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Abstract

The development of self-healing materials is a very attractive approach to provide
long-lasting and efficient protection against micro damages. Great attention from
numerous research groups has been paid to polymers, composites, and coatings,
which exhibit self-healing behavior at different dimensional scales.

Through this thesis, the overall design flow for achieving hybrid epoxy systems
containing covalent thermo-reversible bonds and the preparation and evaluation of
selected examples is detailed. This work underlines that the concurring presence of
thermo-reversible covalent bonds and high molecular mobility are essential
requirements to develop self-healing systems.

The most effective structural modification has been pursued by adjustment of the
several features: average functionality of reacting precursor mixture and cross-linking
density and thermosetting network and concentration of self-healing reversible bonds.
Several Diels-Alder adducts have been synthesized and introduced in hybrid
architecture systems, where stable bonds and thermoreversible bonds coexist.

The resin formulation aimed at reaching a compromise between the mending
capability of cured material and its dimensional stability at high temperatures,
required during healing cycles. The Self-Healing ability were assessed by means of

morphological, mechanical and spectroscopic characterization.



The multiple healing feature of the system was proved: the hybrid epoxy resin was
able to recover damages, still exhibiting the pristine stiffness.

Satisfactory morphological and mechanical recovery results suggested that synthetic
thermoreversible epoxy can envisage a new route in development of maintenance and
repair strategies of structural and semi-structural components during their operative
life. Furthermore, the availability of dynamic epoxies has allowed the development of
smart materials, such as protective coating and re-engineered FRP. Finally, a more
comprehensive approach was proposed for fiber-reinforced composites: the

development and integration of an active interface, able to recover adhesive damage.
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CHAPTER 1. SELF-HEALING PHENOMENOLOGY IN POLYMERS

1. Self-healing phenomenology in polymers

Synthetic polymers are lightweight structural materials that have revolutionized
many industries, including transportation, aviation, and biomedicine.
Traditionally, the main goal of materials development was to improve them by
enhancing their properties and optimizing their manufacturing process.
Although materials with extraordinary properties have been developed, even
smallest defects are not avoidable. Furthermore, these materials are susceptible
to ulterior damage induced by mechanical, chemical, thermal, UV radiation, or a
combination of these factors [1].

That leads to the need of periodical inspections and repairs which are highly
time-consuming and expensive. Nowadays, the long-term durability, high
performance and reliability are major challenges for polymeric architecture.
Thus, the development of breaks and microcracks, leading to catastrophic
failures in industrial components, remains a significant issue for these widely
used materials.

In theory, ideal repair methods are ones that can be executed quickly and
effectively directly on damaged site, eliminating thereby the need to remove a
component for repair. Actually, when polymer materials become damaged, there

are only a few methods available to attempt to extend their functional lifetime.
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CHAPTER 1. SELF-HEALING PHENOMENOLOGY IN POLYMERS

One of the earlier healing methods for fractured surfaces was hot-plate welding,
where polymer pieces were brought into contact above the glass transition
temperature of the material, and this contact was maintained long enough for
interdiffusion across the crack face to occur and restore strength to the material.
It has been shown, however, that the location of the weld remains the weakest
point in the material and thus the favourite site for future damage to occur [2].
For laminate composites, resin injection is often employed to repair damage in
the form of delamination, even if it can be problematic when the crack is not
easily accessible for such an injection. For fiber breakage in a laminate composite,
a reinforcing patch is often used to restore some of the strength to the material.
None of these methods of repair is an ideal solution to damage in a structural
composite material. These are temporary solutions to prolong the lifetime of the
material, and each of these repair strategies still requires monitoring of the
damage and manual intervention to further the repair. This greatly increases the
cost of the material by requiring regular maintenance and service.

Alternative healing strategies are therefore of great interest, inasmuch as these
conventional repair methods are not effective, for example, for healing invisible
microcracks within the structure during its service life.

In response, the concept of self-healing polymeric materials was proposed in the
1980s as a means of healing invisible microcracks for extending the working life
and safety of the polymeric components [3]. The publication in the topic by White
and Sottos in 2001 [4], of which an explanatory scheme is shown in Figure 1-1,

further inspired world interests in these materials.
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CHAPTER 1. SELF-HEALING PHENOMENOLOGY IN POLYMERS
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Figure 1-1. Capsule based self-healing composite (White et al., 2001 [4])

In summary therefore, the target is a further step towards the development of
nature-inspired synthetic polymers that can self-heal failures, such as
delamination, or aesthetic damage, improving maintenance and repair
procedures and significantly extending the lifetimes of these industrial materials,

according to the scheme in Figure 1-2 [5].
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Figure 1-2. Lifetime extension of engineered materials by implementation of self-healing principle
(Garcia, 2014 [5])
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CHAPTER 1. SELF-HEALING PHENOMENOLOGY IN POLYMERS

1.1. Classification

Current self-healing polymers can be sorted in two main groups depending on
the need of an external trigger to initiate the healing process: non-autonomic and
autonomic. Non-autonomic self-healing materials require an external stimulus,
like heat or light. Contrariwise, autonomic materials use the own damage as
starter of the healing action.

A second way, most cited, of categorising self-healing composites is represented

by the healing strategy: extrinsic and intrinsic healing [6].

1.1.1. Extrinsic Self-healing

The extrinsic healing process is based on the use of a healing agent contained in
the matrix as a separate phase. The healing agent is usually in the liquid state,
placed into reservoirs which may be microcapsules or hollow fibers or
microvascular network. In most approaches, the healing agent is used with a
catalyst, which can also be encapsulated or dissolved in the matrix. In some cases,
the catalyst is not required to initiate the healing process; the healing agent can
also react with itself. The extrinsic healing concept is based on the response after
or at the onset of damage. Current research is concerned with the improvement
of healing agents in terms of compatibility and catalyst-free system with some

new encapsulation techniques.

Microcapsule embedment

The basic principle of encapsulation strategy is healing by incorporated healing
functionality or reactive constituents into capsules followed by chemical
reactions. These reactions take place by various mechanisms including ring
opening metathesis polymerization (ROMP) [4], cycloreversion [7], cycloaddition
[8], cross-linking reactions [9], or a mechanochemical catalytic activation [10].
Damage acts as a stimulus to initiate the healing process: it ruptures the

microcapsule, and subsequent release of the healing agent occurs. The healing

13



CHAPTER 1. SELF-HEALING PHENOMENOLOGY IN POLYMERS

precursor reaches the damage site by capillary action and spreads itself over the
two fracture surfaces due to the surface tension. White et al. [4] designed a
dicyclopentadiene (DCPD) Grubbs’ system, based on capsule healing, achieving
75% recovery of virgin fracture toughness.

There are different ways to achieve capsule healing: the encapsulated liquid
agent can be combined with a dispersed catalyst; both the healing agent and the
catalyst can be embedded in different capsules; the healing agent can also directly
react with a functionality of the matrix under an external stimulus; the healing
agent and the catalyst can be placed in the matrix as a separate phase.

The encapsulation strategy is mainly focused on meltable dispersion and in situ
and interfacial encapsulation techniques for capsules. Meltable dispersion
consists in dispersing the curative agent in a melted polymer to form the capsules
by solidifying of the polymer [11]. In interfacial and in situ techniques, the shell
is developed by polymerization at the interface between healing agent droplets
and oil-in-water emulsion. Different microencapsulation methods are optimized
such as physical methods, chemical methods, and physicochemical methods.
Robust, in terms of mechanically and thermally stable, microcapsules with
healing precursor have been synthesized for self-healing polyurethane matrix
[12]. Triethylenetetramine (TETA) microcapsules for wear-resistant polymer
composites [13] and poly(methyl methacrylate) microcapsules with high storage
and thermal stability [14] have been manufactured and implemented.
Polydimethylsiloxane-based self-healing elastomers also are reported [15]. Dual
component self-healing epoxy system containing epoxy (DGEBA) and different
variants of hardener microcapsules are investigated [16].

However, this type of self-healing is limited by processing difficulties and
inhomogeneous distributions of the two components: reduction of mechanical

properties is common following the introduction of external chemicals.
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CHAPTER 1. SELF-HEALING PHENOMENOLOGY IN POLYMERS

Moreover, the major drawback of encapsulation techniques is that self-repair can

only occur once at each site.

Hollow fiber embedment

Hollow fibers are used to deliver a larger amount of liquid healing agent. These
are embedded within either glass fiber-reinforced plastic (GFRP) or carbon fiber-
reinforced plastic (CFRP) composites. Liquid-filled hollow fibers based self-
healing systems are shown Figure 1-3 [17]. Healing-agent-filled hollow fibers are
introduced into the matrix by the vacuum-assisted resin transfer molding
(VARTM) process. Extending the 1D vascular concept of liquid-filled hollow
fibers, 2D and 3D networks have also been developed [18,19]. Its invasiveness
must be minimized so that its effect does not undermine the polymer mechanical
properties. Therefore, its structure and the healing agent characteristics, such as

fluidity and stability, should be carefully selected.

One-part resin

Polymer matrix

Hollow fibre

Resin system

Hardener system
Hollow fibre

Resin system

Micro-encapsulated
hardener

Hollow fibre

Figure 1-3. Schematic diagram for hollow fiber repair (Bleay et al., 2001 [17])

Resin-filled hollow glass fibers impart healing capability on low-velocity impact
damage in CFRP. Large-diameter capillaries are not feasible to demonstrate
damage healing. Smaller hollow glass fibers filled with resin have been also used,
but they were unable to deliver the resin into the crack due to the highly viscous

epoxy resins.
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CHAPTER 1. SELF-HEALING PHENOMENOLOGY IN POLYMERS

The fracture of hollow fibers is mandatory to release healing precursors. The low
viscosity of healing agent is preferable to facilitate fiber infiltration, which is
necessary. The reinforcement of hollow glass fibers into CFRP also affects the
coefficient of thermal expansion so that multistep fabrication stages of the hollow
fiber are another challenge. A novel hybrid multi-scale carbon fiber/epoxy
composite reinforced with self-healing core-shell nanofibers at interfaces has

been demonstrated [10].

The microvascular embedment

To enhance the healing efficiency, vascular method is adopted: a 3D
microvascular network, inspired from the respiratory system of livings, is
developed into the matrix to store the healing agents. Self-healing materials
based on hollow fibers or a mesoporous network are called vascular materials.
Microvascular fabrication is possible by various techniques including laser
micromachining, soft lithography, electrostatic discharge, fugitive inks, and
hollow glass fibers. Healing precursors are introduced into these channels either
by pumping or through capillary forces. The introduction of sacrificial fibers into
woven preforms enables the continuous fabrication of 3D microvascular
composites that are both strong and multifunctional [19,20]. To employ damage
healing in microvascular systems, functional fluids that act as a healing agent are
released upon fracture of vascular network. Further, the healing agent
polymerized with adjacent catalyst can form a network and restricts the growth
of damage. Replacement of some reinforcement fibers of FRPs by individual
hollow fibers is a well-known method to achieve microvascular composites [21].
Schematic diagram of self-healing materials with 3D microvascular networks is

shown in Figure 1-4 [19].
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Figure 1-4. Self-healing materials with 3D microvascular networks (K. S. Toohey et al., 2007 [19]). a)
Schematic diagram of a capillary network in the dermis layer of skin; b) Schematic diagram of the self-
healing structure in an epoxy coating

Vasculature-based healing allows the efficient delivery of the healing agent and
additionally healed a large area. Furthermore, the incorporation of micro-
channels within a polymer composite offers multiple healing, because the
network may be refilled. However, the large-scale production of self-healing

fiber-reinforced composites is not feasible due to complex vasculatures and lack

of scalability.

1.1.2. Intrinsic self-healing methodology

Structurally dynamic polymers are a macromolecular system in which dynamic
bonds are responsible for the restructuring of molecular architecture upon to
external stimuli. Intrinsic healing is based on the own healing capability of the
matrix material. When subjected to an external stimulus or an internal damage,
the material can repair itself through the reversibility of chemical or physical
bonding in the matrix phase. No external agents are needed, so they have the
advantage that multiple healing events can occur. The healing is possible via
temporary local mobility enhancement of polymeric chains, induced by various
modes of energy, e.g. temperature, static load, UV.

A two-step process is needed: a softening step leading to local mobility towards
the damage, followed by a hardening process leading to the restoration of the
original properties. In Figure 1-5 is represented the recovery of the local viscosity

after the healing trigger (temperature) is removed [5].
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Figure 1-5. Multiple healing events with intrinsic healing: viscosity triggered by temperature (Garcia,
2014 [5])

The most significant strategies of intrinsic self-healing materials are based on
reversible covalent bonds, thermoreversible physical interactions and

supramolecular chemistry [22].

Supramolecular noncovalent interaction-based self-healing

To overcome the issue of poor in performance extrinsic techniques, great
attention is focused on supramolecular systems which respond to damages
autonomously and recover mechanical integrity without the addition of foreign
reactive species and human intervention. These non-covalent interactions
recover mechanical properties almost completely but take longer time.
Reversible bonding can be used to design supramolecular healable polymers and
composites which respond to external stimuli such as heat [23], pressure [24],
water [25], or light [26]. Stimuli responsiveness [27] and a high diffusion rate of
oligomeric components [28] are the main characteristic of supramolecular
polymers which make them for rapid and controllable healing system. The
reversible non-covalent interactions can be possible by hydrogen bonding, ionic

bonding, metal-ligand bonding, and -7t stacking.

H-bonding Supramolecular chemistry
H-bonding is the most popular route to achieve supramolecular polymers. Upon

heat, interactions between the polymeric chains decrease, they are reassembled

18
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upon cooling, and finally the non-covalent cross-linking recover the strength and
mechanical integrity.

However, individual supramolecular polymers are affected by low mechanical
strength. The mechanical strength of supramolecular system is enhanced by an
increase in the number of non-covalent interaction [29] and by reinforcement

with nanofiller [30].

