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To achieve sustainable development goals, approaches towards the preparation of recyclable and healable
polymeric materials is highly attractive. Self-healing polymers and thermosets based on bond-
exchangeable dynamic covalent bonds, so called “vitrimers” could be a great effort in this direction. In

order to match the industrial importance, enhancement of mechanical strength without sacrificing the
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together with practical applications and future perspectives of this unique class of materials.

1. Introduction

Owing to their extraordinary properties including lightweight,
strength, and stiffness, fiber-reinforced polymer composites are
highly in demand for a wide range of applications including
transportation, wind power, aerospace, and many others.'
However, the wide use of thermoset materials represents a major
challenge for closed material cycles as, after regular use, they are
either converted into thermal energy, put into landfill, or their
true recycling requires a significant amount of energy, thus
driving researchers to search for alternative material concepts
that display enhanced lifetimes via self-healing or recycling/
reprocessing.*® The principal weakness of polymer composites
is their damage by impact or chemical degradation, where the
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resulting micro-cracks can propagate to allow delamination and
breakage of the composites, resulting in the total loss of physical
properties of the composites, in turn reducing the durability of
materials, and generating wastes.*’ Patch repair, resin injection,
and scarf repair are the commonly used methods for repairing
carbon fiber reinforced polymers (CFRP), although, these
approaches disturb the geometry and weight as well as require
highly skilled work force. Besides, these techniques are unable
to detect and fill the cracks deep within the structures. The era of
self-healing materials is gradually settling where scratches on
the designed materials can seal up with a complete
restoration.*** The whole idea of self-healing materials was
inspired by nature where natural healing of wounds and cuts
occur in the living species.””™* Different concepts to generate
materials that can repair autonomically" or via external stimuli
such as heat,*® light,"” or pressure, have been designed using

Mikihiro Hayashi received his
PhD degree from Nagoya
University (Prof. Yushu Mat-
sushita group) in 2015. During
his doctor course, he had been
selected as a JSPS research
fellow (DC2) and experienced
researches in ESPCI Paris-Tech
(Prof. Ludwik Leibler) and in
Shanghai Jiao Tong University
(Prof. Xinyuan Zhu). He then re-
Jjoined Ludwik Leibler's group as
a postdoc, and experienced
another postdoc in Prof. Masatoshi Tokita in Tokyo institute of
technology. In 2017, he became an assistant professor in Prof.
Akinori Takasu group (Nagoya institute of technology), and
currently manages his own laboratory as a PL. His research interest
is the design of functional cross-linked materials.

Wolfgang Binder is currently
a Full Professor of Macromolec-
ular Chemistry at the Martin
Luther University Halle-
Wittenberg. Born (1969) and
raised in Vienna (Austria), he
studied  chemistry at the
University of Vienna and con-
ducted a PhD in organic chem-
istry (1995). After postdoctoral
stays (1995-1997) with Prof.
Menger (Emory  University,
Atlanta, USA) and Prof. Mulzer
(University of Vienna), he completed his habilitation at the TU
Vienna (2004), where he was Associate Professor from 2004 to
2007. Subsequently, he moved to Halle as a Full Professor in 2007.
His research interests include “click-chemistry”, polymer synthesis,
supramolecular ~ chemistry,  self-healing  polymers, and
nanotechnology.

32570 | RSC Adv, 2022, 12, 32569-32582

View Article Online

Review

various approaches such as microencapsulation technique and
supramolecular chemistry.”® In the microencapsulation tech-
nique, microcapsules containing chemical reagents for healing
were implemented in the resins. When the macroscopic cracks
reach the microcapsules, the healing reagents are excluded from
the microcapsules, which instantly triggers the healing of
cracks. However, this healing can be operated only one time at
the same location, with the preparation, cost and stability of
microcapsules representing another obstacle.”>' Alternative
systems with supramolecular chemistry, non-covalent bonds
like hydrogen bonds,”*?* m-m stacking,>** and metal-ligand
bonds*” have therefore been introduced in polymeric matrices to
allow repeated and autonomic healing and thus elongation of
a material's lifetime. Owing to the reversible nature of these
supramolecular association, recyclable and self-healing resins
can be achieved. A drawback therein is that the non-covalent
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Fig. 1 Schematic representation of vitrimers' properties/advantages,
compared with thermoplastic and thermoset.

bonding interactions can impart reduced mechanical properties
and increased creep.”®

Based on the above background, a new generation of self-
healing polymers and thermosets operated with bond-
exchangeable dynamic covalent bonds, so-called “vitrimers”,
were reported by Leibler and co-workers.* Vitrimers are a special
type of network materials with dynamic covalent bonds, where the
dynamic bond exchange occurs through the associative pathway.
Unlike dissociative dynamic covalent bond (e.g. Diels-alder reac-
tion or alkoxyamine radical exchange), the bond-exchange in
associative dynamic covalent bond occurs without distinct sepa-
rated steps of bond dissociation and re-association. Therefore on
macroscopic timescales the network connectivity is never lost
during the bond exchange in vitrimers, an outstanding feature
that realizes unique functions.**** The development of vitrimers
has extended the conventional classification of polymer materials
(usually either thermoplastic or thermoset), where vitrimers
exhibit thermoset polymer like mechanical properties/durability
and also thermoplastic like malleability/processability at the same
time (Fig. 1).* In other words, vitrimers have combined advan-
tages of both thermoset and thermoplastics polymers. Given the
huge amount of unrecyclable waste from thermoset polymer-
based products, the potential of the vitrimer concept is highly
attractive, which meets the recently increasing demand to create
polymers with efficient recyclability, together with the need to
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Fig. 2 From 2016 to January 2022, the number of published papers
(according to Scopus, searching for fiber-reinforced composites and
vitrimers in the title of the article).
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reduce CO,-emission and petroleum resources consumption.
Several reports including reviews/mini-reviews have been pub-
lished on the recyclability, surface welding, malleability, and
mechanical properties of vitrimeric materials.***® However, none
of them has covered the field of fiber-reinforced vitrimeric
composites. The data in Fig. 2 clearly shows that the number of
publications has been quickly increasing over the last couple of
years. As a result, an updated literature review of self-healing
vitrimer-based fiber-reinforced composites is attractive. Herein,
we highlight and summarize dynamic fiber-reinforced composite
materials including practical applications of this unique class of
materials and future perspectives.

