon reaching the glass transition
disappears. At the same time, the area corresponding to the retro Diels–Alder reaction
temperatures remains flat, and the exothermic slope above 200 ◦C that corresponds to
the homopolymerization of the bismaleimide is much fainter. These aspects confirm the
presence of both Diels–Alder and non-dynamic phases on the blend.

Due to the presence of two phases in the blend material with different thermal be-
haviors, and considering that the reversible epoxy is meltable, it is decided to extend the
analysis of the thermal behavior by including an evaluation of its dimensional stability with
the temperature. Figure 4a shows the behavior of the 0 and 1.0 ratio resins and the blend
material in the TMA test. While the non-reversible ratio resin shows the behavior expected
in a conventional thermoset, the reversible epoxy softens abruptly with the glass transition
and the onset of the retro Diels–Alder reaction, showing significant dimensional shrinkage
under the compressive force exerted during the test. The test must be interrupted while
the resin passes to a viscous liquid. The addition of 0 D-A ratio resin particles changes
the thermal behavior significantly. Upon reaching the glass transition and the tempera-
ture of the retro Diels–Alder reaction, the blend shows a lower softening between 80 and
120 ◦C compared with the 1.0 D-A epoxy and does not melt. Nonetheless, the material loses
dimensional stability above 120 ◦C due to the glass transition of the 0 D-A ratio particles.
At this point, the particles change their thermal expansion and the cohesion between the
phases is partially lost. Thus, the blend undergoes a strong volumetric expansion up to
140 ◦C. This is checked by performing surface profilometry on the material after its man-
ufacturing and after heating it to 140 ◦C for 10 min. The observations are shown in
Figure 4b,c: the material goes from having a flat surface to showing a relief surface with
the reinforcement particles protruding upwards.

The increase in the thermal stability of a polymeric matrix through the introduction of
thermoset particles was previously observed in the literature in those cases in which good
interfacial adhesion is achieved [15,38]. The blend manufactured in the present work is a
dissociable epoxy with a chemical composition that is quite similar to the non-dynamic
epoxy particles. Both phases can contain small amounts of unreacted epoxy groups and
free amines, which can bond to each other during hot compaction of the mixture and
both generate the post-curing observed in the thermal characterization and enhance the
matrix-reinforcement interaction, leading to the improved properties observed in the
blend material.

The addition of non-reversible thermosetting particles to the Diels–Alder resin also
has an analogous effect on the thermomechanical properties measured by DMTA (Figure 5).
The blend material shows an intermediate response compared to its two constituents.
Compared to the 1.0 D-A ratio resin, the blend shows some increase in the storage modulus
(around 13% higher at 30 ◦C) due to the effective interaction among the phases and the
post-curing caused by hot-pressing (Figure 5a and Table 1).
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Table 1. Thermomechanical properties comparison of the thermoset blend, 0 D-A, and 1.0 D-A
ratio resins.

Blend 0 D-A Ratio Resin 1.0 D-A Ratio Resin

E′
30 ◦C (MPa) 2176 ± 185 2656 ± 146 1930 ± 74

E′′
max (MPa) 217.2 ± 48.3 329.3 ± 14.3 287.1 ± 8.5

Tg, max tan δ (◦C) 133 ± 2.1 126.5 ± 0.3 80.3 ± 1.9

The blend initiates its glass transition with a decrease in E’ that starts at 83 ◦C, some-
what significantly higher than the temperature of initiation of the glass transition of the
1.0 D-A ratio epoxy resin (65 ◦C) [26]. In addition, the slope of the storage modulus de-
crease is less steep due to mobility restrictions exerted by the reinforcing particles. Once the
temperature exceeds 124 ◦C, the glass transition of the non-reversible thermoset particles
begins, and the slope changes again. A sudden drop in E’ is observed with the increase in
temperature. At this point, the loss of cohesion between the constituents begins, and the
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test is interrupted. However, it is important to again note the absence of a melting point
in the composite material, since after completing the glass transition, the material shows
a rubbery plateau from 140 ◦C with storage modulus values near 5 MPa. Therefore, the
addition of thermoset particles opens up the possibility of manufacturing thermo-reversible
and recyclable matrices with enhanced thermal stability and thermomechanical properties,
as well as avoiding their transition to a liquid state when a bond-reversing temperature
is reached.