Metal-ligand supramolecular polymers

Reversible behavior of metal ion and ligand bond in metal ligand complexes is of
great interest to design stimuli-responsive materials. These polymers can be
healed upon exposure to light [26,31]. During the whole healing mechanism,
supramolecular interactions and light-heat conversion happen subsequently. The
temporary disentanglement of metal-ligand motifs occurs when excited
electronically upon exposure to UV, and further, heat energy is released.
Subsequently, the average molecular weight and viscosity of system decrease,
and defects are healed. Local damages can also be recovered only after exposure

to light.

Supramolecular T-t interaction-assisted self-healing

A thermally triggered reversible network is achieved based on m-m stacking
interactions, in which end-capped m-electron-deficient groups interact with -
electron-rich aromatic backbone. The driving forces for producing tough, stable,
healable homogeneous blend of elastomers are interpolymeric m-t stacking
complexes [32]. At higher temperatures, the disengagement of the
supramolecular (rt-mt stacking and hydrogen bonding) interactions is possible,
and it leads to change in the apparent molecular weight of the homogeneous
noncovalent polymer blend and further rapid change in viscosity with
temperature. A polymer blend recovers the mechanical strength by refurbishing

these supramolecular interactions.
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Supramolecular self-healing ionomers

Ionomers are a class of thermally activated supramolecular self-healing polymers
that possess the ability to self-heal several types of damage such as scratches and
ballistic impact damage [33]. In ionomers, ionic metal salts are bonded to the
polymer backbone creating electrostatic interactions. These interactions are
capable of cluster formations that can be broken when a specific temperature is
applied. Once the clusters are broken the polymer enters into a transition phase
that gives rise to a certain mobility allowing sufficient polymer flow and thereby
healing. Because the transition phase is initiated at a much lower temperature
than the melting point of the ionomer, the polymer maintains its main
mechanical properties even during the healing process. A schematic overview of
a typical ionomer molecular structure is given in Figure 1-6 [34]. Here, the
clustering of the charged ionic species and the final network formation are clearly

indicated.

Figure 1-6. Schematic overview of the molecular structure of an ionomer polymer (Bose et al., 2015 [34])
During whole mechanism free volume plays a great role which provides enough
mobility to polymer chain rearrangement and interdiffusion. Besides, many
other factors, such as impact energy, nature of ionic groups, and counterions, the
neutralization degree, increased temperature during impact, the content of ionic
groups and dielectric constant, and so on, also play a key role to make effective
self-healing by ionomers. To enhance the healing efficiency of ionomers

composites, conductive and magnetic fillers are added.
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CHAPTER 1. SELF-HEALING PHENOMENOLOGY IN POLYMERS

Dynamic Covalent Chemistry based Self-healing

Dynamic Covalent Chemistry (DCC) consists in extending the dynamic features
found in supramolecular chemistry to molecular chemistry using reversible
covalent bonds. DCC covers dynamers, covalent adaptable networks (CAN5s)
and vitrimers. The first step in the development of dynamic components are
dynamers, which are constitutional dynamic polymers of either supramolecular
or molecular nature whose monomeric components are linked through reversible
connections, which can be either non-covalent interaction or reversible covalent
bonds, according to Skene and Lehn [35]. They can respond to physical and
chemical stimuli by establishing reversible networks.

Stimuli-responsive systems are achieved by incorporation of some dynamic
covalent functionality into matrix backbone and/or in side chains.

Typical dynamic bond chemistry is belonging to disulfide bridges [36,37],
hindered urea [38], alkoxyamine [39], ester linkages [40], and Diels-Alder bonds
[41,42].

Among them, Diels-Alder chemistry has been widely adopted because of its

simplicity, high efficiency and repeatability through only the application of heat.
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CHAPTER 2. DIELS-ALDER CHEMISTRY FOR SELF-HEALING MATERIALS

2. Diels-Alder Chemistry for Self-Healing
materials

Even if the non-covalent interactions of supramolecular chemistry have long
been utilized for their inherently reversible nature, they are far weaker than their
covalent counterparts. It is therefore desirable when designing a structural
healable polymeric material to utilize the stronger covalent bond reversibly. The
most widely used and intensely studied reversible covalent bonds are found in
the Diels-Alder cycloaddition reaction. The reaction involves the concerted
addition of a conjugated diene with a dienophile to form a cyclohexene.

Four electrons from the conjugated diene and two electrons from the dienophile
are involved in a [4+2] cycloaddition reaction. Essentially, three 7 bonds break

and two new C-C o bonds and one new C-C 7 bond are formed, as shown in

Figure 2-1.
7 0
""" R A
=N_k - \ A \ \,\
< T th_{O - ’L E}J ___‘_\{o
0 0

Figure 2-1. The Diels-Alder reaction mechanism
The diene and dienophile components of this reaction can be altered to
incorporate almost any functionality imaginable, and thus the reaction is an

extremely versatile one in organic chemistry.
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The only limitation is that the diene used in the DA reaction have to be in s-cis
conformation, which is thermodynamically less stable due to steric repulsion.
Thus, cyclic diene, such as furan, cyclopentadiene and anthracene, are
appropriate candidate as diene in DA reaction, since the s-cis conformation is
already locked in their structure. In particular, the furan group is very reactive,
with a r-DA reaction temperature relatively low (approximately 120°C), if
compared with 250°C cleaving temperature of the anthracene group [43-45].

Similarly, in order to increase the reactivity of the dienophile, it is necessary to
have one or more electron-withdrawing groups, such as a carbonyl group (C=0)
or a cyano group (C=N), attached to the C=C bond. The role of electron-
withdrawing groups is to withdraw electrons from the C=C bond and to make
the sp2 carbon have a partially positive charge, which helps the dienophile to be
more reactive toward the diene groups. Therefore, maleimide moieties with two

C=0 bonds is a good dienophile candidate [46].
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2.1. Diels-Alder in Self-Healing Polymers

The Diels-Alder cycloaddition reaction is thermally reversible, leading to its
application in the field of healable materials as a thermal stimulus responsive
material. The self-healing polymers employing the furan group as a diene and
the maleimide group as a dienophile have been the most widely studied.

The first use of Diels-Alder chemistry for healable materials was in 2002 by Chen
et al. [47], in which the furan and maleimide moieties were incorporated into the
polymer backbone. Since this ground-breaking work, several Diels-Alder based
thermally stimulated healable materials have been created.

The Diels-Alder healing system devised by Chen et al. [47] utilized the DA and

r-DA reaction between furan and maleimide, according to scheme in Figure 2-2.

0 /
N + O - O
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O
Figure 2-2. Diels-Alder reaction between a maleimide derivative and a furan derivative
The material consisted of four furan moieties and three maleimide moieties, the
reaction of which led to a macromolecular network formed by reversible
crosslinking covalent bonds.
The r-DA reaction was proposed as the major reason for crack propagation, as
the bonds formed in the DA adduct are weaker than the other covalent bonds in
the system; this also means that DA active functional groups are exposed
following crack propagation, and therefore healing of the material via the re-
formation of DA adducts is possible.
Moreover, the DA reaction occurs slowly at room temperature without any other
external stimulus and the reaction becomes faster as the temperature increases.
Thus, DA polymers can still prevent the propagation of micro-damage at room
temperature. Finally, the temperatures for the r-DA reaction between furan and

maleimide are low enough for prevent thermal degradation [47,48].
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This material was shown to have mechanical properties akin to common
structural epoxy materials, indicating their potential for use in engineering
composite materials. The initial studies of these polymers showed a 57% healing
efficiency upon application of a thermal stimulus (120-150°C), which is
significant for a cross-linked thermoset without any additional components. The
lack of total healing was due to complete specimen fracture into two separate
pieces: this resulted in poor interfacial match-up between the two halves during
the healing process. The most remarkable aspect of this system, however, is its
inherent ability to undergo this healing process multiple times, greatly extending
the functional lifetime of the material. Indeed, after two full cycles of fracture and
healing, the load at fracture of the third crack was 80% that of the second crack,
demonstrating the ability of this material to undergo multiple successful cycles
of healing. A follow-up study by Chen et al. in 2003 [48] addressed some issues
that arose during their initial study. Improvements include the creation of a
lower melting maleimide monomer, the removal of the need for solvent during
polymerization, as well as the implementation of a sample geometry that
prevented complete fracture of the specimen. Indeed, this monomer allowed for
a higher mobility of molecules, resulting in higher healing efficiencies of 80% on
average, with the ability for the sample to undergo healing multiple times as
evidenced by an average of 78% healing efficiency for the second cycle of
mending. These healing cycles require a thermal stimulus to initiate the r-DA
reaction and subsequent re-formation of the DA adducts, and were accomplished
at temperatures ranging from 120 to 150°C.

This same furan/maleimide healable material system was revisited in 2007 by
Plaisted and Nemat-Nasse [49], again utilizing sample geometry that allowed for
controlled incremental crack growth. These studies were designed to further
examine and quantify in a systematic manner the thermal treatment required for

healing, including time and temperature necessary to regain mechanical strength
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in the material. Indeed, it was found that effective healing could be achieved at
85-95°C: at 85°C visual healing occurs after only four minutes, the approximate
time for the sample to reach thermal equilibrium, and further heating to the onset
of the T at 95°C allows full recovery of mechanical strength. In addition, the
healing efficiency was found to be near 100% after several cycles of fracture and
healing and it was shown that the degree of healing did not increase past one-
hour application of a thermal stimulus.

Unlike the polymers synthesized by Chen et al. with the DA reaction, there has
been more research by Gheneim et al. on the synthesis of polymeric dienes;
bearing pendant furan moieties to the main chain in a polymer, whereas the
maleimide moieties are embedded as a crosslinking agent or vice versa [50].
Similarly, Amalin Kavitha and Singha investigated a polymethacrylate bearing
furfuryl functionality with bismaleimide [51].

Also, Zhang et al. [52] has investigated the use of a remendable thermoset
material based on the DA reaction between furan and malemide. Starting from a
polyketone, they produced a polymer containing pendant furan groups
following conversion using the Paal-Knorr reaction. Upon mixing of this furan-
containing polymer with a bis-maleimide, a cross-linked network was obtained;
the reversibility of this material through the DA and r-DA reactions was initially
demonstrated through reversible gelation as a function of temperature. Healing
is possible in this system since the free healing agents become crosslinked with
the other bearing moieties. The primary benefit of having free maleimide or furan
moieties is that these molecules have increased mobility and are better able to
find the pair moieties when healing is initiated. The authors also fabricated
polymer samples which were tested via three-point bending. However, instead
of healing the fractured sample and re-testing to determine healing efficiency, as
is the norm in this field, the fractured material was ground up and a new

specimen fabricated. The new sample was re-tested and performed similarly to
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the original, leading the authors to claim 100% healing efficiency. While the
demonstration of the recyclability of these materials is quite impressive, this
variation from the common testing procedure limits the comparisons that can be
made to other healable materials in the field.

In 2009, Tian et al. [53] reported a healable epoxy that contained furan and
malemide moieties. Traditional epoxy materials cannot be altered after they
undergo curing; by incorporating DA components to the material, however, the
ability to heal can be introduced to the system. The furan functionality was
attached to an epoxy compound via a two-step procedure. This epoxy could then
be cured as usual, leaving pendant furan groups free to react with an added bis-
maleimide compound. Polymer specimens were fabricated, and the mechanical
properties found to be comparable to commercial epoxy materials. The authors
showed the qualitative healing of the materials at temperatures above 100°C, but
did not report on the healing efficiencies of these materials.

Besides furan, a widely studied cyclic diene for DA reactions is cyclopentadiene.
In addition to be a desirable diene for this reaction, cyclopentadiene can also act

as a dienophile and self-react to form a DA adduct Figure 2-3.
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Figure 2-3. Diels-Alder cycloaddition reaction of cyclopentadiene to form dicyclopentadiene

A new healable material was prepared: a monomer containing a
dicyclopentadiene core unit was synthesized and was subsequently polymerized
to form a single component polymer network in which the polymer backbone
consisted of thermally reversible DA adducts [54].

In addition to the formation of the adduct, it was found that dicyclopentadiene
can undergo a second DA reaction, leading to trimer formation and resulting in

cross-linking of the network. An advantage of this system is that the material is
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created from a single crystalline component, ground up and heated neat to form
the polymer network, greatly simplifying not only the preparation and
processing of the material, but also the recovery of mechanical properties of the
system. This material was shown to undergo healing upon exposure to a thermal
stimulus, giving an average 46% healing efficiency when heated to 120°C for 20
minutes. Another approach was developed by Peterson et al. [55] by
incorporating a secondary phase containing cross-linked furan and maleimide
within a traditional epoxy—amine thermoset. This system showed about 37%
recovery of initial strength. In addition, due to the reversibility of the Diels—Alder
bond, both materials could be healed multiple times. An ulterior publication by
Peterson et al. [56] showed healing of a furan-functionalized epoxy-amine
thermoset through the use of a bismaleimide solution as a healing agent.
Application of the healing agent solution to the fracture surface resulted in
recovery of 70% of the initial polymer strength. The ability of samples to recover
the load was not only attributed to the Diels—Alder reaction on the fracture
surface, but also to solvent induced swelling and resulting mechanical
interlocking. Additionally, the samples were able to be healed multiple times
because of the reversibility of the Diels-Alder bond. In a subsequent work,
Pratama et al. [57] studied the effects of multimaleimide (MMI) structure and
solvent selection on the healing efficiency of furan functionalized epoxy

networks.
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2.2. Diels-Alder in Self-Healing Polymer based Composites

After the study of promising self-healing polymers with the DA reaction, further
research was conducted on the self-healing FRP composites, in particular with
the use of furan/maleimide based DA adducts.

By using these molecules, Park et al. [58] and Ghezzo et al. [59] fabricated self-
healing CFRP composites. These self-healing CFRP composites were produced
mixing all the monomers at the melting temperature and using a resin transfer
mold (RTM) method. The healing performance was evaluated trough tensile
strain test: as a result, around 90% of the tensile strain was recovered.