2. Characteristics of vitrimers

Viscosity of amorphous thermoplastics drops sharply above
glass transition temperature (T,), and follows the William-
Landel-Ferry (WLF) model between T, and 100 °C above T,,*” as
well as follows Arrhenius-type behaviour at higher tempera-
tures.*® In case of semi-crystalline thermoplastics, the viscosity
drops at Ty, and follows Arrhenius temperature dependence as
long as Ty, is approximately 100 °C higher than its 7. In case of
vitrimers, where viscosity is controlled by chemical exchange
reaction,® materials follow Arrhenius-type behaviour when
significantly heated above T, and thus, allows their processing
without loss in network integrity. Moreover, along with T,
a new temperature transition range (topology freezing transi-
tion temperature; T); is introduced to identify the viscoelastic
phase transition in vitrimers. Based on different measurement
techniques and observations, a few definitions of 7, are re-
ported, ranging from the original Leibler's investigation (where
the effective viscosity crosses a value of 10'* Pa s)* to the more
recent suggestion of Winter and co-workers* (identifying the T,
point based on power-law relaxation of the modulus). Guan and
co-workers suggested T, as the crossover point where the
Arrhenius high-temperature relaxation regime changes to the
glassy dynamics.** A number of techniques are used to identify
T,, those include stress relaxation,**** creep,**** and fluores-
cence.”” Among them stress relaxation is the most accurate
technique due to its independence from procedural parameters
such as heating rate, however, due to a combination of thermal
ramp with a standard tensile creep experiment, a non-
isothermal creep testing is the quickest approach to deter-
mine the vitrification point.*®

Based on the both, T, and T, vitrimers can be characterized
into two pathways (Fig. 3). In a first case, Ty is situated below T,
whereas in another case T, is situated well above the T,
however, in both the cases dynamic covalent bond exchange
takes place at temperatures above the T,. The material behaves
like a viscoelastic solid or rubbery material and thus follows
either William-Landel-Ferry (T, > T,) or Arrhenius-type behav-
iour (T, < T,).** As another feature, vitrimers exhibit great stress
relaxation through bond exchanging at sufficiently high
temperatures, despite the permanent network connectivity. The
variation of relaxation time with changing temperatures follow
Arrhenius relationship, similarly to the viscosity-temperature
relationship described above.
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http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2ra05103f

Open Access Article. Published on 14 2022. Downloaded on 06.02.26 7:34:45.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

RSC Advances

Ty T, s T,
I - 1
2 i & o ! Solid with
_§_ 1 S /\)\ g | restricted o°° S
[ ! \ﬁ/\l\'& 3 ! segmental | QPP
o | \aNe— ° | motions  _
2 " > -
3 Solid '\j)ﬁigi\%y Arrhenius g Solid : -
[} ! behaviour © I behaviour
= i - i
- . L .
Temperature g Temperature >
(a) (b)

Fig. 3 Temperature dependent phase transitions of vitrimers. (a) Ty
below T, and (b) T4 above T,.**

Recent work? in the context of dynamic covalent polymers
indicates that besides the simple enthalpy (AH), entropic (AS)
contributions are of importance,*®**° especially when consid-
ering dynamic bond exchange in the condensed state.'* Exam-
ples of how thermodynamics of reversible bonds are changed in
the solid state are provided e.g. by Barner-Kowolliks work, where
a systematic impact of entropic effects in dissociation of
dynamic bonds is described.*>** Similar to known dynamic
networks, there is a strong influence of the networks density,
the nature of the crosslinking points on the association/
dissociation of the individual bonds.* This in turn is directly
related to the overall stress recovery and the relation between
bond exchange rates and stress-strain relationships.*

Ran Ni and co-workers have analysed the role of entropy on
the phase behaviour of the linker-mediated vitrimers,** where
the effect of linker concentration makes a huge impact re-
entering their gel-sol transition. The authors have observed
that even at low temperature, the linker concentration deter-
mines the cross-linking degree of the vitrimers, which origi-
nates from the competition between the translational entropy of
linkers and the conformational entropy of polymers (Fig. 4).
Fig. 4B describes the plot for reaction constants K,/K; (calcu-
lated by substituting the two metathesis reactions together) as
a function of packing fraction of polymers (®,) for different
reaction sites (m) and chemical potential of cross-linker mole-
cule (uc) with n = 100.