The thermomechanical behavior analyzed before can also be observed in the tan delta
curves of the DMTA tests (Figure 5b). The addition of thermoset particles limits the D-A
resin chain mobility, impeding resin flowing above the retro D-A reaction temperatures.
Then, the tan delta values of the blend do not exceed values above 1. There can be observed
a first relative maximum caused by the matrix glass transition at around 100 ◦C, which is
nearly 20 ◦C more than the temperature of the maximum value of the tan delta of the non-
reinforced 1.0 D-A resin (80.3 ◦C). Above 90 ◦C, the disengagement of the D-A crosslinks
turns the fully reversible resin meltable [26], and then the tan delta values rise abruptly,
something that does not happen in the blend samples. Above 120 ◦C, the glass transition of
the non-reversible particles makes the tan delta values rise again, and then a maximum
value of the tan delta in the blend material is reached at 133 ◦C, which is 6.5 ◦C higher
than the tan delta maximum temperature of the 0 D-A ratio resin. The increase in the
temperatures at which the tan delta maxima of the blend are reached in comparison with
the 0 and 1.0 D-A resins again points to the post-curing effect of hot compaction.

The reinforcing effect of the thermosetting particles in the 1.0 D-A resin also influences
the mechanical properties, as measured by three-point bending tests, and helps to increase
their lower values (see Table 2). The blend has higher flexural stiffness (2.9 GPa) compared
with the 1.0 D-A ratio resin without reinforcement (1.8 GPa), which indicates the formation
of strong interfaces between the non-reversible thermoset particles and the reversible
phase. The good interfacial adhesion also increases the three-point bending strength. The
blend shows a strength that is 80% higher than those observed in the reversible resin
(12.7 vs. 7 MPa); the break strain is also increased, being around 70% more than those
observed in the dissociative resin without particles (1% vs. 0.6%). In this regard, Figure 6
shows a fracture of the blend material after the bending tests. The presence of smooth
surfaces corresponding to interfaces between the particles and 1.0 D-A resin, in which
crack propagation happens, is observed (Figure 6b). Nonetheless, the irregularity of the
surfaces created by the presence of the thermostable particles contrasts with the brittle and
totally smooth fracture surfaces characteristic of the unreinforced 1.0 D-A resin [26] (see
Figure S1a,b), and it also contrasts with 0 D-A resins fractures (Figure S1c,d) that are more
irregular due to its higher toughness.

Table 2. Comparison of the mechanical properties between the reversible resin and the blend with
non-reversible particles.

1.0 D-A Ratio Resin Blend

E (MPa) 1788 ± 24 2915 ± 90
σ (MPa) 7 ± 1 12.7 ± 0.9
ε (%) 0.6 ± 0.1 1.0 ± 0.1
HV 22.6 ± 0.2 20.4 ± 0.7

Apart from the flexural tests, the effect of the addition of thermosetting particles on
the hardness is also evaluated (see Table 2): the blend shows a slight decrease in this
property. The average hardness is 20.4 HV, which is slightly lower in comparison with
the 1.0 D-A epoxy resin (22.6 HV). In previous studies, it was observed that the D-A bond
content did not significantly affect the epoxy resin hardness, with variations of 10–15% in
the hardness as a maximum [26], which falls within the variation interval observed in the
present research. In this regard, we did not find other studies in the bibliography with
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which to compare the possible effects on the hardness of epoxy particles’ addition to other
epoxy matrix and to establish deeper conclusions.
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The addition of non-reversible epoxy particles increases the wear strength notably.
While the unreinforced reversible resin is not able to withstand the wear test conditions
due to high mass loss and damage propagation, the blend does withstand the linear travel
of 1000 m in contact with the steel ball under an applied load of 10 N and a rotational speed
of 100 rpm. The blend shows a wear resistance similar to those observed in previous works
in partially dissociative resins with D-A bond ratios between 0.2 and 0.4 [26]. Figure S2
shows this comparison of the wear resistance vs. the D-A ratio, which points out that the
increase in the D-A bonds weakens the wear resistance, making epoxy resins with high
ratios unable to resist wear test conditions.