However, there are some drawbacks to these composites. First, the polymer
might not be as stable as a conventionally crosslinked polymer, since currently
developed polymers have been synthesized by either crosslinking only the DA
monomers to form networks [47,48] or embedding free crosslinking agents in the
polymers [50,51,60,61]. The former polymers can be completely cleaved by
heating them above 130°C (the cleaving temperature) since the only interlinkage
in these polymers is the DA intermolecular bonds, and the latter polymers can
have varying properties depending on the amount of free agents in the polymers.
Moreover, the chemical synthesis process of DA monomers is relatively
expensive and complicated [62,63], and the strength of the matrix is not as good
as some commercial epoxy resins. This could potentially hinder large-scale
production of DA self-healing polymers for industrial applications.

Turkenburg and Fisher [64] developed epoxy resins functionalized with Diels-
Alder based thermo-reversible crosslinks, suitable for manufacturing of
composites capable of multiple self-healing repair processes. The key challenge
in realizing a structural combination of conventional epoxy amine systems with
furfuryl and maleimide functional groups was to achieve a high conversion in
the reversible cross-linked polymer network formation, while avoiding the major

side-reactions. Densely cross-linked, solvent resistant polymeric networks was
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obtained, that maintain the ability to un-crosslink and thus regaining fluid
behavior at elevated temperatures for at least five subsequent heat cycles. Glass
fiber reinforced polymer composite films, which were fabricated using these
resins, demonstrate that the thermo-reversible effect was strong enough to
achieve full self-healing of a severely cracked and delaminated test specimen.
Further research has been conducted to increase the adhesion between the
polymer matrix and fiber reinforcements since interface interaction affects the
properties of composites by controlling the load transfer between the matrix and
fibers [65,66].

As shown in Figure 2-4, Peterson et al. have implemented this feature by
functionalising the surface of glass fibers with maleimide and an epoxy-amine
thermosetting matrix with furan [65]. The GFRP composites were fabricated
using functionalized fibers and matrix, and the healing performance was
characterized via short beam shear (SBS) testing. In the work by Peterson et al., a

relatively low average healing efficiency of 41% was obtained.

Figure 2-4. Interfacial healing concept. Maleimide functionalization (blue triangles) of glass fiber within
a furan-functionalized (red notched trapezoids) polymer network will result in a thermoreversible, and
healable, fiber-network interface (Peterson ef al., 2011 [65])
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Similarly, Zhang et al. [67] used thermo-reversible Diels-Alder bonds, formed
between maleimide and furan groups, to generate an interphase between carbon
fiber surface and an epoxy matrix, leading to the ability of interfacial self-healing
in carbon-epoxy composite materials. The maleimide groups were grafted on an
untreated T700 carbon fiber from a three step surface treatment (Figure 2-5): nitric

acid oxidization, tetraethylenepentamine amination, and bismaleimide grafting.
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Figure 2-5. Protocol for grafting maleimide groups on T700-U carbon fiber surface (Zhang et al., 2014
[67D
The furan groups were introduced in the reactive epoxy system from furfuryl
glycidyl ether. The interface between untreated carbon fiber and epoxy matrix
was considered as a reference. The interfacial shear strength (IFSS) was evaluated
by single fiber micro-debonding test. The highest healing efficiency calculated
from the debonding force was found to be about 82% more compared to the value
for the reference interface. All the interphases designed with reversible DA bonds
have a repeatable self-healing ability. As after the fourth healing, they can recover
a relatively high healing efficiency (58% for the interphase formed by T700-BMI
which is oxidized for 60 minutes during the first treatment step).
On a similar system, in a subsequent work Zhang et al. [68] evaluated the

influence of the content of furfuryl glycidyl ether on the architecture and on the
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thermomechanical properties of an epoxy network by using micro-debonding
test. From this method, the debonding force and the fracture energy, Gic, of the
interface were determined to analyze the interfacial mechanical properties of
these functional composite materials. The suitable content of FGE, with which
the composite system displayed, not only high interfacial self-healing ability, but
also kept significant interfacial mechanical performances, was found to be an

inclusion of between 20% and 30% by weight.
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3. Design strategies for Self-Healing Polymers

Diels-Alder chemistry was first described by Otto Diels and Kurt Alder in 1928
[69], and is particularly useful in synthetic organic chemistry as a reliable and
clean method for introducing a 6-membered DA adducts on a wide range of
organic substrates which can be end-capped by reactive functional groups, such
as epoxies, acrylates, amines, isocyanates, and hydroxyls. The DA reaction is a
thermally reversible cycloaddition between a conjugated diene and a dienophile
resulting in a cyclohexene derivative. The crosslinked DA adducts can undergo
a cleavage reverse reaction at higher temperatures [70,71].

The bond energy of the new C-C 6 bonds in DA adducts was evaluated to account
to 96.2 kJmol [47], while other covalent bond energies are 348 kJ/mol for C-C
bonding, 293 kJ/mol for C-N [72]. Since covalent bonds are 3 to 4 times stronger
than C-C o bonds formed in DA adducts, cracks are more likely to form and
propagate between the new formed bonds in DA adducts. Consequently,
available diene and dienophile on the freshly generated surface increase the
efficiency of the self-healing method, through the DA recombination.

While several diene-dienophile couples are available for DA reaction, to date, the
most investigated precursors are furan-maleimide derivatives. A notable
implication, resulting for the diene-dienophile choice, is the temperature where

the self-recovery can be achieved. The range for the r-DA reaction of
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furan/maleimide derivatives is approximately at temperatures higher than 115-
120°C, while at lower temperatures the DA recombination is favoured.

When considering self-healing thermosets with the DA reaction, the local
molecular mobility, displayed during mending cycles, is a key parameter
affecting the healing efficiency. Fast and efficient damage recovery and DA bond
recombination is achieved via a local and temporary increase of mobility
occurring at temperatures higher than polymer glass transition temperature, but
lower than r-DA cleavage temperature. In the case of DA adducts based on the
furan/maleimide couple, a useful processing window can be identified between
the polymer’s Ty (~ 90°C) and r-DA temperature (~ 120°C).

Epoxy resins have been widely used due to their excellent heat resistance,
outstanding corrosion protection, high electrical resistivity, superior mechanical
properties. However, cracks might occur as a result of thermal stress and
mechanical fatigues during processing and service conditions. Many papers
already described epoxy resins containing DA adducts in their backbone [56,73].
Following a related concept, multi-functional epoxy precursors crosslinked with
amines will be described in present work. The choice to locate the reversible DA
bond on the epoxy or on the amine moieties results in structurally equivalent
networks, as far as the self-healing phenomena are concerned. Nevertheless, the
synthetic path to produce epoxy DA adducts is easier with respect to the
preparation of DA amines, due to the added complexity of amine
protection/deprotection step [74]. For the sake of simplicity, tetra functional
amines were used as crosslinkers in the following, while the epoxy functionality
was varied between 2 and 4, to investigate about the effect of different
crosslinking density.

Indeed, a number of Diels-Alder polymers have been presented in the scientific
literature up to date, but there is a lack of systematic study dealing with

molecular parameters. This chapter focuses on the effects of different structural
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features, such as average number of crosslinking functionality and molecular
mobility of epoxy precursors, on the efficiency of healing process. The molecular
design, the preparation, and the preliminarily evaluation of properties of self-
healing epoxy have been discussed below.

Through the chapter, the overall design flow for achieving hybrid epoxy systems,
containing covalent thermo-reversible bonds and the preparation and evaluation
of selected examples were detailed. This work underlines that the concurring
presence of thermo-reversible covalent bonds and high molecular mobility are
essential requirements to develop self-healing systems. The most effective
structural modification has been pursued by adjustment of the several features:
average functionality of reacting precursor mixture, cross-linking density,
thermosetting network and concentration of self-healing reversible bonds. Also,
the requirements of easy and efficient self-healing were compromised with
development of material properties compliant with structural and semi-

structural applications.
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3.1. Design for best performances

Crosslinking density and conformational stiffness of molecular fragments
between adjacent crosslinks are the main parameters, which affect properties,
such as T, mechanical stiffness and overall molecular mobility. However,
accurate experimental evaluation of crosslinking density is often difficult,
especially for glassy and rigid polymers. Therefore, the use of an easily defined
marker as a measure of crosslinking density is strongly envisaged. In this respect,
the average functionality of a mixture of monomers can be defined as the average
number of functional groups per monomer molecule for all types of monomer

molecules. It is defined by equation 3-1.

Nif;
favg = ZZ Nf 3-1

where Ni is the number of molecules of monomer i with functionality fi, and the
summations are over all the monomers present in the system. As a rule of thumb,
reactive mixture with favg strictly equal to 2 can lead to high molecular weight
linear polymer, favg smaller than 2 results in low molar mass oligomers, while favg
greater than 2 produces branched and crosslinked networks. In our specific case,
for a system consisting of 2 mol of di-epoxy and 1 mol of tetra-functional amine
favg is 2.67; for a system consisting of 1 mol of tetra-functional epoxy and 1 mol of
tetra-functional amine favg is 4.00. All the intermediate values are achievable by
proper adjustment of the ratio between bi-functional vs tetra-functional epoxy,
stoichiometrically balanced by the amine.

In the case of conventional crosslinked networks, favg is invariant with respect to
temperature, and the network cannot flow upon heating. If the network
precursors include reversible bonds, such as DA, fas decreases at high
temperatures, after triggering the r-DA cleavage reaction. Referring to the bi- and

tetra-functional DA epoxy crosslinked with conventional tetra-functional amine,
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the favg drops to 1.60 in former case, while the values is 2.67 for the latter one.
Obviously, a high crosslinking density hinders molecular mobility: a value of favg
higher than 2 prevents the healing phenomenon, if the condition holds true, also
in the cleavage state at high temperature.

The ability to adjust the molecular mobility during the healing cycle at a desired
pre-set value is an important molecular design tool, which is helpful in
addressing specific application requirements. For example, if the thermosetting
DA resin is intended for restoration of small impact damages or micro-
delaminations, which are often encountered in the case of Barely Visible Impact
Damages (BVID) of composite materials, a moderate molecular mobility is
required. The sample has to retain its geometry and fibers placement, and long-
range viscous flows are detrimental. This target can be achieved tailoring the
cleaved state favg s0 as its value is close to 2. On the contrary, if thermal recycling
of thermoset is sought after, a high extent of molecular mobility is required in the
cleaved state to allow materials flow. While in the first case the overall materials
properties closely resemble the conventional thermosets, in the latter case a
dynamic thermoplastic-like state is achieved during self-healing. The epoxy
mixture formulation can be properly adjusted to suits one of the previous
conditions to achieve bespoke molecular mobility, measured by favs. For this
purpose, crosslinking density of the cleaved stage can be pre-set to different
levels, corresponding to reduced molecular mobility, by mixing bi-functional
Diels-Alder epoxy with conventional epoxy, or mixing a bi- and a tetra-functional
Diels-Alder epoxy. The introduction of conventional epoxy brings the added
benefits of overall reduced costs because of the use of a cheaper precursor, while
the introduction of tetra-functional Diels-Alder epoxy benefits the healing
efficiency increasing the overall concentration of DA functional groups.

Further degree of freedom can be introduced in the molecular design if detailed

precursor structure is considered. In fact, according to Figure 3-1a, a symmetrical
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Diels-Alder precursor, bearing a pair of cleavable dienophile groups, can be
designed. But the same structural features can be achieved using a smaller
molecule, as shown in Figure 3-1b. In the former case, the formation of an
unbound dienophile allows higher molecular mobility, increasing therefore the

healing efficiency.
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Figure 3-1. Symmetry of Diels-Alder adducts

The coexistence of a stable and a thermo-reversible polymeric network, required
for the development of robust self-healing ability [5,75], is depicted in the
following Figure 3-2. The hybrid polymer architecture is guaranteed by
irreversible crosslinks of conventional epoxy (green oval) with tetra-functional
amines (green rectangle) and reversible covalent bonds between furan derivative
diene (red pincer) and bismaleimide derivative dienophile (yellow square) of a
DA adduct.

The left-hand side of Figure 3-2 is representative of the crosslinked structure
which prevents viscous flows. At low temperatures the material behaves like a
thermoset. As the temperature is increased above the r-DA threshold trigger, the
cleavage of epoxy DA activates a higher molecular mobility. Small molecular

fragments, depicted in the right-hand side schematics of Figure 3-2 as result of
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retro Diels-Alder reaction, symbolize distinguishing mobile state and viscous
flow of thermoplastic material. Therefore, the presence of thermo-reversible
chemical bonds switches the material state between thermoset-like behavior at

low temperature, and thermoplastic-like flow at high temperature.

N w/ﬁ relro
\E Dicls-Alder »

reaction X

—
—_—
o
Diels-Alder
reaction
r

—a_— - —E & »-
Epoxy Amine DA Epoxy Dienophile Diene

Figure 3-2. Hybrid network sheme

39



CHAPTER 3. DESIGN STRATEGIES FOR SELF-HEALING POLYMERS

3.2. Synthesis of Diels-Alder precursors

A homologous family of epoxy resins containing Diels-Alder adducts was
synthesized and analysed to investigate the self-healing capability of this class of
thermosetting materials. The precursors were prepared with the aim to elucidate
the role of main structural parameters, such as molecular stiffness and
crosslinking density, on the intrinsic mending properties of cured networks.

Therefore, the epoxy precursors, reported in Table 3-1, differing for number of
functional groups and flexibility of linkers between epoxy groups and central

core containing DA adducts, were synthesized.