Previous studies have focused on various vitrimer chemis-
tries as well as the use of fillers***® or metal ions*”** to improve
the mechanical performance of vitrimer matrix.*>* It is widely
known that adding fillers can expand the range of applications
for these materials;®* however, it is unclear how filler addition
affects the dynamic covalent bond exchanges as contradictory
results are reported regarding the effect of filler on the vitrimer
T,, creep, and stress relaxation. For instance, Yang and co-
workers® reported that adding filler reduces the T, of the
resulting vitrimer composite, whereas in contrast, a few reports
present that addition of fillers increases the T, of the compos-
ites.®*®* A similar kind of results were reported regarding the
stress relaxation behavior, where in some reports the addition
of fillers accelerates the stress relaxation,*® whereas, a slow
stress relaxation was observed in other reports.®®®” The effect of
incorporation of silica nanoparticles on stress relaxation and
cross-link density recovery has been well analyzed.®® The func-
tional groups (amine and hydroxyl) onto the surface of silica
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Fig. 4 Vitrimer model. (A) Illustration of the two-step metathesis
reactions in the vitrimer system. (B) K»/K; (reaction constants) as
a function of @, (®,; packing fraction of polymers) for different m
(reaction sites) and uc (uc; chemical potential of cross-linker molecule
C) at n = 100 and Bug = —3 (Bu; Boltzmann constant in terms of
chemical potential of by-product molecules B in the system). (C and D)
Illustration of the (C) heterogeneous dilute and (D) homogeneous
dense systems of the vitrimers.>*

particles participate in reversible cyclic carbonate aminolysis
reactions and transcarbamoylation exchange reactions, with
polyhydroxyurethane network, respectively (Fig. 5). The study
found that, the addition of functionalized nanofillers leads to
a fast stress relaxation, however, after reprocessing, a loss in
mechanical properties was observed. On the other hand, in case
of nonreactive silica nanoparticles (without surface functional
groups), the resulting network composite exhibits substantial
increase in mechanical properties relative to pristine network,
as indicated by the full recovery of rubbery plateau modulus
after a reprocessing step. However, nanofillers restrict the
network matrix mobility, thus leading towards a slow rate of
network rearrangement. The findings are in agreement with
previous reports, where researchers also observed a fast stress
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Fig. 5 Reprocessable polyhydroxyurethane network nanocomposites
using silica nanoparticles with different surface functionalities as
reinforcing fillers.®®
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relaxation when there is a dynamic chemistry between polymer
matrix and functional groups decorated silica nanoparticles.**”®

Hayashi et al.”* prepared the vitrimer-like materials operated
through trans-N-alkylation of quaternized pyridine groups. The
composite sample was prepared by incorporation of silica nano-
particles with hydrophobic surfaces at the silica volume fraction
range (®p) from 0.06 to 0.36.

The modulus and toughness at room temperature increased
with an increase in ®p, whereas the bond exchange nature at
high temperatures was sustained, according to the stress-
relaxation tests. Notably, with an increase of @p, the average
relaxation time ((t*)) was increased and the model analysis
based on the Kohlrausch-Williams-Watts (KWW) function
revealed that the distribution of the relaxation time was
enlarged (ie., 8 in the KWW function was decreased). These
changes were attributed to the formation of bound rubber
phase as well as the strong adhesion between the SNP and
matrix (Fig. 6). Hubbard and co-workers* also demonstrated
that by adjusting the filler content, composition, and dispersion
quality, it is feasible to build composites with tailorable T,
strength, and processability.

A similar effect can be assumed for dynamic bonding equi-
libria in fiber-reinforced vitrimers, where the interaction
between filler and network matrix can play a significant role on
covalent bond rearrangement process. In a very recent study,
Gresil and co-workers have studies the instability of the crack
propagation for vitrimer/CFRP composites.”” The authors
observed that laminates within the vitrimer matrix acquired
a higher load than pure epoxy CFRP to propagate the crack,
especially when interface adhesion between vitrimer matrix and
the carbon fiber is strong. While considering the energy at crack
propagation, fracture toughness for fibers/vitrimer was
increased by ~63%, with respect to epoxy/CF, confirming that
apart from toughness of the matrix, interface and the inter-
phase between matrix and the fibre play a very important role on
fracture toughness.

To process the fiber-reinforced vitrimer composites, it is
essentially important to study the rheological behavior of vitri-
mer matrix. The reports found that regrading curing kinetics
both the traditional thermosets as well as vitrimer matrix
displays two distinct zones. Both resin viscosities in the first
region were either stable or slowly decreased with rising
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Fig. 6 (A) Schematic representation of the vitrimer-like composite

with silica-nano particles. (B) Variation of ({(z*)) and g as a function of
®p (see the explanation of (t*) and (8) in the main text). From ref. 71
produced/adapted by permission of Springer Nature.
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temperature. However, in case of thermosets the viscosity grows
exponentially over time in the second zone at higher tempera-
tures, whereas, vitrimer matrix displays a slow curing process,
and thus offer a wider temperature window for pultruded fiber
composites.” Furthermore, for better fiber impregnation and
minimal void content, vitrimeric resins can be heated at any
stage of production.”™

Therefore, while designing the vitrimeric composites,
researchers need a special attention regarding dispersion
quality of fillers, the strength of the filler/matrix interface, filler
surface chemistry, filler geometry (lateral vs. thickness varia-
tion), as well as different methods of 7, identification.

3. Chemistries used to develop
vitrimer composites

Thanks to a collection of bond exchangeable chemistries, the
family of covalent adaptable networks (CANs) plays a gallant
step in bridging the gap between thermoplastics and thermo-
sets. Based on their dynamic nature, several exchangeable
chemistries have been used for the preparation of vitrimeric
materials, where the most popular chemistries include; trans-
esterification, transcarbamoylation, disulfide exchange, trans-
amination of vinylogous urethanes, transalkylation of
triazolium salts, and amine imine exchange (Schiff Chemistry).
In fact, some in the above examples (i.e., transcarbamoylation,
transalkylation of triazolium salts, amine imine exchange) do
not result in “true” vitrimers, since these bond exchange reac-
tions progress in a dissociative pathway. In these bond
exchange reaction, the bond dissociation and re-association
occurs in a distinct separated steps, and thus the network
materials with such bond exchange mechanism cannot be
classified as vitrimers. On the other hand, due to the conse-
quence of either fast bond reformation or the large equilibrium
constant in favour of the associated state within high temper-
atures, the “apparent” network connectivity can be maintained,
similarly to vitrimers. To distinguish them from true vitrimers,
these materials are called vitrimer-like. In the present review, we
do not classify these two strictly, i.e., either true vitrimers or
vitrimer-like materials, to follow the original terminology given
in each reference. The readers must consider the origin of the
exchange reaction carefully to classify the materials. Table 1
summarized some features of reported materials with fiber-type
fillers, including mechanical properties, healing efficiencies,
and healing conditions.