The wear tracks of the recycled blend have approximately 100 µm of depth. The loss of
mass during the tests varies slightly between 3 mg to 10 mg (see Figure 7). Crack nucleation
in the recycled blend is still occurring. Nonetheless, the addition of the particles improves
the wear resistance and its presence seems to slow down the fracture propagation due
to the formation of strong interfaces with 1.0 D-A resin. In this regard, Figure 8 includes
SEM observations of a wear footprint made in the recycled blend. The wear surfaces are
certainly irregular due to debris formation and material removal phenomena (Figure 8a,b).
The brittleness and low thermomechanical properties of the 1.0 D-A resin may lead to
the formation of fine debris and its softening under wear conditions, and then to the
adhesive wear tracks that can be observed in Figure 8c. In this figure, the apparition of
cracks in the blend surface can also be observed. Figure 8d shows these cracks at high
magnifications, in which some local unions appear due to the presence of particles covered
by the reversible matrix.
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Finally, the chemical resistance of the blend to exposure to organic solvents is tested.
The material shows a notable improvement compared with the 1.0 D-A epoxy. Figure 9a
shows a comparison of the mass losses after immersion in acetone and dimethylformamide
at room temperature for 24 h. A comparison of the chemical resistance against these
organic solvents of the epoxy resin vs. the D-A ratio is shown in Figure S3. In it, it can be
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observed that the addition of dissociative bonds makes the epoxy resins more susceptible to
dissolving in organic solvents; something that is common in this type of material according
to the studies published in the bibliography [24,33,35]. The constituents of the blend
(0 and 1.0 D-A ratio resins) have opposite behaviors when exposed separately to the
organic solvents used (acetone and dimethylformamide). The 0 D-A ratio resin, as a
non-dynamic thermoset, is not affected by its exposure to these solvents. Meanwhile, the
dissociative resin is fully dissolved in both reagents after 24 h of immersion.
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Therefore, it would be expected to see a quasi-complete dissolution of the reversible
phase (approximately 69% by weight of the material), recovering only separated particles
of non-dynamic 0 D-A epoxy (around 31% by weight of the material). This, however, does
not happen. In the case of immersion in acetone, after 24 h, the blend retains its continuity
and most of the Diels–Alder phase. The samples show a mass loss near to 20% after being
dried in a vacuum oven at 60 ◦C for 12 h to eliminate the organic solvent. When immersed
in dimethylformamide, a more aggressive solvent, the blend loses its integrity and the loss
of mass of the material is higher (near to 38%). After immersion and drying in DMF, small
aggregates of non-dynamic epoxy particles and D-A resin are recovered.

The materials obtained from the solvent immersion and drying process are analyzed
by differential scanning calorimetry. The results are shown in Figure 9b. The scans show the
effect caused by the partial dissolution of the reversible phase. Above 200 ◦C, the materials
trace exothermic heat flows caused by the triggering of the bismaleimide homopolymeriza-
tion. In the case of the material immersed in acetone, due to the lower loss of D-A resin, the
exothermic slope is more pronounced.

4. Conclusions

The possibility of improving the mechanical and thermal properties of the resin
with a Diels–Alder bond ratio of 1.0 has been evaluated by adding reinforcements in the
form of conventional thermostable particles. Based on the results obtained, the following
conclusions can be drawn:

1. Hot compaction allows an effective obtention of materials composed of purely disso-
ciative resins mixed with conventional thermoset particles.