Table 3-1. Diels-Alder Epoxy prucursors

Molecular weight
Acronym Molecular structure
(gmol™)

1Ph2Epo N %};@ 586.55

1Ph4Epo > N @_ < 696.71

b <
2Ph2Epo ° 2 &N%’D 666.68

2Ph4Epo |>_/ . g 776.84
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3.2.1. Synthesis of 1IPh2Epo

Synthesis of bis-maleimide (Figure 3-3)

Maleic anhydride (544 mg, 5.6 mmol) was dissolved in acetone (15 mL). To the
solution, cooled in an ice bath, was added the diamine (300 mg, 2.7 mmol)
dropwise. The resulting mixture was kept under stirring, allowing the
temperature to increase spontaneously. The gradual generation of an orange
precipitate was observed, and after 4 hours it was filtered and washed with cold
acetone. The solid residue was dried in vacuum and transferred to a round-
bottom flask. It was suspended with acetic anhydride (1 mL), then sodium
acetate (228 mg, 2.8 mmol) was added dropwise. The mixture was refluxed for
6.5 hours under stirring. Subsequently, the solution was cooled to room
temperature and crushed ice was added to the flask. The bismaleimide was

filtered, washed with cold water and dried in vacuum.
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Figure 3-3. Synthetic scheme for bismaleimide from p-Phenylenediamine and maleic anhydride:
formation of diamide (a) and cyclization (b)

Synthesis of glycidyl furfuryl ethers (Figure 3-4)

According to Almeida et al. [76], Epichlorohydrin (120 mmol) was slowly added
to a cold mixture of 40% w/w aqueous sodium hydroxide (50 mL), furfuryl
alcohol (30 mmol) and tetrabutylammonium bromide (1.5 mmol). The progress
of the reaction was monitored by thin layer chromatography (TLC) in ethyl

acetate/hexane 7/3. After completion of the reaction, the mixture was extracted
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twice with ethyl acetate. The combined organic phase was dried with sodium
sulphate, filtered and evaporated. The liquid was further purified by
chromatography on silica gel column with ethyl acetate/hexane 7/3 as eluent:

glycidyl furfuryl ether was obtained in 80% isolated yield.

<\OJ/\OH . m/\vo NaOH,TBAB> g\o/\vo

form 0°C to r.T, o.n.

Figure 3-4. Synthetic scheme of furfuryl alcohol alkylation with epichlorohydrin

Synthesis of 1Ph2Epo (Figure 3-5)

N, N-phenylene-bismaleimide (100 mg, 0.37 mmol), was dissolved in chloroform
(ca 5 mL) in a round-bottom flask, equipped with a refrigerant. Glycidyl furfuryl
ether (126 mg, 0.81 mmol) was added to the solution and the flask was heated to
reflux temperature. The progress of the reaction was monitored by TLC, while
the reaction mixture was kept under stirring at reflux temperature for 12 hours.
The product was purified by flash-chromatography on a silica gel column with

8/2 chloroform/acetonitrile mixture as eluent.
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Figure 3-5. Synthetic scheme for 1Ph2Epo from N, N-phenylene-bismaleimide and furfuryl glycidyl
ether

Synthesized epoxy adduct 1Ph2Epo was analysed by protonic nuclear magnetic

resonance ('HNMR), recorded in CDCIs with a Bruker 400 MHz spectrometer.
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Characteristic peaks of hydrogen NMR were assigned (Figure 3-6): proton of CH
in 2,5-dihydrofuran at & (ppm) ~ 5.5 (a); protons of CH>=CH: in furan moiety
8~ 6.5 (b, ¢); protons in oxirane ring between & ~ 2.6 e 2.8 (d, e); protons of CH2
next to epoxy ring at & ~ 3.3 (f); protons of C-CH2-O & ~ 3.6 (g); protons in C-CH-
CHC=08~3.2(h), Ar-Hat 6 ~7.5 (i).

e

&
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Figure 3-6. Protonic nuclear magnetic resonance peaks assignation for 1Ph2Epo adduct

3.2.2. Synthesis of 1Ph4Epo

Synthesis of diglycidyl furfuryl amine (Figure 3-7)

Epichlorohydrin (1 mol) was stirred and heated to 40°C in a 250 mL round-
bottom flask equipped with a condenser. Furfuryl amine (0.5 mol) was added
dropwise and the reaction mixture was stirred for 5 h at 40°C, then cooled down
to room temperature. Aqueous sodium hydroxide (160 mL, 50%w/v NaOH) was
added slowly. The reaction was continued for additional 12 hours at 30°C. NaCl
was extracted with water from the organic phase, and the solvent evaporated
under vacuum. The liquid was further purified by flash-chromatography on a
silica gel column using a 7/3 chloroform/acetonitrile mixture as the eluent.

Glycidyl furfuryl amine was isolated in 80% yield.

0 NaOH TBAB N/\vo
I NH /\v \ I
\ form 0°C tor.T, o.n.
(o]

Figure 3-7. Synthetic scheme for furfuryl amine alkylation with epichlorohydrin
Synthesis of 1Ph4Epo (Figure 3-8)
N, N- phenylene-bismaleimide (184 mg, 0.68 mmol), synthetized according the

scheme in Figure 3-3, was dissolved in chloroform (5 mL) in a round-bottom
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flask, equipped with a refrigerant. Diglycidyl furfuryl ammine (2.2 eq, 1.5 mmol)
was added to the solution and the flask was heated to reflux temperature. The
progress of the reaction was monitored by TLC, while the reaction mixture was
kept under stirring at reflux temperature for 12 h. The product was purified by
flash-chromatography on a silica gel column with 8/2 chloroform/acetonitrile

mixture as eluent.

o dod

CHCly
o reflux, overnight 0

> <

Figure 3-8. Synthetic scheme of the DA adduct 1IPh4Epo from N, N- phenylene-bismaleimide and
furfuryl diglycidyl amine

Characteristic peaks of hydrogen NMR and their integration values confirm the
chemical structure of 1Ph4Epo. 'HNMR (CDCls): proton of CH in 2,5-
dihydrofuran at § (ppm) ~ 5.4; protons of CH>=CH: in furan moiety &~ 6.4;
protons in oxirane ring between & ~ 2.6 e 2.8; protons of CH: next to epoxy ring
at 8 ~ 3; protons of C-CHz-N § ~ 2.9; protons in C-CH-CH C=0 § ~ 3.1; Ar-H at
8~73.

3.2.3. Synthesis of 2Ph2Epo

1,1"'methylenedi-4,1-phenylene-bismaleimmide (31.1 mmol) was dissolved in
chloroform (10-12 mL) in a 250 mL round-bottom flask equipped with a
refrigerant. Glycidyl furfuryl ether (2.2 eq, 68.5 mmol), according to Figure 3-4,
was added to the solution and the flask was heated to reflux temperature. The

progress of the reaction was monitored by TLC and the reaction mixture was
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kept under stirring at reflux temperature for 12 h. The product was purified by
flash-chromatography on a silica gel column using 8/2 chloroform/acetonitrile

mixture as eluent.
oy I L
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Figure 3-9. Synthesis of the DA adduct 2Ph2Epo from 1,1’'methylenedi-4,1-phenylene-bismaleimide and
furfuryl glycidyl ether

Analysis "THNMR recorded in d6-CDCI3 on a sample previously purified by
column chromatography confirmed the product structure.

Characteristic peak of DA adduct: proton of CH in 2,5-dihydrofuran (at & ~ 5.4),
where the carbon atom changes from sp2 to sp3 hybridization. A double peak
slightly splits for the formation of the two stereoisomers, endo and exo, with the
first overwhelming the second. Furthermore, protons of CH»=CH: in furan
moiety 8 ~ 6.5; protons in oxirane ring between 6 ~ 2.6 e 2.8; proton of CH: next
to epoxy ring at 8 ~ 3.2; protons of C-CH»-O & ~ 3.8; protons in C-CH-CH C=0
& ~3.2; Ar-H at § ~ 7.3; protons in CH: between benzyls & ~ 4.

3.2.4. Synthesis of 2Ph4Epo

1,1"'methylenedi-4,1-phenylene-bismaleimmide (12.3 mmol) was dissolved in
chloroform (10-12 mL) in a 250 mL round-bottom flask equipped with a
refrigerant. Glycidyl furfuryl ammine (2.2 eq, 27 mmol), according to scheme in
Figure 3-7, was added to the solution and the flask was heated to reflux

temperature. The progress of the reaction was monitored by TLC and the reaction
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mixture was kept under stirring at reflux temperature for 12 h. 2Ph4Epo was
purified by flash-chromatography on a silica gel column wusing 8/2

chloroform/acetonitrile mixture as eluent.
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Figure 3-10. Synthesis of the DA adduct 2Ph4Epo from 1,1’'methylenedi-4,1-phenylene-bismaleimide
and furfuryl diglycidyl amine

'HNMR recorded in d6-CDCI3: proton of CH in 2,5-dihydrofuran at
d (ppm) ~ 5.4; protons of CH>=CH2 in furan moiety § ~ 6.5; protons in oxirane ring
between 6 ~ 2.5 e 2.7; protons of CH: next to epoxy ring at é ~ 3; protons of C-
CH>-N 6 ~ 2.9; protons in C-CH-CH C=0 & ~ 3.2; Ar-H at § ~ 7.3; protons in CH>

between benzyls & ~ 4.
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3.3. Selection criteria for Diels-Alder adducts

All synthesized Diels-Alder adducts are crystalline solids, but 1PhxEpo
(1IPh2Epo and 1Ph4Epo) have a melting point that exceeds the onset of
degradation.

Moreover, the melting points of the precursor dienophiles of 1PhxEpo and
2PhxEpo (2Ph2Epo and 2Ph4Epo) are also very different: N, N’ - (1,4-phenylene)
dimaleimide and 1,1 '- (methylenedi-4,1-phenylene) bismaleimide have melting
points > 300°C and 158°C, respectively.

This different structural characteristic, also found in the corresponding DA
adducts, implies a different propensity to Diels-Alder reaction.

In fact, the inability of the 1Ph2Epo and 1Ph4Epo adducts to reform the Diels-
Alder bonds, once cleaved by r-DA reaction, even if subjected to adequate
thermal stimulus, was observed by optical microscopy.

N, N’ - (1,4-phenylene) dimaleimide, in the crystalline phase, tends to segregate
and not react again with the furan derivative (diene in the Diels-Alder reaction).
Although it was possible to mix the different maleimides (1PhXEpo and
2PhXepo) in any proportion, as a strategy to depress the crystalline phase, for the
sake of simplicity it was preferred to continue the study exclusively with

2PhXEpo.
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3.4. System formulation and mixture preparation

Chen et al. reported the occurrence of an endothermic event at temperature
higher than 120°C, associated to the retro Diels-Alder reaction [47]. The pristine
molecular structure can be restored by annealing at 90°C. This evidence was used
to properly formulate the crosslinking mixture. In fact, the curing temperature
cannot exceed the r-DA activation temperature, so as not to incur in the
temporary scission of epoxy precursor. Analogously, the glass transition
temperature of crosslinked resin cannot exceed curing temperature, in order to
prevent vitrification during curing.

Indeed, Diels-Alder is a well-known reversible reaction [69,71]. The direct DA is
predominant at temperatures lower than 90°C, while its reverse, r-DA, activates
at higher temperatures. The intrinsic self-healing DA mechanism is based on
temperature driven equilibrium of Diels-Alder reaction. Therefore, it is worth
emphasizing that the r-DA reaction is beneficial for the occurrence of self-healing,
but it is highly detrimental if it happens before crosslinking. If this were the case,
splitting the epoxy adduct into its precursors would allow a side reaction, i. e.
Michael addition between NH: group of amine and CH:=CH: of imide, thus
reducing the healing efficiency.

Generally, epoxy precursors react with several available nucleophiles, such as
primary and secondary amines, acids and alcohols. The most widely used epoxy
curing agents are amines and anhydrides. The presence of rigid and planar
aromatic rings results in crosslinked resin with high glass transition temperature.
The epoxy and amine groups have to be carefully stoichiometrically balanced in
order to achieve high fractional conversion and a chemically stable crosslinked
system. Primary aliphatic amines react more readily with epoxy resins with
respect to aromatic amines. In addition, their low melting point increase even
further the ability to react at low temperatures. The reaction path of anhydrides

with epoxies is quite complex, because the hydroxyl groups formed by the
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cleavage of oxirane rings and carboxylic acids formed by the opening of
anhydrides can react with available epoxy groups. Hence, a strict stoichiometric
balance between epoxy and anhydride is not required.

Therefore, a mixture of aromatic and aliphatic amines was exploited to set glass
transition temperature of crosslinked resin around 90°C. In particular, 4,4-
diaminodiphenylmethane (DDM) and O, O’-bis(2-aminopropyl) polypropylene
glycol-block-polyethylene glycol-block-polypropylene glycol (Jeff 500) were

used, as curing agents, according to composition described in Table 3-2.

Table 3-2. Curing agent components and stoichiometric relationships

composition
Acronym Molecular structure
(% mol)

DDM 60

eff 500 e © Nz 40
J
cs || ol N o

(+n)=3.6

In order to develop materials with robust thermo-stability and efficient self-
healing ability, the coexistence of a stable polymeric network and a thermo-
reversible one is required, for the formation of a hybrid polymer architecture.
Diene/dienophile functionalities infer the self-healing property, while
epoxy/amine bonds guarantee the three-dimensional macromolecular network
in the homogeneous resin.

In order to obtain an epoxy mixture formulation with a crosslinking density of
the cleaved stage corresponding to a determinate molecular mobility, Diels-
Alder epoxy adduct was also mixed with conventional epoxy diglycidyl ether of

bisphenol A (DGEBA) in Figure 3-11.
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Qooﬁ

Figure 3-11. Diglycidyl ether of Bisphenol A (DGEBA)

The Diels-Alder epoxies, 2Ph2Epo, 2Ph4Epo, and their mixture with DGEBA,
were stoichiometrically balanced with DDM and Jetf 500, as curing agents.

Due to the presence of solid crystalline compounds, coupled with the need to
operate at low temperatures, the use of a solvent-assisted high-shear mixing
procedure was required. The addition of solvent during the mixing of all the
components of the mixture is of great benefit for a homogeneous dispersion.
Acetonitrile, CHsCN, was selected as the most suitable solvent, based on the
solubility of the components and the low boiling temperature (82°C). The solvent,
added in the minimum possible quantity (1 mL per gram of formulation) is mixed
using a Thinky planetary mixer (2 min, 1000 rpm, P = 100.02 KPa); subsequently
carefully evaporated with a vacuum cycle of the same mixer (5 min, 800 rpm,
P ~ 0.2KPa). All the systems, whose composition is shown in Table 3-3, were

treated in oven at 90°C for 24 hours (Figure 3-12).