3.1 Transesterification reactions

Transesterification-chemistry is one of the most studied
chemical reactions used for the development of vitrimeric
materials.” Qi and co-workers have performed an ethylene
glycol and epoxy based transesterification reaction for the
recycling of CFRP composites.” The authors dissolved the
prepared vitrimers in an alcoholic solvent at 160-180 °C,
a temperature below the thermal degradation temperature of
carbon fibers (~500 °C)”” and the epoxy matrix (~350 °C).”®
Slight heating of the solvent led to the evaporation of alcohol
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and the thermoset was repolymerized displaying similar ther-
momechanical properties as initial polymer with almost 100%
recovery of polymer and CFRP. Stress-strain curves confirm the
good consistency including a full recovery of mechanical
properties for the repaired and recycled fibers. Further, Long
and co-workers” have developed FRPs (fiber reinforced
composites) using a transesterification-based exchangeable
epoxy network, initially reported by Leibler and co-workers.*®
The polymeric material shows rubbery behavior at room
temperature with 2.8 MPa and 3.8 MPa tensile strength and
Young's modulus, respectively. Fabricated FRP composites
therefrom demonstrate exceptional mechanical properties, with
50-80 MPa (tensile strength) and a 3-8 GPa Young's modulus,
respectively. In addition, anhydride-derived carbon fiber rein-
forced epoxy vitrimers with good rigidity and recyclability were
reported.® Initially, a tertiary amine-containing prepolymer was
prepared by reaction of ethylenediamine with bisphenol A, and
the prepared pre-polymer was further reacted with glutaric
anhydride (GA) to develop transesterification based exchange
network. A hand lay-up method was used to prepare vitrimer
composites consisting of three layers of carbon fiber fabrics.
The reported composites demonstrate good tensile strength
due to the presence of abundant -OH groups of the polymer
matrix (non-stoichiometrically anhydride cured epoxy), able to
facilitate an interfacial interaction with fibers. Due to dynamic
transesterification, the vitrimeric matrix exhibits good stress
relaxation behavior (150 °C) able to retain the cross-linked
network along with release in internal stress. The epoxy
matrix exhibits a low glass transition temperature (Ty; 66),
owing to the presence of glutaric anhydride. However, when
glutaric anhydride was replaced by rigid nadic anhydride (as
rigid curing agent), the resulting epoxy exhibits higher T, (95 °
C) and tensile strength (58 MPa vs. 50.5 MPa for glutaric
anhydride based epoxy); however, due to rigid structure nadic
anhydride restricts the polymer chains mobility, thus, an
increase in relaxation time was observed (3800 s vs. 1160 s at
200 °C).

Defects and size limitations often force engineers to design
multiple parts separately and further assemble them as per
application requirements. However, it is almost impossible to
reprocess the cured thermosets, thus, their welding is a big
challenge. Tournilhac and co-workers have studied the multiple
welding of carbon fiber reinforced vitrimer composites having
more than 50 vol% reinforcing fibers, prepared using resin
transfer molding (RTM).** As the resin demonstrates a lower
viscosity (<1 Pa s) at 50 °C, it was transferred under these
conditions, and later cured at 120 °C for 4 h and 160 °C for 3 h.
The reported epoxy vitrimer also shows exceptional adhesive
properties, where poly(ethylene terephthalate (PET)) sheets
were successfully connected using the prepared adhesive
(160 °C; 90 min).

Fiber-reinforced vitrimer composites can be designed for
reversing the fatigue-induced damage by heating it above T.
Kamble and co-workers developed an epoxy vitrimer from
diglycidyl ether of bisphenol-A (DGEBA) and adipic acid (AA) in
the presence of 1,5,7-triazabicyclo [4,4,0] dec-5-ene (TBD) as
a catalyst.*> The DGEBA/AA vitrimer system observed failure
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Fig. 7 Reversing fatigue damage in vitrimers by repeated doses of
healing. (a) Strain measured in a dilatometric experiment with heating
rate of 2.5 K min™ at stress of 25 kPa. (b) Static tensile testing at room
temperature and for three different strain rates. (c) Typical fracture
surface image of the failed vitrimer. (d) Fatigue test showing normal-
ized modulus vs. the number of cycles of fatigue loading.®?

~20 000 number of cycles, where modulus drops sharply as the
sample fractures. In contrast, when the healing treatment was
performed every 10000 cycles, no indication of failure was
observed even after 100 000 cycles (Fig. 7a-c). Therefore, fatigue
failure in the vitrimer can be periodically reverse (due to
repairing) by repeated doses of healing treatments using cova-
lent adaptive network exchanges. However, compared to the
pristine vitrimer (80 °C), authors used a higher healing
temperature for the vCFRP (~150 °C), where researchers
assumed that higher temperature is helpful not only for vitri-
mer flow but also helpful for healing the delamination at fiber-
matrix interphase (Fig. 7d). However, no systematic analysis was
performed to prove the delamination healing. The effect of
temperature, time, and resin content on the strength of the
vitrimeric matrix and its composites must be investigated to
provide considerable interface repair.