2. Some mechanical properties of the 1.0 D-A ratio resin, such as the flexural strength and
wear resistance, can be significantly improved by the addition of thermoset particles.
The flexural strength increases from 7 MPa to 12.7 MPa, and the recycled blend is
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able to resist wear test conditions without breaking, which contrasts with the low
properties of the unreinforced 1.0 D-A resin.

3. The hot-pressing method also generates certain interactions between the reversible
and irreversible polymer networks and induces post-curing, improving the thermal
properties and chemical resistance. The blend does not melt above 100 ◦C and presents
certain resistance to its exposure to organic solvents, which contrasts with the thermal
and chemical behavior of a purely dissociative epoxy resin.

In summary, this work develops a novel focus for thermoset waste recycling. The
positive effect of its inclusion in D-A resins is demonstrated for future developments, in
which the lack of properties of this type of recyclable resins can be ameliorated. Alternative
strategies, such as the addition of different weight contents of particles and different
thermosetting waste materials, not only in cured hot-pressed D-A resins but also in liquid
D-A resins before carrying out the curing cycle, can be proposed.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/polym16223205/s1, Figure S1: Fracture surfaces of 1.0 D-A (a,b)
and 0 D-A (c,d) resins after the three-point bending tests; Figure S2: Mass loss rate of the epoxy resin
according to the D-A ratio; Figure S3: Mass loss of the epoxy resin according to its D-A ratio bonds
after being immersed in acetone and dimethylformamide at ambient temperature for 24 h.

Author Contributions: Conceptualization, S.G.P.; investigation, I.L. and B.R.; resources, S.G.P. and
M.C.; writing—original draft preparation, I.L.; writing—review and editing, S.G.P. and M.C.; project
administration, M.C.; funding acquisition, S.G.P. All authors have read and agreed to the published
version of the manuscript.

Funding: This research was funded by the Ministerio de Economía y Competitividad (PID2019-
106703RB-I00 and TED2021-131102B-C21).

Data Availability Statement: The original contributions presented in the study are included in the
article/supplementary material, further inquiries can be directed to the corresponding author.

Acknowledgments: The authors acknowledge the financial support from Rey Juan Carlos University
(C1PREDOC2020).

Conflicts of Interest: The authors declare no conflicts of interest.

References
1. Jin, F.-L.; Li, X.; Park, S.-J. Synthesis and application of epoxy resins: A review. J. Ind. Eng. Chem. 2015, 29, 1–11. [CrossRef]
2. Post, W.; Susa, A.; Blaauw, R.; Molenveld, K.; Knoop, R.J.I. A Review on the Potential and Limitations of Recyclable Thermosets

for Structural Applications. Polym. Rev. 2020, 60, 359–388. [CrossRef]
3. Santos, G.; Esmizadeh, E.; Riahinezhad, M. Recycling Construction, Renovation, and Demolition Plastic Waste: Review of the

Status Quo, Challenges and Opportunities. J. Polym. Environ. 2024, 32, 479–509. [CrossRef]
4. International Energy Agency (IEA). World Energy Outlook 2022: Executive-Summary. 2022, p. 524. Available online: https:

//www.iea.org/reports/world-energy-outlook-2022 (accessed on 17 November 2024).
5. Morici, E.; Dintcheva, N.T. Recycling of Thermoset Materials and Thermoset-Based Composites: Challenge and Opportunity.

Polymers 2022, 14, 4153. [CrossRef] [PubMed]
6. Ribeiro, M.; Meira-Castro, A.; Silva, F.; Santos, J.; Meixedo, J.; Fiúza, A.; Dinis, M.; Alvim, M. Re-use assessment of thermoset

composite wastes as aggregate and filler replacement for concrete-polymer composite materials: A case study regarding GFRP
pultrusion wastes. Resour. Conserv. Recycl. 2015, 104, 417–426. [CrossRef]

7. Morales Ibarra, R. Recycling of thermosets and their composites. In Thermosets: Structure, Properties, and Applications: Second
Edition; Elsevier: Amsterdam, The Netherlands, 2018; pp. 639–666.