Figure 3-12. Crosslinked resin samples
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Table 3-3. Crosslinked resin composition

DA epoxy DGEBA DDM Jetf 500
Acronym
(mol) (mol) (mol) (mol)
2Ph2Epo100 1.00 - 0.30 0.20
2Ph2Epo65 0.65 0.35 0.30 0.20
2Ph4Epo100 1.00 - 0.60 0.40
DGEBA100 - 1.00 0.30 0.20
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3.5. Case studies

A bifunctional epoxy precursor, named 2Ph2Epo, a tetrafunctional epoxy one,
2Ph4Epo, with a molecular weight of 666.68 gmol! and of 776.84 gmol!
respectively, were investigated. In both cases, to induce the self-healing
capability, two identical dienes (furfural derivatives) were capped on a
bismaleimide dienophile, resulting in symmetrical epoxy compounds containing
two Diels-Alder adducts.

The Diels-Alder epoxies 2Ph2Epo, 2Ph4Epo, and their mixture with DGEBA
were crosslinked using DDM and Jeff 500 as curing agents (Table 3-3), at 90°C for
24 hours.

Hence, the work has been focused to investigate the effects of different structural
features, such as average number of crosslinking functionality and molecular
flexibility of epoxy precursors, on the material performances and the efficiency
of healing process to recover the pristine properties after a mechanical damage.
Nanoindentation was used in order to investigate the elastic modulus of cured
material. The reduced elastic modulus, E:, was calculated based on equation 3-2,

taking into account the effect of non-rigid indenter column:

VrS ((1 —v?) N (1—v2 >_1 3.9

E = =
4 Zﬁ\/Z Ei Es

where A is the contact area, 3 the geometric constant (1.034 for a Berkovich
indenter) and S the unloading stiffness at maximum load. E and v are the elastic

1“7
1

modulus and the Poisson ratio; and the subscripts and “s” refer to the
diamond indenter and the specimen, respectively. The Ei is 1140 GPa, vi is 0.07
and the vs is 0.35.

Nanoindentation tests were performed with Micro Materials Ltd NanoTest

Platform, in load-controlled mode: ten different indentation loads ranging from

50 mN to 250 mN were carried out. Data were corrected for thermal drift and
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instrument compliance and subsequently analysed with the Oliver and Pharr
method [77]. Maximum depth was limited to less than 50 um, corresponding to
10% of sample thickness, in order to avoid substrate interference to the measure.
In Table 3-4 measured values of reduced modulus are reported. The values
measured for the three set of samples are similar and close to those expected for
a conventional epoxy thermoset. Therefore, the elastic modulus, to which the
reduced modulus can be related, does not represent a discriminating element for

the choice of the Self-Healing epoxy system.

Table 3-4. Nanoindentation tests for DA resins

. Reduced Modulus
Specimen Type [GPal
2Ph2Epo100 3.52+0.15
2Ph2Epo65 3.85+0.13
2Ph4Epo100 3.91+0.19

The observation of superficial scratches and their recovery is a generally accepted
technique for the assessment of self-healing features. As already discussed, the
self-healing capability of small fractures and BVID is related to local molecular
mobility, temporarily activated by temperature increase.

For this task, a controlled mark has been produced by sharp scalpel and observed
by optical microscopy (Olympus BX 51 M), applying suitable thermal stimulus
by means of Linkam THM600 hot stage.

As expected, microscopy observation performed on cross-linked DGEBA resin
cured with a mixture of 60/40 mol/mol of DDM and Jeff 500 amines (DGEBA100,
Tg=90°C) evidenced the lack of scratch recovery even at 140°C (Figure 3-13), well

above sample Ts.

53



CHAPTER 3. DESIGN STRATEGIES FOR SELF-HEALING POLYMERS

200 um 200 ym 200 4

Figure 3-13. Scratch recovery for DGEBA100, 10X magnification. From left to right: at room temperature,
at 140°C, after additional annealing for 20 min at 140°C

Only a minor modification of scratch width can be detected as a result of stress
relaxation at temperature higher than resin Tj: self-healing is hindered by cross-
links. Instead, thermal treatment at 120°C for 5 minutes completely restored the
damaged surface of 2Ph2Epol00 sample, as depicted in Figure 3-14.
Unfortunately, the high molecular mobility achieved in the activated stage
produced sample deformation and viscous flow. In fact, due to the high
concentration of reversible bonds, the cross-linking density in the cleaved stage

dropped, and materials transformed into viscous thermoplastic.

k4

Figure 3-14. Scratch recovery for 2Ph2Ep0100, 10X magnification. From left to right: at room temperature,
at 120°C, after additional annealing for 5 min at 120°C

The occurrence of this phenomenon is not desirable if self-healing materials have
to be used for structural application and the molecular mobility has to be
reduced, either by introducing a thermally stable epoxy precursor such as
DGEBA or by using a tetrafunctional DA precursor. In the first case, the
2Ph2Epo65 system, containing 65% of DA epoxy and 35% of DGEBA (Table 3-3),
was prepared, with Ty of 88°C. Self-healing capability of 2Ph2Epo65 was

confirmed despite of the reduction of thermo-reversible bond concentration. The
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increased network stability preserved the sample shape and dimension, still
allowing self-healing phenomenon, as reported in Figure 3-15. The scratch

completely disappeared after 20 min at 120°C, restoring the pristine surface.

200 - 200 - 290 -

Figure 3-15. Scratch recovery for 2Ph2Epo65, 10X magnification. From left to right: at room temperature,
at 120°C, after additional annealing for 20 min at 120°C

The second approach to prevent viscous flow of materials during the high-
temperature stage is to use Diels-Alder epoxy adduct with functionality higher
than 2. The presence of four reacting epoxy groups for each precursor molecule
(2Ph4Epo) increases the cross-linking density. 2Ph4Epol00 was prepared
according to Table 3-3. Crosslinked resin composition was crosslinked and fully
cured at 90°C for 24 hours, reaching a T of 95°C. The occurrence of r-DA reaction
reduces the cross-linking density at high temperature, as always happens. But
the favs calculated in the cleaved state for tetrafunctional DA epoxy is 2.67 and
suggests hindered molecular mobility, as already discussed. Consequently,

morphological damages were not recovered for 2Ph4Epo100 (Figure 3-16).

Figure 3-16. Scratch recovery for DGEBA2Ph4Epo100, 10X magnification. From left to right: at room
temperature, at 120°C, after additional annealing for 20 min at 120°C
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4. Synthesis and Properties of 2Ph2Epo65 thermo-
reversible epoxy

As already discussed, the presence of thermo-reversible DA adducts allows
healing of mechanical damages. Healing mechanism is intrinsically associated to
the presence of diene and dienophile pairs, either in-situ spontaneously
generated during damage or produced by suitable temperature treatment above
the r-DA temperature.

The assembly of healable epoxy resins based on Diels-Alder chemistry requires
the coexistence of both diene/dienophile and epoxy/amine reactive
functionalities, where the former infer the self-healing property and the latter the
three-dimensional macromolecular network. Hence, a careful balance has to be
achieved during resin formulation. By selecting constituents is possible to
address final properties of an epoxy-based system to fulfil specific applications,
such as structural bulk materials, adhesives, waterproofing and dielectric
insulation. Within this framework the insertion of DA adduct into an epoxy
system could combine exceptional mechanical properties with mendable
capability.

A hybrid epoxy resin with intrinsic self-healing properties has been prepared
from bifunctional 2Ph2Epo Diels-Alder adduct. Indeed, the proposed 2Ph2Epo

meets all the requirements and can be mixed with DGEBA in all percentages. As
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already noted, if epoxy resin is 100% composed of 2Ph2Epo DA adduct, self-
healing behavior is maximized, but consequently, poor thermal and mechanical
stability are determined. On the other hand, if epoxy resin is 100% composed of
DGEBA, the lack of DA adducts in the mixture prevents any self-healing
behaviour, corresponding to a conventional formulation.

The suitable mixture, named 2Ph2Epo65, of 2Ph2Epo and DGEBA has been cured
with DDM and Jeff 500 amines, according to Table 3-3. It is noteworthy to
mention that the general approach described in literature consists in either the
simultaneous DA formation and nucleophilic attack of amine onto epoxy [53], or
preliminary reaction of amines with furfuryl glycidyl ether, followed by
crosslinking with a proper bismaleimide [78]. While, according to our procedure,
2Ph2Epo adduct is first synthesized (Figure 3-9), then mixed and crosslinked
with other components, in order to prevent side reactions.

In this chapter, the selected DA adduct (2Ph2Epo) has been more extensively
characterized, and the most promising formulation of thermo-reversible epoxy
system (2Ph2Epo65) has been discussed and experimentally investigated. Results
reported a satisfactory morphological recovery: the induced damages disappear
after thermal healing by treating the epoxy resin for 20 minutes at 140°C.
Spectroscopic analysis, IR and Raman, revealed that the crosslinked mixtures of
self-healing adduct and commercially available DGEBA kept the capability to
recover damages after the crosslinking. The typical vibrational modes
characterizing the presence of broken/healed molecules have been recognized in
the 2Ph2Epo65 system after each heat treatment. The multiple healing feature of
the system was proved by mechanical tests performed on undamaged and healed
system. The hybrid epoxy resin resulted able to recover damages, still exhibiting
the pristine stiffness (mean value 2.75 GPa), while the strength of the system

decreases after progressing healing cycles.
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4.1. 2Ph2Epo Adduct

The selected DA adduct has been more extensively characterized. Thermal
analysis of the 2Ph2Epo adduct samples was performed by differential scanning
calorimetry (DSC) with DSC Discovery of TA Instruments: previously melted in
an aluminium pan, 2Ph2Epo has been tested at 10°C/min up to 140°C to identify
the occurrence of direct and reverse DA reactions. The DSC thermogram (Figure

4-1) shows three separate phenomena at 40°C, 100°C and 125°C, respectively.
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Figure 4-1. DSC analysis of the 2Ph2Epo adduct
The first was associated to the softening transition of pure 2Ph2Epo adduct. The
second and third endothermic phenomena can be attributed to r-DA reactions,
according to Froidevaux et al. [79]. The authors reported that DA reaction of furan
and maleimide derivatives leads to formation of a mixture of two diastereomers:
a kinetic compound, named endo, and a more stable thermodynamic compound,
named exo. The endo compound is the first to be unblocked, fixing the onset of r-
DA reactions.
NMR spectrum of 2Ph2Epo confirms the presence of two diastereomers, exo and

endo, with the first overwhelming the second. Furthermore, the inversion of

stereoisomers concentration after heating 2Ph2Epo at 120°C and subsequent
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cooling to room temperature evidenced the occurrence of r-DA and DA
recombination.

Rheology represents a suitable investigation tool to evaluate the melt state
behavior based on the complex morphology exhibited by the studied materials.
Linear viscoelastic measurement allows probing into the dynamics of the
samples without affecting their microstructure. Rheological tests were performed
using a strain-controlled rotational rheometer (AR-G2 supplied by TA
Instruments) in parallel plates geometry with 25 mm diameter plates. The
complex viscosity of 2Ph2Epo was monitored at frequency o = 1 Hz, while the
sample was cooling from T = 120°C down to T = 90°C (-5°C/min, equilibration
time 1 min). This allowed to appreciate changes in the adduct molecular weight
due to the DA reactions.

Indeed, the fact that thermo-reversible bonds influence molecular mobility [80]
suggests the use of rheological techniques to detect the onset of the DA reaction
[81]. Figure 4-2 reports the cooling step for the 2Ph2Epo after an isothermal hold
at 120°C for 20 minutes. The complex viscosity shows the expected inverse
dependence on the temperature. However, the material exhibits a distinctive
change of the temperature dependence of the complex viscosity during the
cooling ramp. This is related to the occurrence of the direct DA reaction at 105°C,
which causes a progressive change in the adduct molecular weight. In particular,
the rheological behavior clearly shows two materials status: above 105°C the
material is characterized by lower molecular weight because the DA bonds are
completely cleaved, while below the critical 105°C temperature an higher
molecular weight is achieved as an effect of the DA adduct reformation [82].
Thermo-reversible bonds allow the reconfiguration of material when the r-DA
and DA reactions are triggered by thermal stimuli and, as a result, the material’s

fluidity increases and decreases, respectively.
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Figure 4-2. Complex viscosity (o = 1 Hz) of the 2Ph2Epo adduct during cooling stage
Fourier Transform Infrared Spectroscopy (FT-IR) analysis was performed to
identify and interpret the temperature-dependent spectral changes within the
DA adduct. A Perkin Elmer Frontier spectrophotometer has been used to
measure the absorbance of the materials in attenuated total reflectance (ATR) in
the mid-infrared range. Figure 4-3 reports FT-IR spectra recorded on 2Ph2Epo
adduct, in the pristine and cleaved configuration, as a consequence of different
thermal treatments. As an invariant reference, the peak at 1700 cm™ associated to
C=0 stretching of imide was chosen. Three signals have been selected to monitor
the progress of DA and r-DA reactions: the IR absorbance signals at 688 cm™
associated to C=C stretching vibration in the maleimide ring, the peak at 832 cm'!
related to the C-O-C stretch in furan ring, and the peak at 1146 cm! associated
to C-H bond attached to C=C.

The comparison between the spectra shows the presence of bands at 1146, 832
and 688 cm in the open configuration b, while the same absorption bands are

absent in the spectrum a, related to the as prepared DA adduct.
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The treatment at 120°C promotes the r-DA reaction and the intensities of these
three absorption peaks increase. In fact, the DA bond cleavage leads to the

formation of DA precursors, with available furan and maleimide groups.

——a 2Ph2Epo "as prepared"

—b 2Ph2Epo "open"

1146 cm’! 832 cm’ 688 cm’”

Absorbance (a.u.)

N
J

1
1800 1600

I
800 600

I 1 I
1400 1200 1000
Wavenumber (cm™)

Figure 4-3. FT-IR spectra for the 2Ph2Epo adduct: (a) as prepared; (b) open (thermally treated 20 min at
120°C)
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4.2. 2Ph2Epo65 system: formulation and properties

Based on the previous assumptions, the best compromise between self-healing
ability and physical-chemical properties has been achieved with 2Ph2Epo-
DGEBA and DDM-Jeff 500, containing an epoxy molar ratio of 65/35 between
2Ph2Epo and DGEBA.