Zhao and co-workers® created epoxy vitrimers based on
DGEBA and then treated them with glutaric anhydride in the
presence of zinc acetylacetonate catalyst. At 180 °C, with
a curing period of 4 hours and a resin concentration of 10.71%,
the reported epoxy vitrimer displays outstanding interface
bonding strength. The material's interface strength was exam-
ined using a tensile test and a single lap test, with the
connection method yielding a tensile strength of 30.12 MPa on
average.

With advancements in the realm of “green chemistry,”
developing non-petroleum-based matrices for manufacturing of
self-healing FRPs would be highly valuable. In a recent study,
Chen and co-workers have developed carbon fiber reinforced
composites using a degradable epoxidized menthane diamine-
adipic acid (EMDA-AA) matrix, obtained from bio-based men-
thane diamine and adipic acid. Due to autocatalysis of tertiary
amines in the EMDA-AA vitrimer, the vitrimer network demon-
strates topological rearrangement via dynamic transesterification
reactions, even in absence of catalyst (Fig. 8a and b).** These
developed vitrimers exhibit self-healing behavior at 180 °C for
30 min (healing efficiency = 92.9%) and shape memory at 100 °C
for both EMDA-AA and EMDA-AA-CF (Fig. 8c and d). The
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Fig. 8 Schematic diagrams of (a) the EMDA production method and
(b) the EMDA-AA vitrimer curing reaction. (c) Healing behaviour at
different heating times for EMDA-AA vitrimer. (d) Shape memory
photographs of EMDA-AA. (e) Photographs of EMDA-AA-CF
composites before and after self-adhering tests. The self-adhered
composites are capable of lifting a weight of 500 g. The stress—strain
curve of welded composites was determined using a lap-shear test.®

reported epoxy vitrimer based composite shows good adhering
properties (lap shear strength = 3.8 MPa), when two EMDA-AA-
CF composites are bonded together under a hot press at 180 °C
and 15 MPa (Fig. 8e).

Overall, catalyst promoted exchangeable transesterification
reactions are more often reported,'*>"* whereas, participation
of neighbouring groups as well as internal catalysis could be
advantageous in terms of catalyst cost and environmental
impact,'**'*” thus, requires more attention of researcher for
developing sustainable vitrimers.

3.2 Disulfide exchange reactions

Since a long time, the active and fragile behaviour of disulfide
bonds has been commonly used for the development of vulca-
nized rubber and proteins.'® Under specific conditions, disul-
fide bonds get reversibly broken, and swapped with bond
dissociation energies around 210-270 kJ mol; therefore, disul-
fide bond exchange offers an enormous scope to develop recy-
clable and reformable thermosets while preserving their original
strength.'” Note that disulphide exchange progresses in
different manners, depending on ex. radical species or the
presence of base.'*'"> Readers should consider the proper
exchange mechanism, considering the triggers for the exchange.

Recently, Weidmann and co-workers reported the thermo-
formability of carbon fiber reinforced vitrimer composites
(vitrimer-CFRPC) base on epoxy formulations with disulfide
crosslinkers,"® where viscosity was investigated by means of
a torsion clamp rheometer and tempered 3-point bending
thermoforming. This study found that in contrast to
thermoplastic-CFRPC no ply sliding was obtained in vitrimer-
CFRPC, which could be due to the high matrix viscosity even
at high temperatures above the T, of the vitrimer-CFRPC.
Opposite forming radii in a thermoformed omega profile lead
to additional interlaminar shear forces, and thus these addi-
tional shear forces promote ply sliding and avoid the develop-
ment of wrinkles and fiber damage. It could be demonstrated,
that thermoforming of vitrimer-CFRPC based on sulfur bridges
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is possible with only a few or little defects. In another report,
Zhou and co-workers synthesized an aromatic amine curing
agent containing dynamic disulfide bonds and carbon-nitrogen
bonds, which is used to cure epoxy resin (E51) to obtain
a degradable thermosetting material with good heat resistance
and mechanical properties (Fig. 9a).*® The reported CFRP vitri-
mer composites demonstrate a high tensile strength (732 MPa)
and interlaminar shear strength (71 MPa) due to strong and
stable -C-N- bonds and cross-linked structure. The degrada-
tion of resin in 2-mercaptoethanol (2-ME) and the remolding of
resin powder under heating conditions is achievable by the
dynamic bond exchange reaction of -S-S- bonds (Fig. 9b and c).

A catalyst-free disulfide exchange vitrimer was reported
using 4-mercaptophenol derived (4-hydroxyphenyl) disulfide
(BHPDS) and (4-glycidyloxyphenyl) disulfide (BGPDS).** The
resulting material demonstrates better weldability and reproc-
essability in comparison to the conventional epoxy, synthesized
using methyl hexahydrophthalic anhydride (MHHPA) as
a curing agent. Due to the disulfide exchanges, a faster stress
relaxation time (3600 s at 80 °C to 440 s at 130 °C) and an
activation energy E, (53.3 k] mol ') was observed. The material
exhibits a prominent reprocessing and welding at 180 °C with
13 kPa measured at different times (20, 40, and 60 min). Owing
to the presence of a disulfide bond in the resin and a sulthydryl
group in the 1-octanethiol solvent, the degradation of speci-
mens was observed at 100 °C in 6 h. The recycled resin could be
reused upon evaporation of 1-octanethiol and achieved 100%
closed-loop recycling.