8. Nkwachukwu, O.; Chima, C.H.; Ikenna, A.; Albert, L. Focus on potential environmental issues on plastic world towards a
sustainable plastic recycling in developing countries. Int. J. Ind. Chem. 2013, 4, 34. [CrossRef]

9. European Parliament. A European Strategy for Plastics in a Circular Economy European Parliament Resolution of 13 September
2018 on a European Strategy for Plastics in a Circular Economy (2018/2035(INI)). 2018. Available online: http://www.europarl.
europa.eu/doceo/document/TA-8-2018-0352_EN.html?redirect (accessed on 17 November 2024).

10. López, F.A.; Rodríguez, O.; Alguacil, F.J.; García-Díaz, I.; Centeno, T.A.; García-Fierro, J.L.; González, C. Recovery of carbon fibres
by the thermolysis and gasification of waste prepreg. J. Anal. Appl. Pyrolysis 2013, 104, 675–683. [CrossRef]

11. Utekar, S.; Suriya, V.K.; More, N.; Rao, A. Comprehensive study of recycling of thermosetting polymer composites—Driving
force, challenges and methods. Compos. Part B Eng. 2020, 207, 108596. [CrossRef]

https://www.mdpi.com/article/10.3390/polym16223205/s1
https://www.mdpi.com/article/10.3390/polym16223205/s1
https://doi.org/10.1016/j.jiec.2015.03.026
https://doi.org/10.1080/15583724.2019.1673406
https://doi.org/10.1007/s10924-023-02982-z
https://www.iea.org/reports/world-energy-outlook-2022
https://www.iea.org/reports/world-energy-outlook-2022
https://doi.org/10.3390/polym14194153
https://www.ncbi.nlm.nih.gov/pubmed/36236101
https://doi.org/10.1016/j.resconrec.2013.10.001
https://doi.org/10.1186/2228-5547-4-34
http://www.europarl.europa.eu/doceo/document/TA-8-2018-0352_EN.html?redirect
http://www.europarl.europa.eu/doceo/document/TA-8-2018-0352_EN.html?redirect
https://doi.org/10.1016/j.jaap.2013.04.012
https://doi.org/10.1016/j.compositesb.2020.108596


Polymers 2024, 16, 3205 14 of 15

12. Wu, Y.; Ge, Z.; Huang, C.; Zha, Z.; Zeng, M.; Ma, Y.; Sun, L.; Hou, Z.; Chu, S.; Zhang, H. In-situ pyrolysis kinetic analysis and
fixed-bed pyrolysis behavior of ex-service wind turbine blades. Waste Manag. 2023, 168, 54–62. [CrossRef]

13. Bernardeau, F.; Perrin, D.; Caro, A.; Benezet, J.; Ienny, P. Valorization of waste thermoset material as a filler in thermoplastic:
Mechanical properties of phenolic molding compound waste-filled PP composites. J. Appl. Polym. Sci. 2018, 135, 45849. [CrossRef]

14. Kismet, Y.; Dogan, A.; Wagner, M.H. Thermoset powder coating wastes as filler in LDPE—Characterization of mechanical,
thermal and morphological properties. Polym. Test. 2021, 93, 106897. [CrossRef]

15. Singh, R.; Singh, I.; Kumar, R.; Brar, G. Waste thermosetting polymer and ceramic as reinforcement in thermoplastic matrix for
sustainability: Thermomechanical investigations. J. Thermoplast. Compos. Mater. 2021, 34, 523–535. [CrossRef]

16. Capelot, M.; Unterlass, M.M.; Tournilhac, F.; Leibler, L. Catalytic control of the vitrimer glass transition. ACS Macro Lett. 2012, 1,
789–792. [CrossRef] [PubMed]