After preliminary screening for curing agent selection, based on T of resulting
cured resins, a mixture of DDM and Jeff 500, 60/40 by mol, has been adopted.
The 2Ph2Epo-DGEBA (65:35) + DDM-Jeff 500 (60:40) mixture has been reacted at
90°C and the extent of curing monitored by DSC. At the end of crosslinking, T
reaches the value of 88°C and no further residual reaction is recorded during the
first heating scan, as shown in Figure 4-4. At higher temperatures a broad
endothermic phenomenon is observed during DSC scan at 123°C, related to

occurrence of r-DA reaction [83].
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Figure 4-4. DSC thermogram of 2Ph2Epo65 resin system
A full rheological study at room temperature up to 90°C was performed to
evaluate the suitability of the developed reversible resins in traditional

manufacturing processes. It was found that the viscosity of hybrid epoxy system
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is compatible with liquid infusion and pre-preg techniques traditionally used in

the manufacturing of fiber composites.

The ulterior analysis of rheological properties during an isothermal test allowed

identifying the process window for composite manufacturing, thereby defining

the maximum time and temperature for handling the polymer before onset of

crosslinking. Figure 4-5 shows the rheological response of the 2Ph2Epo65. The

onset of crosslinking, gel point, is clearly evident as the cross-over of storage and

loss moduli, in an isothermal step at 90°C.
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4.3. 2Ph2Epo65 self-healing assessment by Ft-IR and Raman molecular
spectroscopies

In this section, FT-IR analysis was performed to verify that the final system is
able to recover damages. To simulate a failure event, the material was kept at the
temperature of 120°C to promote the opening of all thermo-reversible bonds.
Figure 4-6 reports FT-IR spectra of 2Ph2Epo65 crosslinked resin, as prepared, in
open and in healed configurations, induced by different thermal treatments. As
an invariant reference, the peak at 1700 cm™, associated to C=O stretching of

maleimide, was chosen.
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Figure 4-6. FT-IR spectra for the 2Ph2Epo65 crosslinked system: undamaged system (a); thermally
treated 20 min at 120°C (b); after additional cooling to 90°C at 0.1°C/min (c)

The IR absorbance signals at 688 and 1146 cm™ were selected to monitor the
progress of DA and r-DA reactions. The peak at 688 cm™ is related to C=C
stretching vibration in the maleimide ring and the peak at 1146 cm™ is associated
to C-H bond attached to C=C. The spectra were recorded on the crosslinked
epoxy system in three different states: (a) as prepared sample, (b) after heating at
120°C for 20 minutes and quenching at room temperature, (c) after heating at
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120°C and cooling to 90°C at 0.1°C/min rate. The most accurate information can
be gained observing the trend of 688 cm™ peak. It can be found in the (b) sample,
after thermal treatment at 120°C, while it is missing in the pristine crosslinked
resin (a) and it disappears again after the complete healing cycle (c). A similar
trend can be identified for the 1146 cm™ band, although its observation is
hindered by the presence of other complex spectrum features. After the treatment
at 120°C, promoting the r-DA reaction, the intensities of these two absorption
peaks increased due to DA adduct rupture. A further annealing at 90°C following
the heat treatment at 120°C, strongly reduced the aforementioned peaks,
resulting in a FT-IR spectrum similar to the “as prepared” sample. This is a strong
evidence that annealing at reduced temperature (90°C) promoted again the
formation of DA adduct, depleting the maleimide and furan groups during the
DA reaction.

Similarly, Raman investigation on the reversible bonds was able to assign
distinctive bands for the products of DA and r-DA reactions. This spectroscopic
analysis, in fact, identifies characteristic bands for individual chemical species
and allows monitoring the progress of self-healing phenomenon as function of
temperature variation. Raman spectroscopy provides useful information related
to molecular structures and vibrational transitions of molecules, even though
band assignments are difficult in the case of polymers. Spectra were recorded in
the wavenumber region between 500 and 2000 cm™ at room temperature using a
Renishaw inVia Reflex Raman spectrometer in backscattering configuration. An
infrared laser line with 785 nm wavelength was used for excitation. Spectra were
normalized to the peak at 1612 cm™, in fact, the C-C aromatic ring chain vibration
is a suitable invariant peak because its intensity is not influenced by the progress
of DA and r-DA reactions. Unfortunately, unlike what reported by Geitner et al.
[84], not all the C=C stretching vibrations at 1501, 1575, 1585 and 1600 cm™ bands,

related to DA reaction between furan and maleimide, were clearly identified, due
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to the system complexity. Only the signal at 1501 cm™ was used as marker of

2Ph2Epo65 in Raman spectra reported in Figure 4-7.
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Figure 4-7. Raman spectra of self-healing resin: 2Ph2Epo65 as crosslinked (a); 2Ph2Epo65 quenched after
thermal treatment at 120°C (b); 2Ph2Epo65 after further annealing at 90°C (c)

Figure 4-7 shows 2Ph2Epo65 self-healing resin in the following conditions: as
crosslinked (a), after thermal treatment for 20 minutes at 120°C and quenching
(b), and after a further annealing for 12 hours at 90°C (c). The peak at 1500 cm™ is
ascribable to C=C stretching vibration of the furan ring [85,86]. Its intensity
increase (Figure 4-7b) highlights a greater amount of furan, formed as a result of
the r-DA reaction occurring during the first thermal treatment at 120°C.
Furthermore, this band decreases during the annealing at 90°C (Figure 4-7c), to
point out that DA recombination between furan and maleimide took place.
Therefore, the similarity of the peak intensity at 1500 cm™ between spectra shown
in Figure 4-7a and Figure 4-7c is considered an evidence of network restoration.
The recovery capability has also been confirmed by means of morphological

observation: scratches and fractures have been produced on a cured sample, and
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morphological assessment of self-healing recovery behavior has been observed

during a suitable heat treatment (Figure 4-8).

Figure 4-8. Scratch recovery upon a thermal treatment
The fracture rims (Figure 4-8a) and micro-cracks (Figure 4-8b) were evident
before treatment, while the defects disappear after thermal healing induced by

treating the epoxy resin for 20 minutes at 140°C (Figure 4-8c).
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4.4. Quantitative evaluation of self-healing capability and multiple healing
assessment by mechanical properties

However, spectroscopic analysis and optical microscopy give quick information
about the capability of the material to heal without reporting a quantitative
evaluation of the recovery achieved.

Moreover, the morphological recovery, obtained by a treatment at 120°C for 20
minutes, is only the first step for the complete restoration of the material. In fact,
the macroscopic damage is recovered during this preliminary stage, but the
resulting material is characterized by a less dense network, with reduced overall
mechanical properties.

Indeed, upon sample breakage, Diels-Alder bonds are preferentially cleaved
because they are weaker than other covalent bonds building up the cross-linked
network. Therefore, the occurrence of mechanical damage makes diene and
dienophile groups available for self-healing on the fracture surface. But
molecular backbone in the close proximity of damage remains unaffected, and
the overall material stiffness prevents an efficient fracture healing. For this
reason, further thermal treatment at 120°C is applied to complete cleavage of DA
bonds and to maximize molecular mobility. Physical healing, due to diffusion of
molecular fragments in the activated stage, allows the fracture edges
recombination. After the first step, a further annealing at 90°C is required to
restore the pristine cross-linking density and mechanical properties by direct
Diels-Alder reaction.

A preliminary evaluation of the 2Ph2Epo65 mechanical recovery ability was
performed by nanoindentation tests. The sample was tested in the following
conditions: “as prepared” (undamaged), after thermal treatment to replicate a
damage scenario (20 minutes at 120°C) and finally healed (an additional thermal
treatment of 24 hours at 90°C). For each test ten indentation loads ranging from

50 mN to 250 mN were performed. Figure 4-9 reports the final load cycle for each
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condition. The elastic modulus is proportional to the slope of the unloading curve
where the material recovers its initial condition; the hardness is measured as ratio
of the maximum load experienced and the effective contact area [77]. The
recorded force and displacement raw data were corrected with the pre-calibrated
instrument compliance Cm. Then, a power-law fit was applied to the first 60% of
the unloading data to derive the contact compliance Cs and the contact depth he
(difference between the depth at maximum load and the zero load depth in the
unloading), which was used to calculate a projected contact area A. of the indents

via the pre-calibrated indenter area function.
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Figure 4-9. Indentation test on pristine and thermal treated samples

Table 4-1 reports the results for nanoindentation tests: reduced modulus and
hardness have been estimated for each load step and averaged values have been
recorded.

In particular, the hardness H was calculated as the mean pressure that the

material support under load, according to equation 4-1:
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where Pmax is the peak indentation load and A is the projected area of contact at

peak load. In case of Berkovich indenter, become equation 4-2.

P

H = 4-2
3v3h*tanb /cosb

where 0 is the geometric constant (65.27° for a Berkovich indenter) and h is the

displacement of the indenter.

Table 4-1. Nano indentation tests on 2Ph2Epo65 resin system

Specimen Type Nanoindentetion test
Reduced Modulus Hardness
[GPa] [GPa]
As prepared 3.89+0.35 0.19+0.02
Morphological healing
20’ at 120°C 2.60+0.29 0.16+0.02
Additional annealing 3.10+0.63 0.21x0.06
20" at 120°C

Finally, the system showed a good healing efficiency by considering the material
stiffness (83.8%) and the hardness have been fully recovered by the thermal
treatment.

It is worth to remark that the elastic modulus calculated from reduced modulus,
measured by depth sensing indentation, could be invariantly higher than tensile
test by a value of 5-20% as highlighted by Zheng et al. [87].

In general, the experimental comparison between the loading capacity of intact

and healed material can indicate the healing efficiency (equation 4-3):

P,
n = healed .100 43

Pinitial
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the subscripts refer to whether the property is measured after healing (healed) or
before damage occurs (initial). In many cases, healing efficiency is defined in
terms of the fracture toughness [88] or in terms of material strength [89,90], or
considering the material stiffness [36].

Therefore, the mechanical recovery capacity has been evaluated through the
most classic tests. Quasi-static mechanical tests were performed on specimens to
evaluate the mechanical performances of the formulated resin system. The
loading scheme was a three-point bending configuration, and the specimens
were dramatically damaged by running the tests until breakup. To allow a
perfect correspondence of the fracture surfaces, a thin layer of polyimide
adhesive strip was stuck on the upper side of the specimen.

Figure 4-10 compares stress-strain curves for pristine and healed 2Ph2Epo65
samples. Broken specimens were treated according to previously described
thermal cycle (120°C and 90°C) to achieve mechanical integrity. Multiple healing

was studied by repeating the test three times.
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Figure 4-10. Three-point bending test on the 2Ph2Epo65 system
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The mechanical data are reported in Table 4-2. The virgin sample had an elastic

behavior up to 2% deformation, followed by a plastic deformation up to the

breaking of the sample at the deformation of about 3.5%. The healed sample had

the same stiffness (slope of the stress-strain curve), but a fragile fracture was

recorded in the elastic region. The first healing led to a final strain of 1.8%, the

second heat treatment led to a strain of 0.7% at break. Although the samples

recovered all their original stiffness (mean value 2.75 GPa), ultimate strain

decreased during further test cycles, due to micro-defects not completely

restored and acting as crack initiators in subsequent mechanical tests.

Table 4-2. Quasi-static tests on 2Ph2Epo65 resin system

Specimen type Stiffness Strength Efficiency
[GPa] [MPa] [%]
Undamaged 2.77+0.12 73.38+4.13 -
First healing treatment 2.74+0.15 41.30+£3.06 98.9+56.3
Second healing treatment 2.76+0.13 12.68+2.16 99.6+17.3
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5. Self-Healing composites and coatings

Research in this field of Diels-Alder-based healable materials is still at the
beginning, but the implications have already been widely recognized. These
materials not only exhibit structurally desirable mechanical properties, but also
allow multiple healing cycles to occur. Unlike systems that rely on the addition
of a healing agent to regain mechanical strength, which guarantee a limited
recovery capacity to the reserve of the healing agent, these materials have the
integrated ability to restore mechanical properties numerous times. Furthermore,
the structure of the healed material is identical to that of the virgin material: this
eliminates potential problems involving the inclusion of multiple materials
within the system.

For all these reasons, the epoxy matrix based on the Diels-Alder adduct,
2Ph2Epo65, was used for applications suitable to industrial scale-up, and
subjected to the related efficiency tests.

The present thesis reports the use of a Diels Alder epoxy resin as a functional
coating; the rationale for this application is the ability of 2Ph2Epo65 resin to heal
small damages if exposed to proper thermal stimulus. Optical microscopy,
nanoindentation and electrochemical impedance tests validated the
morphological and structural recovery of the coating. Immersion test in saline

solution and subsequent micro-mechanical tests revealed the complete
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restoration of polymeric network and mechanical proprieties, thus of the
corrosion protection for a healed sample. Furthermore, trough Electrochemical
Impedance Spectroscopy (EIS), the water uptake and diffusion coefficient into
the polymeric coating were evaluated by studying the capacitance evolution in
virgin and healed samples. During initial exposure, there is a homogeneous
diffusion of water within the coating. Both the systems, virgin and after healing
treatment, showed similar trends with a beginning saturation after 25 hours of
exposition, confirming that healing treatment guarantees the complete recovery
of the coating functionality.

Finally, the effort to fabricate composite structural material made by Diels-Alder
(DA) thermoset has been discussed. Self-healing composites, using a thermally
mendable polymer (2Ph2Epo65), were manufactured and subjected to various
multiple damage loads. In this thesis, traditional mechanical methods and a
computed tomography scan technique to evaluate the structural recovery of the
self-healing laminate structures are presented. The performances were recorded
and compared at each stage of induced damage and healing cycle. The results
highlight an efficient multiple self-healing in the structural recovery, with a
recovery ability of 95.1% in static interlaminar strength and 81.7% in fracture

toughness.
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5.1. Corrosion-resistant Self-healing Coatings

The following section reports the use of a 2Ph2Epo65 DA epoxy resin as
protective coating and describes its capability to heal small damages, like surface
scratches and fractures, if exposed to proper thermal stimulus.