Later on, Si and co-workers® have reported a comparative
study between dual disulfide vitrimer and single disulfide vit-
rimer. The dual disulfide vitrimer was prepared by reacting
epoxy monomer (4-glycidyloxyphenyl disulfide) with an amine
curing agent (4-aminophenyl disulfide) whereas in case of
single disulfide vitrimer aromatic disulfide based curing agent
(AFD) was mixed with DGEBA epoxy resin (Fig. 10a). The dual
disulfide vitrimer demonstrates outstanding properties with the
T, of 147 °C, the storage modulus (E') of 1.72 GPa, and the
tensile strength of 63.1 MPa (at r.t.) due to high contents of
aromatic bonds (Fig. 10b and c). Despite that, this vitrimer
shows fast stress relaxation rate with 7 ranges from 1.95 s
(220 °C) to 782 s (160 °C) (Fig. 10d), due to the dual operative
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Fig. 9 (a) Diamine and formaldehyde reaction. (b) Degradation of
AFD-HDCNSs/E51 epoxy resin. (c) Schematic diagram of the reshaping
process.®®
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Fig. 10 (a) Synthesis of disulfide exchange based epoxy vitrimers. (b)
Thermograms from dynamic mechanical analysis (DMA). (c) Tensile
tests were used to compare the mechanical characteristics of the
original and reformed samples. (d) At various temperatures, the
relaxation periods of the dual disulfide vitrimer versus the single
disulfide vitrimer. (e) At 90 °C, the solitary disulfide vitrimer partially
degraded; the total concentration of DTT dilute solution was 0.1 mg
ml™L. (f) Original (black) and recycled (red) CFRP composites undergo
DMA (left) and tensile testing (right).®°

disulphide exchange, enabling the malleable and reprocessable
abilities as well as the dissolution abilities in dithiothreitol
(DTT) solution, at a miler condition compared with a single
disulfide vitrimer (Fig. 10e). Moreover, the CFRP prepared by
dual disulfide vitrimer exhibits excellent E' of 10.5 GPa and
tensile strength of 334 MPa. After the degradation of epoxy
vitrimer, the recycled carbon fibers were reformed again into
CFRP with outstanding E’ of 8.2 GPa and a tensile strength of
320.9 MPa (Fig. 10f), respectively.

It is highly essential to make a comparative study between
the thermal and mechanical properties of diethyltoluenedi-
amine (DETDA) (reference hardener) and 4-aminophenyl
disulfide (AFD) (dynamic hardener) cured DGEBA.”* The
dynamic epoxy-based network shows a rapid stress relaxation
rate and t ranges from 3 h at 130 °C to 20 s at 200 °C and
activation energy (E,) of 55 k] mol ™' due to the reversible
disulfide bridges in the dynamic network. The reshaping of the
dynamic network takes place easily by hot pressing whereas the
reference network breaks in the form of a powder. Furthermore,
FRPCs were prepared by using dynamic network with new
features of reprocessability, recyclability, and reparability. Even,
the study found a comparable value of thermal and mechanical
properties of the dynamic networks with the classical network
obtained through diamine hardeners.

Overall, a catalyst free disulfide exchange has been a popular
choice among dynamic exchange reactions. The dual disulfide
exchange based vitrimeric materials seems very promising
materials in terms of mechanical properties. However, the
impact of fiber modification and interaction with matrix on
bond exchange kinetics have not been a focus point and thus
still needed more research.

3.3 Imine exchange reactions

Imine chemistry has been popular in materials science for
a long time owing to its reversible bonding, which is currently
considered an marvellous promise in dynamic covalent

© 2022 The Author(s). Published by the Royal Society of Chemistry
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networks.” Imine exchange promoted bio-based vitrimers are
prepared from lignin-derived vanillin epoxy (VE) monomer and
cured with four different types of curing agents such as 4,4
diaminodiphenylmethane (DDM), diethylenetriamine (DETA),
isophoronediamine (IPDA), and polyetheramine D230. The T,
of VE-DDM, VE-IPDA, VE-IPDA-D230, and VE-DETA were re-
ported as 143, 132, 84, and 58 °C, respectively. Owing to the
rigidity of the amine-curing agent and cross-linking degree.
Although, all samples are thermally stable up to 264 °C and
their maximum decomposition temperature lies in the range of
314 to 370 °C. Moreover, the tensile strength at break (571 MPa)
and Young's modulus (11.7 GPa) of CFRPs prepared through
different epoxy systems was higher in the case of VE-IPDA due
to better interfacial properties. All the epoxy systems are easily
degradable in acidic solution.” In a similar study, two different
imine exchange based vitrimers were synthesized using
vanillin/1,6-hexylenediamine (VHP) and vanillin/m-xylylenedi-
amine (VMP) curing agents.* The tan ¢ result shows that the T,
of VHP and VMP bio-based imine epoxy vitrimers are 83 °C and
96 °C, respectively, whereas the storage modulus values are
2600 MPa and 2650 MPa, respectively. This could be attributed
to the higher rigidity chain structure for VMP vitrimer (Fig. 12a
and b). Furthermore, the CFRP prepared by VMP vitrimer
exhibits an excellent tensile strength of 622 MPa which was
close to those of CF/VHP of 584 MPa. The degradability of VMP
and VHP vitrimers takes place under weakly acidic conditions,
in which the imine bonds can be degraded into amino and
aldehyde groups.