17. Montarnal, D.; Capelot, M.; Tournilhac, F.; Leibler, L. Silica-like malleable materials from permanent organic networks. Science
2011, 334, 965–968. [CrossRef] [PubMed]

18. Denissen, W.; Rivero, G.; Nicolaÿ, R.; Leibler, L.; Winne, J.M.; Du Prez, F.E. Vinylogous Urethane Vitrimers. Adv. Funct. Mater.
2015, 25, 2451–2457. [CrossRef]

19. Memon, H.; Liu, H.; Rashid, M.A.; Chen, L.; Jiang, Q.; Zhang, L.; Wei, Y.; Liu, W.; Qiu, Y. Vanillin-Based Epoxy Vitrimer with
High Performance and Closed-Loop Recyclability. Macromolecules 2020, 53, 621–630. [CrossRef]

20. Lorero, I.; Mujica, A.; Campo, M.; Prolongo, S.G. Mechanical recycling and electro-thermal welding of epoxy vitrimer nanocom-
posites. Polym. Compos. 2024, 45, 6041–6058. [CrossRef]

21. Elling, B.R.; Dichtel, W.R. Reprocessable Cross-Linked Polymer Networks: Are Associative Exchange Mechanisms Desirable?
ACS Cent. Sci. 2020, 6, 1488–1496. [CrossRef]

22. Tempel, P.v.D.; Picchioni, F.; Bose, R.K. Designing End-of-Life Recyclable Polymers via Diels–Alder Chemistry: A Review on the
Kinetics of Reversible Reactions. Macromol. Rapid Commun. 2022, 43, e2200023. [CrossRef]

23. Karami, Z.; Zolghadr, M.; Zohuriaan-Mehr, M.J. Self-healing Diels–Alder engineered thermosets. In Self-Healing Polymer-Based
Systems; Elsevier: Amsterdam, The Netherlands, 2020.

24. Zolghadr, M.; Shakeri, A.; Zohuriaan-Mehr, M.J.; Salimi, A. Self-healing semi-IPN materials from epoxy resin by solvent-free
furan–maleimide Diels–Alder polymerization. J. Appl. Polym. Sci. 2019, 136, 48015. [CrossRef]

25. Turkenburg, D.H.; Durant, Y.; Fischer, H.R. Bio-based self-healing coatings based on thermo-reversible Diels-Alder reaction. Prog.
Org. Coat. 2017, 111, 38–46. [CrossRef]

26. Lorero, I.; Rodríguez, A.; Campo, M.; Prolongo, S. Thermally remendable, weldable, and recyclable epoxy network crosslinked
with reversible Diels-alder bonds. Polymer 2022, 259, 125334. [CrossRef]

27. Puyadena, M.; Calafel, I.; González de San Román, E.; Martin, L.; González, A.; Irusta, L. Recyclable Epoxy Resin via Simultaneous
Dual Permanent/Reversible Crosslinking Based on Diels–Alder Chemistry. Macromol. Chem. Phys. 2021, 222, 2100146. [CrossRef]

28. Kuang, X.; Liu, G.; Dong, X.; Wang, D. Triple-shape memory epoxy based on Diels–Alder adduct molecular switch. Polymer 2016,
84, 1–9. [CrossRef]

29. Lorero, I.; Rodríguez, A.; Campo, M.; Prolongo, S.G. Development of an Electroactive and Thermo-Reversible Diels–Alder Epoxy
Nanocomposite Doped with Carbon Nanotubes. Polymers 2023, 15, 4715. [CrossRef]

30. Lorero, I.; Rico, B.; Campo, M.; Prolongo, S. Recycling development and shaping of a thermo-reversible epoxy resin with partial
contents of Diels-Alder bonds. Polym. Test. 2024, 134, 108433. [CrossRef]