The development of systems able to prevent corrosion damages of metallic
substrates is a primary issue for many applications. Active cathodic protection or
anodic passivation are widely used in addition to improved physical barrier of
coatings. The cathodic reduction is one of the oldest methods to re-establish and
prolong as long as possible anticorrosion protection of metal structures when the
coating is damaged [91]. The metal is kept at a negative potential by applying a
direct low voltage, and the electrical energy consumption prevents its corrosion.
Passivation is another classic method: a passive oxide layer forms on the exposed
area via anodization of a metal. The use of anti-corrosive organic coatings is also
common to protect a metal substrate from corrosion, for example, electroactive
polyaniline coatings on the alloys imparts a form of anodic protection which
stabilizes the materials in mineral acids [92]. Moreover, in the effort to increase
the service life of organic coatings, different active pigments, such us zinc
phosphate and zinc molybdenum phosphate modified, have been added to the
primer to guide the electrochemical corrosion processes [93].

Recently, self-healing organic coatings attract attention as an effective route for
corrosion protection. Self-mendable extrinsic coatings, incorporating micro-
containers or nano-capsules dispersed within the polymeric layer, are able to
repair small damages and to release corrosion inhibitors in case of contact with
water [94] or as a response to pH variation [95].

Intrinsic self-healing polymers represents a fascinating option. These smart
materials recover their properties after sustaining damage thanks to reversible
chemical bonds. Hence, only a suitable external stimulus is required to trigger

the mending action, permitting multiple healing in the same damage site.
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In this area of interest, the Diels-Alder is particularly suitable for coating
application, because both its products and intermediates obtained during the
healing treatment are stable to aggressive environments, such as the major
oxidation agents, air and water [96].

To demonstrate the capability of the system to heal severe damages, samples
were scratched and then restored by a thermal treatment in order to promote
reverse and direct DA reactions.

Steel substrates have been coated with 2Ph2Epo65 epoxy resin by means of
solvent casting with a final thickness of 120 um. Two homogeneous set of
samples, each made by 3 different specimens, were severely mechanically
damaged (30 mm long cut through the whole thickness) in order to make the
metal susceptible to corrosion. A set of samples was exposed to the corrosive
environment to investigate the corrosion kinetics, while the other set was
restored by thermal treatments and then exposed to the saline solution. The
protection capability has been evaluated by exposure in a water saline solution.
The salt solution has been prepared by dissolving 5 + 1 parts by mass of sodium
chloride in 95 parts of water, reproducing the conditions set out in Test Method
ASTM B117 - 16. The pH of the solution has been corrected in the range between
6.5 and 7.2 at 23 + 3°C, using diluted reagent grade hydrochloric acid (HCI) or
reagent grade sodium hydroxide (NaOH). Figure 5-1 shows the severe test to

which the samples were subjected.
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Figure 5-1. Test condition environment

The damaged samples without remedial treatment revealed rusty spots after 3
hours of exposure in the saline solution, and further blistering and delamination
were observed at the cut edges after 92 hours (Figure 5-2 left side). On the
contrary, the restored samples did not show any corrosion damage after 92 hours,

as reported in Figure 5-2 (right hand side).
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Figure 5-2. DA epoxy coating: in the middle the damaged film; on the left-hand side the “not healed”
coating; on the right-hand side the healed coating

A complete recovery of morphological damage at 120°C allows the restoration of
the corrosion protection capability, while the further annealing at 90°C was
applied to recover the crosslinking density, affecting thermo-mechanical
properties. The full morphological damage recovery is confirmed also by careful
microscopic analysis. The faint scratches observed in the right-hand side picture
of Figure 5-2 correspond to the damage in the metal substrate surface, produced
during the coating cutting, and still visible through the transparent healed epoxy

coating.
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Even if salt spray and different cyclic exposure tests are widely used in the
coating industry, these tests yield essentially qualitative information, but they are
not suitable for a quantitative evaluation of healing efficiency. More detailed
information can be pursued by the analysis of water content uptake into the
coating film during immersion in a saline solution.
Electrochemical impedance spectroscopy (EIS) is a powerful tool to study the
performance of high resistance coatings and has been extensively used to
measure the corrosion protection properties of organic coatings on metal surfaces
[97].
Each system is identified with a specific impedance, Z(w), defined by the
following equation 5-1 in the electrochemical convention:

Z(w) =7 —iZ" 5-1
where Z’ = ZM cos(mt)
7" =-7ZM sen(wt)
The impedance can be represented as a vector in the complex plane, whose

module is reported in 5-2:

2] = @) + (272 5-2
with the angle ¢ with the real axis (5-3)

z" 5-3
= L [
¢ = tan ( Z'>

where Z" is the real (resistive) component, and Z’ is the imaginary (reactive) part.
In this work, the degradation of as prepared coating system, and the same coating
recovered by self-healing treatment were investigated by EIS. Equivalent circuit
(EC) models were proposed to interpret the electrochemical impedance data for
the coating systems.

The study of the interface is of interest because the electrolyte solution can
penetrate the coating defects, resulting in an electrical continuity with the metal

substrate. The polarization phenomena that occur at the SC/EI interface involve
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the formation of a space charge layer in the semiconductor (Csc) and probably
also a surface charge layer, intrinsic or due to adsorption phenomena. While, in
the electrolyte a compact double electric layer and a diffused charge layer are
formed (R«). The simplified equivalent circuit is shown schematically in Figure

5-3.

Figure 5-3. Simplified equivalent circuit for the interface SC/EI

The polymeric coating can be simply modeled with a capacitor with C: capacity,
if it is assumed that the system has a flat geometry and high resistance. The
defects of the coating through the thickness represent an area whose resistivity is
sufficiently lower than that of the coating to allow the passage of a conduction
current. The defects are schematized by a resistance Rp in the equivalent circuit

of the polymeric layer, shown in Figure 5-4.

Figure 5-4. Simplified equivalent circuit for protective coating

In the complete equivalent circuit, it is necessary to consider the capacity C: of
the coating and the resistance Rp of its defects. The equivalent circuit of the
coating-metal interface is in series respect to Rp, inasmuch as the passage of
conduction current can only occur through the defects. The resulting circuit is
shown in the Figure 5-5, where Rw is the resistance of the electrolytic solution

between the counterelectrode/reference electrode and the coating.
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Figure 5-5. Equivalent circuit for the complete system

The kinetics of water absorption in the protective coating can be studied by
monitoring the capacity. These measurements are carried out by contacting the
coating and an electrolyte solution and recording over time the variation of the
system impedance.

If the coating is intact, no degradation occurs, and if the measurement frequency
is high enough, the real part Z" can be neglected: the imaginary part of Z
coincides with the impedance of the polymer capacity C.. When the water is

absorbed by the coating, since its dielectric constant is much greater than that of

the dry polymer (€m0 ~ 78 while &: = 3 + 10), there is a gradual increase in &,
therefore in C:. Usually, the capacitance increases monotonically from the initial
value Co to the saturation value C-.

To obtain information on the water absorption kinetics from the capacity curves,
two models are needed: the first relates the C capacity of the polymer to the water
content, and the second describes how the water content varies over time. These
models have been integrated into the "Continuous Model", that defines each
infinitesimal layer of the polymeric matrix as a parallel RC elementary circuit,
whose electrical characteristics depend on the coating matrix and on the
concentration of penetrant absorbed. For high frequency impedance

measurements, only the capacitive component of the model is considered. The
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data obtained from the capacity measurements are represented with diagrams
C, the real part of the complex capacity C, vs t. The capacity curve is also related
to the loss angle & as a function of Vt, where & is the phase shift between the
voltage phasor and the current phasor.

In an ideal capacitor, the polarization of the dielectric is instantaneous and
therefore the capacitive current is 90° out of phase with respect to the voltage, i.e.
the complex impedance is purely imaginary. In a real capacitor, the polarization
phenomena occur in a finite time, characteristic of the dielectric and the
capacitive current also has a component in phase with the voltage, due to the
dissipation of part of the electrical energy as heat: § is lower than 90°. Since the
coating has the dielectric properties of an insulator, it should behave like a
capacitor: its insulating properties are the better the more § it is close to 90°.
During the capacity test, if the water absorption causes corrosion or delamination
reactions, with a consequent increase in the resistive component of the system
impedance, the value of d decreases.

The protective properties of the coatings were evaluated and analyzed by
electrochemical specific parameters of coating. The result was offered for a
comparison of the protective properties of the same coating system, as prepared
and after self-healing treatment.

Steel substrates was cut into the size of 50 mm X 50 mm X 2 mm, then specimens
were polished using sandpaper up to 1200 grit and extensively cleaned with
acetone and ethanol successively. Finally, metal substrates have been coated with
2Ph2Epo65 epoxy resin by means of solvent casting with a final thickness of
120 pum and cured for 24 hours at 90°C. Two homogeneous set of samples, each
made by 3 different specimens, were analyzed: a set was tested as prepared,
while the other was first damaged and restored by thermal treatments and then

tested.
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In the mechanically damaged set of samples, the polymeric coating was scratched
with the pointed round tip. A compass pin, with a defined applied weight (mass
50 g), was used as indenter in order to obtain a controlled depth and to avoid

shavings stack on scratch edges (Figure 5-6).
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Figure 5-6. a) Indentation set-up; b) compass pin (magnification 20X)

Each scratched sample was morphologically analyzed to evaluate the width and
the depth of the cut before performing the self-healing cycle. In fact, the recovery
treatment would be ineffective if the scratch had completely removed the
polymeric layer, preventing the material interdiffusion.

Samples were visualized by Leica’s dual-core 3-D microscope. A Leica
Microsystems” map surface imaging and metrology software, Map DCM 3D, was
used to visualize and quantify features of measured surfaces and to characterize

3-D surface texture and geometry (Figure 5-7).

Figure 5-7. Map surface imaging: 3-D surface texture
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The Figure 5-7 e Figure 5-8 are an example of cut morphological analysis: the
width (340 um) and depth (~50 um) are compatible with a potentially successful

recovery treatment.
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Figure 5-8. Cut morphological analysis

EIS measurements were carried out in aqueous aerated chloride solution (0.6 M
NaCl), pH 7, at 25°C. In Figure 5-9 was reported the experimental cell set-up. The
three electrodes electrochemical cell was made by sealing a glass cylinder onto
each sample (working electrode) by an O-ring, which left an exposed sample
surface area of 3.14 cm?; the reference and counter electrodes were respectively
one of Ag/AgCl and a platinum mesh. All the electrochemical potential values

are indicated with reference to the Saturated Calomel Electrode (SCE).

Figure 5-9. Experimental cell setup: 1) coated substrate, 2) coated removed area for making working
electrode contact, 3) glass tube, 4) platinum mesh counter electrode, 5) SCE reference electrode, and 6)
test electrolyte

EIS measurements were performed in the frequency range between 102+ 10°Hz

using a Solartron 1255 Frequency Response Analyzer (FRA) coupled to a

Solartron 1296 dielectric interface, and a sinusoidal voltage signal of 50 mV. The
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experimental spectra were interpreted on the basis of equivalent electrical circuit
models obtained from the Zview fitting software.
The Capacitance Fast Transient Technique (CFTT), based upon the coating
capacitance evolution, can estimate the amount of water contained within an
organic coating. The CFTT tests were carried out at a frequency of 10* Hz using
an electrochemical interface Solartron 1287. All the measurements were
performed at room temperature and with the electrochemical cell inside a
Faraday cage to reduce external interferences as much as possible.
Many authors reported changes of the capacitance and resistance during
immersion in water solution [98]. The water uptake can be estimated by the
empirical Brasher — Kingsbury equation 5-4 [99]:
o= log (g_;) 54

log ey,o
Where C: is the coating capacitance at time t, Co the capacitance of the “dry”
coating and &y, is the water dielectric constant.
Comparison between the neat sample and a sample scratched and then thermally
treated (20 min at 120°C and annealed at 90°C for 12 h) for inducing the healing
is reported in the above diagram. Both the systems experienced similar trends
with phase angles very close to 90° and beginning saturation after 25 hours of
exposition. The two samples have got very similar slope in the initial stage
confirming that healing treatment stitched the engraved area (no changes in
water uptake rates and time to reach saturation), leading to the complete
recovery of the coating functionality.
The initial ramp observed in the coating capacitance diagram (Cvsv't, Figure 5-10)
is proportional to the diffusion coefficient: the plot exhibits an initial linear trend,
associated to a Fickian absorption model [100]. A deviation from the linear

behavior is observed at the incipient saturation after 25 hours (300 s%2).
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Figure 5-10. Capacitance behavior during immersion

Protective coatings are chiefly physical barrier to prevent contact between metal
and aggressive environment. Nevertheless, even in the case of intact and
continuous coating layer, diffusion of water, oxygen and chlorine ions through
the barrier could have a detrimental effect on metal endurance to corrosion. A
comparison between mechanical properties, in the pristine condition and after
healing and further exposure to saline solution, is used as an overall landmark of
structural and functional properties of barrier coating. Nanoindentation tests
have been performed in order to evaluate the elastic modulus and hardness of
thin DA epoxy resin casted on metal substrates. Material conditions have been
evaluated and compared between the pristine as prepared sample, and the
sample after incremental treatments, including morphological healing, structural
healing and additional exposure to saline solution. Mechanical features of

samples are reported in Table 5-1.
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Table 5-1. Reduced modulus [GPa] and hardness [GPa] of self-heling coating

Specimen Tvbe Hardness, H Reduced Modulus, E:

P yp [GPa] [GPa]
As prepared 0.224+0.03 3.80+0.03
Morphological healing
20’ at 120°C 0.179+0.05 2.54+0.05
Structural healing
20’ at 120°C + 12h at 90°C 0.232+0.03 3.56+0.05
After healing and additional 0.20640.07 3.4440.07

exposure to saline environment

The effects of healing on structural properties, such as modulus and hardness,
can be related to changes in the crosslinking density observed as result of DA and
r-DA reactions. After heating at 120°C required to promote the morphological
recombination of cut edges, the modulus and hardness drop down by a factor of
2. In fact, the occurrence of r-DA reaction induces the cleavage of specific
covalent bonds and reduces the crosslinking density. However, the effect is not
permanent. The pristine properties can be recovered by prolonged annealing at
90°C, where DA reaction can lead to the restoration of network. This trend is

shown by mechanical data obtained by nanoindentation, consistent with

published result [101].
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5.2. Self-healing composites

The self-healing epoxy 2Ph2Epo65 has been considered for manufacturing a
composite plate with the aim to investigate the fracture behavior and to assess
the healing efficiency of the composite system.