In addition, bio-based imine groups containing vitrimers
were prepared by mixing vanillin/4-aminophenyl (VA) hardener
with glycerol triglycidyl ether (Gte), in the presence of 1,2-
dimethylimidazole catalyst.>® The rigid network of Gte-VA due
to the existence of w—m conjugate between the benzene ring and
imine double bond resulted a high T, (70 °C) and tensile
strength (62 MPa). The Gte-VA vitrimer shows a fast relaxation
rate () of 3834 s at 120 °C and on further increasing the
temperature to 130, 140, 150 and 160 °C it decreased to 2014,
1421, 814 and 431 s, respectively, while the activation energy (E,)
reaches 74.7 k] mol'. Bio-based imine system shows good
reprocessability at 140 °C under 20 MPa pressure for 10 min.
The reinforced Gte-VA vitrimer presents high tensile strength
(449 MPa) and Young's modulus (12.9 GPa), as well as the
recycled Gte-VA composite shows 574 MPa tensile strength and
13.7 GPa Young's modulus, respectively. Likewise, Memon and
co-workers® developed an imine curing hardener (ICH) based
on vanillin and methylcyclohexanediamine (HDTA) and used it
for the crosslinking of tri-functional epoxy resin (AFG-90H)
(Fig. 11a). The prepared epoxy resin shows T, of 131, 135, 138,
and 136 °C, tensile strength of 82, 73, 58, and 63 MPa and the
storage modulus of 2964, 3132, 3513, and 3801 MPa for pristine,
1st, 2nd, and 3rd reprocessed epoxy resin, respectively (Fig. 11b,
¢ and d). Moreover, vitrimers exhibit fast stress relaxation
upon heating and the associated activation energy (E,) was
122 kJ mol~'. CFRC-1 samples were fabricated with imine vit-
rimer under hot-press by using uncured carbon fiber prepregs
and revealed the flexural strength and flexural modulus of
1028 MPa and 56 GPa (Fig. 11e), respectively, where the values
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study, are depicted in this diagram (A) disulfide exchange. (B) Imine
exchange. (C) Vinylogous urethane exchange. (b) Stress relaxation
experiment results. (c) The resulting relaxation periods are plotted
using the Arrhenius method.*®

are relatively close to the conventional CFRP-epoxy resins. In
contrast, CFRC-2 was fabricated using fully cured eight carbon
fiber prepreg sheets. However, the results of flexural tests show
that the flexural strength and modulus of CFRC-2 are only
490 MPa and 34 GPa, respectively, which are 47 and 60% of
CFRC-1. The decrease in flexural performance of CFRC-2 might
be due to the fact that the existence of carbon fibers prevents the
epoxy resin from intimate contact and sufficient bond
exchanges.

The development of a degradable matrix for FRPs leads to
high costs and relatively low performance that limits their use
in structural applications. Therefore, recently a new class of
thermoset (polyaminal) was introduced based on imine/
secondary amine dynamic bonds synthesized by imine alde-
hyde condensation,”® where terephthaldehyde and various
diamines were used as monomers, and triethylenetetramine
was selected as a novel cross-linker to prepare the degradable
polyaminal. As triethylenetetramine contains -NH, and -NH-
CH,-CH,-NH- groups, a hybrid imine/imidazolidine cross-
linking structure was obtained. Due to rigid ring structure of
imidazolidine, the polyaminal represents higher cross-linking
density and mechanical properties compared with common
thermosets based on Schiff base. The results showed that the
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obtained degradable polyaminal exhibits superior properties, T,
(120-150 °C), T4 (249-277 °C), and tensile strength (52-64 MPa).
In addition, the polyaminal/carbon fiber composites degrade
completely under mild acidic conditions, leading a non-
destructive recycling of fibers.

3.4 Other exchange reactions

Urethane exchange based vitrimeric materials were developed
(TDNR) using toluene diisocyanate and novolac resin rich with
phenolic hydroxyls,” where diisocyanate phenolic-urethane
vitrimer exhibits a covalent exchange based on reverse reac-
tion chemistry due to excess aromatic hydroxyls and isocya-
nates. With glass transition temperature ranging from 80 °C to
230 °C, the reported vitrimer demonstrates good tensile
strength (55 MPa), elongation at break (11-12%), and Young's
modulus (1.1 GPa). The TDNR based glass fiber composites
show the flexural strength and interlaminar shear strength
values of 184.1 MPa and 12.93 MPa, respectively. Spiesschaert
and co-workers® have developed a vinylogous urethane (VU)
bonds containing oligomeric amine curing agent. The poly-
functional amine-curing agent can be used as a drop-in solu-
tion for existing epoxy resin technologies, resulting in
transparent, rigid and at the same time highly reprocessable
catalyst-free epoxy vitrimer, demonstrates exchanges via
transamination reaction (Fig. 12a). The oligomeric VU-curing
agents were prepolymerized via a straightforward condensa-
tion reaction between acetoacetates extended with different
classical amine monomers and epoxy hardeners. In addition,
remarkably short processing time was observed in the absence
of any catalyst, and the material displays very short stress
relaxation time and good recyclability (Fig. 12b and c).
Furthermore, a proof of concept for its use in obtaining glass-
fiber-reinforced epoxy composites is also reported, where the
composites show excellent strength and elongation at failure
values of 939 MPa and 2.5%, respectively. Denissen and co-
workers have also explored a transamination exchange-based
vitrimers using vinylogous urea network and amines and
acetoamide monomers.'” The combination of these networks
with a simple acid catalyst (0.5 mol% pTsOH) resulted good
mechanical properties (T; ~ 110 °C, E ~ 2.2 GPa) and
remarkably short relaxation times. Interestingly, vinylogous
urea vitrimer based GFRP composites allow an efficient ther-
moforming as well as a thermal fusion of multilayers and
recycling of fiber by solvolysis process.