31. Cui, Y.; Li, F.; Zhang, X. Controlling fluorescence resonance energy transfer of donor–acceptor dyes by Diels–Alder dynamic
covalent bonds. Chem. Commun. 2021, 57, 3275–3278. [CrossRef]

32. Diaz, M.; Van Assche, G.; Maurer, F.; Van Mele, B. Thermophysical characterization of a reversible dynamic polymer network
based on kinetics and equilibrium of an amorphous furan-maleimide Diels-Alder cycloaddition. Polymer 2017, 120, 176–188.
[CrossRef]

33. Fortunato, G.; Anghileri, L.; Griffini, G.; Turri, S. Simultaneous recovery of matrix and fiber in carbon reinforced composites
through a diels–alder solvolysis process. Polymers 2019, 11, 1007. [CrossRef]

34. Hübner, F.; Brückner, A.; Dickhut, T.; Altstädt, V.; de Anda, A.R.; Ruckdäschel, H. Low temperature fatigue crack propagation
in toughened epoxy resins aimed for filament winding of type V composite pressure vessels. Polym. Test. 2021, 102, 107323.
[CrossRef]

35. Fang, L.; Chen, J.; Zou, Y.; Xu, Z.; Lu, C. Thermally-induced self-healing behaviors and properties of four epoxy coatings with
different network architectures. Polymers 2017, 9, 333. [CrossRef] [PubMed]

36. García-Moreno, I.; Caminero, M.; Rodríguez, G.; López-Cela, J.; García-Moreno, I.; Caminero, M.Á.; Rodríguez, G.P.; López-Cela,
J.J. Effect of thermal ageing on the impact and flexural damage behaviour of carbon fibre-reinforced epoxy laminates. Polymers
2019, 11, 80. [CrossRef] [PubMed]

https://doi.org/10.1016/j.wasman.2023.05.049
https://doi.org/10.1002/app.45849
https://doi.org/10.1016/j.polymertesting.2020.106897
https://doi.org/10.1177/0892705719847237
https://doi.org/10.1021/mz300239f
https://www.ncbi.nlm.nih.gov/pubmed/35607118
https://doi.org/10.1126/science.1212648
https://www.ncbi.nlm.nih.gov/pubmed/22096195
https://doi.org/10.1002/adfm.201404553
https://doi.org/10.1021/acs.macromol.9b02006
https://doi.org/10.1002/pc.28178
https://doi.org/10.1021/acscentsci.0c00567
https://doi.org/10.1002/marc.202200023
https://doi.org/10.1002/app.48015
https://doi.org/10.1016/j.porgcoat.2017.05.006
https://doi.org/10.1016/j.polymer.2022.125334
https://doi.org/10.1002/macp.202100146
https://doi.org/10.1016/j.polymer.2015.12.033
https://doi.org/10.3390/polym15244715
https://doi.org/10.1016/j.polymertesting.2024.108433
https://doi.org/10.1039/D1CC00165E
https://doi.org/10.1016/j.polymer.2017.05.058
https://doi.org/10.3390/polym11061007
https://doi.org/10.1016/j.polymertesting.2021.107323
https://doi.org/10.3390/polym9080333
https://www.ncbi.nlm.nih.gov/pubmed/30971008
https://doi.org/10.3390/polym11010080
https://www.ncbi.nlm.nih.gov/pubmed/30960064


Polymers 2024, 16, 3205 15 of 15

37. Odegard, G.M.; Bandyopadhyay, A. Physical aging of epoxy polymers and their composites. J. Polym. Sci. Part B Polym. Phys.
2011, 49, 1695–1716. [CrossRef]

38. Zhang, Y.; Foos, R.; Landfester, K.; Taden, A. Thermoset–thermoplastic hybrid nanoparticles and composite coatings. Polymer
2014, 55, 2305–2315. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1002/polb.22384
https://doi.org/10.1016/j.polymer.2014.02.052

	Introduction 
	Experimental 
	Materials 
	Manufacturing 
	Characterization 

	Results and Discussion 
	Conclusions 
	References