4. The emerging applications of
vitrimers based FRPs

Since fiber reinforced vitrimeric composites exhibit mechan-
ical properties comparable to commercially utilized epoxy
composites, vitrimeric materials have attracted the interest of
industries involve in structural materials.*® Along with good
thermoforming reprocessability, repairability of delaminations
and micro cracks by applying heat and pressure to the
damaged part, and recyclability by matrix dissolving or
grinding and reprocessing is highly advantageous.'* To
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manufacture woven carbon composites, malleable polyamine
networks were utilised as a binder, demonstrating efficient
closed-loop recycling of the fiber and binder ingredients. Due
to the malleable nature of the polyamine binder network, cured
CFRPs can be moulded into 3D curvature and multilayer
devices can be built up using a simple heating process.'** The
incorporation of glass fibers improves the mechanical strength
of shape memory epoxies that can be used in a variety of
engineering applications. Self-folding origami structures,
which were previously difficult to fold by hand, can now be
easily designed using a topological change process regulated by
dynamic ester bonds.® Synthesizing a novel cyclolinear
cyclotriphosphazane-based epoxy resin with a radial-mediated
aromatic disulfide exchange mechanism, multifunctional and
multi-responsive vitrimer systems have been produced, where
high self-healing effectiveness of 89.8% proves to be promising
candidate in aerospace and automotive industries.'*” The use
of a bio-based vanillin-derived spiro diacetal structure in epoxy
resin allows CFRPs and coatings to be stiff and degradable
under mild acidic conditions. Furthermore, the spiro diacetal
structures rapid cleavability allows for fiber recycling and easy
removal of the coating from the substrate."® In addition,
development of phosphonate-based intrinsic flame retardant
vitrimer are claimed to overcome flame retardant additives in
recyclable composite materials. Due to the enhanced residue
yield and gas release, the vitrimer exhibits intumescent
behaviour in fire. The phosphonate vitrimer-based glass and
carbon fiber composites are particularly attractive in structural
applications such as civil infrastructure and cars."*® Fatigue
failure in rotorcraft components begins with tiny size sub-
critical cracks that gradually evolve into macroscopic crack
localization and eventually fail. By arresting incipient cracks,
the DGEBA and adipic acid based epoxy vitrimer displays better
fracture and fatigue performance. Therefore, the application of
vitrimers in rotorcraft component induces self-healing along
with better mechanical performance.'*® Through the use of an
organic-inorganic matrix containing disulphide, the produc-
tion of intrinsic low-temperature self-healing composites for
medium-tech applications was proven. The GFRPs show
multiple healing of flexural and interlaminar qualities as well
as healing at minimum pressure for small scale (<cm?)
damages.”" The fabrication of widely used polystyrene (PS)
plastics based on the nitrogen coordinating cyclic boronic ester
linkages served as a sensible roadmap for the development of
dynamic materials through general-purpose plastics. The
method offers a fresh approach to the creation of eco-friendly
dielectric polymer materials for copper clad laminates. The
PS vitrimer composites with glass fiber reinforcement exhibit
good mechanical properties and can be easily recycled to
obtain resin solution and clean glass fiber."* However, ther-
mally and mechanically robust polymeric materials for copper
clad laminates with low dielectric loss (D,) are very scarce,
therefore, a simple method to prepare cyclic polyolefin (COC)/
polystyrene vitrimers (PSVMs) from semi-interpenetrating
polymer networks with low D, were demonstrated and its
quartz glass fiber composites exhibits excellent thermal,

© 2022 The Author(s). Published by the Royal Society of Chemistry
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mechanical, and dielectric properties for application in fifth-
generation mobile communications.**

5. Summary and outlook

In this review, we outlined the functional fiber-reinforced vit-
rimer with various bond exchange mechanisms. Through the
present review paper, the special features of these materials,
such as healability, reprocessability, and recyclability, were
demonstrated, which are all thanks to the dynamic bond
exchange. Furthermore, the categorised mechanisms are high-
lighted with their healing efficiency, and the proposed results
are extremely useful in understanding the mechanical behav-
iour of vitrimeric materials. Especially, the demand for recy-
clable and healable composite materials with great mechanical
strength must increase, considering the future development of
high-class resins for automobile and aircraft industries. More-
over, these materials could be especially valuable in the aero-
space industry and in high performance materials such as wind-
blades, since replacement of the damaged resins cannot be
made easily and thus self-healable resins are favourable.
Numerous variables, such as the chemical structure of the
polymer backbone, chain flexibility, the amount and nature of
reactive sites responsible for healing, need to be considered
before designing the futuristic materials. In addition to bond
forming-breaking reactions other variables e.g., resin flow and
their macroscopic deformation also need to be contemplated.
Bio-based vitrimers are still limited but highly attractive, due to
the increased demand to realize sustainable society. For true
application of the fiber-reinforced vitrimers, the precise control
of the bond exchange properties, including the activation
temperature and the time scale of the bond exchange is very
critical. A number of techniques are used to identify T, those
include stress relaxation, creep, and fluorescence. Among them
stress relaxation is the most accurate technique due to its
independence from procedural parameters such as heating
rate, but non-isothermal creep testing is the quickest way to
determine T,. Besides, researchers need a special attention
while designing the polymer network based composites, e.g.
quality of fillers, the strength of the filler/matrix interface, filler
surface chemistry, filler geometry. In this regards, development
of fundamental physics of vitrimer properties are required.
Moreover, the rheological behaviour of the vitrimers in regard
of manufacturing of fiber-reinforced composites need to be
studied in more detail. The history of vitrimers are still a little
over 10 years (since 2011), but these functional materials could
find versatile application by collaboration of chemist and
physicist, and academic/industrial researchers.
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