The plane geometry allowed to identify the effect of the presence of carbon fibers
in the healing potential of the developed epoxy resin. Figure 5-11 shows the main
steps in the manufacturing of a laminate: a) a dry unidirectional preform was cut
and lied in a mould, with a polyimide film put in the intermediate plane to induce
delamination; (b) dry fibers are impregnated with uncured 2Ph2Epo65; (c) the
material is crosslinked under the vacuum bag for 24 hours at 90°C; (d) reversible
fiber composite hardened with the polyimide film is ready. A total of 12

unidirectional layers were laminated to a final thickness of 3 mm.

(b)

L SN (C)

(d)

Figure 5-11. Manufacturing stages of the composite laminate: (a) dry preforms with polyimide film in the
mid-plane; (b) reversible polymer addition; (c) vacuum for composite consolidation; (d) final coupon
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Figure 5-12 reports two optical micrographs recorded on different sections of the
composite to evaluate the coupon quality after the infusion process. Images show
a uniform composite, without bubbles trapped between layers, with no fiber

distortions.

Figure 5-12. Optical micrographs on a plate section containing fibers and reversible resin, 5X
magnification

Figure 5-13 shows the thermogravigram of the manufactured coupon, recorded
by TGA 500 of TA Instruments in High Resolution mode, at 50°C/min up to 600°C
in nitrogen flow, and up to a 1000°C in air flow.

TGA High Resolution is an extension of conventional TGA whereby the heating
rate is varied as a function of the rate of sample weight loss. This TGA technique,
with, double step is the useful procedure to determine the composition of the
polymer/Carbon Fiber blend sample, because it allows the reduction of the
heating rate during a weight loss transition, yielding to improved separation of
overlapping or poorly defined weight loss events.

The epoxy resin decomposition is well resolved from the carbon fiber

decomposition before the switch to an air purge to burn off the carbon.
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Figure 5-13. TGA thermogram of carbon reinforced composite sample: in nitrogen flow up to 600°C and
in air flow up to 1000°C

About 25% of the sample is made up of a matrix, that degrade in nitrogen flow
up to 600°C, and the remaining 75% of carbon reinforcing fibers which are
consumed by pyrolysis in air flow up to 800°C.

Interlaminar behavior of the CFRP (composite fiber-reinforced plastic) has been
studied by means of shear strength of the laminate. Shear tests can be conducted
on composite laminates following different experimental approaches, depending
on the mode of fracture that needs to be assessed. The ability to recover damages
after a cohesive failure has been investigated by interlaminar shear strength
(ILSS): mode II fracture loading has been studied by performing the End Notch
Failure (ENF), while the interlaminar critical strength by Short Beam Shear tests
(SBS).

The experimental comparison between the loading capacity of intact and healed
material, indicating the healing efficiency, can be evaluated as the ability of

sample to recover the initial interlaminar strength (equation 5-5):
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The composite plate manufactured by liquid moulding process under vacuum
bag was tested. All tests are performed on multiple samples and reported results
are the calculated average values of single measured sample.

The presence of a Kapton layer in ENF bending test leads to the mutual sliding
of separated parts promoting a mode II failure (shear mode 3), according to
ASTM D7905. In Figure 5-14, the sample dimensions and the parameters of the
ENF tests (a), and load versus displacement curves during ENF tests (b) are

reported.
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Figure 5-14. End notch failure (ENF) test experimental setup (a); End Notched Failure test (b)

Load versus displacement curves showed an initial linear behavior up to the
critical load (nonlinearity load, NL). Above this point, delaminations start and
steadily propagate until the maximum load is achieved. Afterwards, unstable
delamination growth leads to load decrease.

The first healing treatment allowed to recover the pristine stiffness, with a sample
strength decrease. However, during the third load cycle (i.e., after the second

healing), a significant stiffness loss is experienced.
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Different behavior between neat polymer and laminate should be related to
specific composite features. Delaminations could occur both as effect of a matrix
failure and as interface debonding. Moreover, any damage incurring to the
reinforcing fibers would reduce material stiffness without chance of recovery.
The critical strain energy release rate should be evaluated as function of the NL
load. Fracture toughness was determined using (equation 5-6):

3mP? q?

He= 35 >

where m is the calibration compliance, P is the critical load, a is the critical length,
and B is the specimen width.

Composite healing efficiencies were also determined by conducting Short Beam
tests, according to ASTM D2344. The delamination is achieved by flexing a
sample of the composite until breakage and a self-repair thermal treatment is
carried out after each test, according to the schematic procedure showed in

Figure 5-15.

Figure 5-15. Schematic procedure for multiple Self-Healing assessment in CFRP: self-repair thermal
treatment is carried out after each test

After mechanical test the sample resulted completely deformed in the nose area

(Figure 5-16 a,b). Thus, specimen has been thermally treated for 20 minutes at
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120°C and 24 hours at 90°C, according to the recovery treatment, before a second
ILSS test was carried out. The sample, after recovering the initial geometry
(Figure 5 10 ¢,d), through the healing cycle, was re-tested, resulting again in a

similar deformation (Figure 5 10 e,f).

e) 4 A CS f)

Figure 5-16. ILSS sample: as prepared (a and b); after the healing treatment (c and d); healed sample after
ILSS test (e and f)

In Figure 5-17 are reported test scheme for samples of size 20 x 10 x 3.2 mm? (a)

and an example of load versus displacement curves during SBS tests (b).
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Figure 5-17 Short Beam Shear (SBS) test experimental setup (a); SBS test on composite samples (b)

Table 5-2 reports the recovery efficiencies measured as interlaminar critical
strength and as critical energy for mode II delaminations. Fracture toughness
showed a less effective recovery ability of 52.4% compared to static interlaminar

strength recovery of 89.7%.

Table 5-2. Strength recovery after failures

e ipa i i i
0 54.1+1.1 100 65020 100
1 51.445.1 95.1 683+13 89.7
2 44.2+4.9 81.7 34132 52.4

Finally, it has been used a method that focus on the evaluation of pulse/echo
responses through the thickness of the tested medium to determine damage: the
computed tomography scan (CT-scan). It is a non-destructive analysis, therefore
it should be a perfect completion of the self-healing ability of the material, in
order to extend the life cycle of the product through non-invasive monitoring and
maintenance. The water tank C-scan uses a single element piezoelectric

transducer to transmit and capture signal responses: it has been already
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employed by several authors to evaluate crack self-healing performance
[102,103].

Figure 5-18 below shows the CT-scan layout for the undamaged (green) and
damaged (red) scanned areas. The whole undamaged sample was scanned in
order to assess the presence of damage in the samples: the red solid line on the

sample indicates the end of the Kapton layer (40 mm in length).

A-Undamaged CT-Scan Area (green)

dottom View |

Figure 5-18. CT-scan: A) Undamaged CT-scan area; B) Damaged CT-scan area

Figure 5-19 shows the CT-scan results for the X -axis plane of a sample. After the
first mechanical test, there is a clear evidence of an extension in the fracture
propagating from the Kapton film through the middle section between
undamaged (UD) and damaged first time (D1), i.e. the black line extending down
from the top middle of the sample. After the first healing cycle (H1) the crack
extension has considerably reduced back to the Kapton layer. While the first
damage and healing cycle show remarkable recovery, the healing between
second damage (D2) and second mending treatment (H2) has reduced. In fact,
after H2 there is a decrease in the damage region, but this reduction is not
consistent over the whole length, leaving areas where damage persists. The final
damage event shows that failure has grown to the middle of the sample and is

evident along the section.
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Figure 5-19. X-axis plane results
Using the X-axis CT-scan information it is possible to evaluate the extent of
damage and recovery for each damage state. Figure 5-20 shows the total length

of delamination, starting from the undamaged state, which includes the 40 mm

Kapton layer.
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Figure 5-20. Damage progression and recession for each damage state, for S1 and S2 samples
The diagram clearly shows the recovery of the delamination after each healing
cycle; although recovery does occur, the structure weakens after each

damage/recovery cycle.
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6. A Comprehensive approach for self-healing
composites

The interphase plays a key role in determining the mechanical interfacial
properties of composite materials, so engineers constantly pay attention to novel
coupling agents that can improve mechanical performance or introduce new
interesting features for FRP [104-106]. The interphase supports the transfer of
stress between the matrix and the reinforcement and attenuates the mismatch of
the mechanical properties between the matrix and the reinforcing fibers. Marked
differences in mechanical properties lead to stress concentrations, with the
consequent micro-crack formation and propagation up to failure. These cracks
are usually unpredictable and difficult to repair. Therefore, preventing or
repairing interphase damage could be a new strategy for the design of high-
performance composites.

In recent years, self-healing composites have attracted the scientific world
attention thanks to their ability to recover damage [107-109]. However, FRP
composites based on intrinsic self-healing epoxy can only recover the damages
related to the cohesive failure of hosting matrix. The delamination between
matrix and reinforcement would not benefit from the reversible reaction to
restore the pristine condition, due to the lack of reversible functional groups

grafted onto the fibers. An alternative approach to intrinsic healing of the hosting
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matrix is to allow the reversible Diels-Alder reaction even at the interface
between functionalized reinforcements and furan functionalized epoxy amine
thermoset matrix [66,110,111].

A comprehensive approach, schematized in the Figure 6-1, aims to promote a
mixed-mode recovery strategy for cohesive failures within the hosting matrix

and adhesive at the interfaces between polymer and reinforcement.

Epoxy
Amine < gy ¢ O

Epoxy D-A P ) N [

Coupling Agent & ;%
/\/0 (—NH O o] /
Si

. retro Diels-Alder
Diels-Alder reaction
reaction
Diene <\f v

) 32 22

Figure 6-1. Hybrid network sheme with Diels-Alder interface

In this work a coupling agent based on Diels-Alder chemistry, with reversible
bonds compliant to the self-healing epoxy previously formulated, has been

developed to integrate the recovery ability at the interface.
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The methodology implemented for the functionalization of commercial dry
preform has promoted superior adhesion between matrix and reinforcement.
The micro-droplet pull-out tests performed on commercial and self-healing resin
revealed the increase in interfacial shear strength (IFSS) for both commercial
DGEBA (+31%) and for a self-healing epoxy 2Ph2Epo65 (+ 92%) systems.

Furthermore, additional micro-droplet pull-out tests carried out on virgin and
healed samples, to verify the healing capability at the interface, resulted in an
effective mending ability, with a retain of 37% in IFSS after one test/SH cycle and

15% after two cycles.
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6.1. Reinforcement decoration

The performance of the composites takes advantage of the stiffness and strength
of high-performance fibers by dispersing them in a matrix, which transfers forces
to the fibers across the fiber-matrix interface. Strong adhesion between the
reinforcing fibers and the hosting matrix is achieved by combining the
contribution of mechanical friction and chemical bonding.

The common practice in the composite science is to apply an appropriate
chemical treatment on the fiber surface to improve the wettability during
processing and adhesion after resin setting [104,105].

To integrate the recovery ability and to enable a reversible [4 + 2] cycloaddition
within the interphase, the reinforcement can be functionalized with a diene, such
as a furan derivative [112], or a dienophile, such as maleimide [66,68,113,114].
Glass fibers, the most common reinforcement fibers for polymer matrix
composites, for its low cost, high tensile strength, high chemical resistance and
excellent insulating properties, were explored.

With the aim of introducing at the interface the same pendant DA dienophile
present in the matrix, in this work, a glass fiber was first activated with an
aminosilane and then reacted with bismaleimide through Michael's addition

reaction.

6.1.1. Coupling agent deposition route

In order to promote reversible bonding at the interface between polymer and
substrate, a two-step route was carried out to graft BMI onto the surface. The

functionalization was performed according to the following scheme:

. Immersion in a solution of 1% w/w 3-aminopropyltriethoxysilane
(APTES) in ethanol and water (25:75 by weight ratio) at boiling temperature
for 2 hours allowed the introduction of the primary amino group (Figure
6-2a);
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. Immersion of substrates in N,N-Dimethylformamide (DMF)
solution with 5% w/w of BMI at 80°C for 2 hours led to Michael’s addition

of BMI onto surfaces (Figure 6-2b).
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Figure 6-2. Glass surface functionalization scheme: a) amination; b) decoration with maleimide

6.1.2. Evaluation of functionalization

Contact angle

The contact angle was measured through sessile-drop technique using
Dataphysics OCA-20. Water and diiodomethane drops (1 uL volume) were
dispensed at rate of 0.5 puL/s in order to establish the tangent angle of the drop of
liquid with respect to the flat solid surface. The Owens, Wendt, Rabeland Kaelble
(OWRK) method [116] was used for calculation of the surface free energy of the
solid.

In fact, the study of surface energy by measuring the contact angle is one of the
most used methods to evaluate the wettability of solid fibers and propensity to
bind with the matrix. Nonetheless, contact angles on fibers with diameter
ranging between 7 and 12 microns, for carbon and glass fibers respectively,
cannot directly be measured due to geometrical constraints. In the case of glass

reinforcement, surface interactions can be evaluated using a plane model
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geometry. The treatment features were assessed on a flat glass slide and then
reproduced onto reinforcement fibers.

Owens and Wendt hypothesized that the total surface tension could be
expressed, according to equation 6-1, as the sum of two surface tension
components, each of which derived from a specific type of interaction: the
dispersive surface tension component y¢, and the polar one y?, related to

hydrogen and dipole-dipole bonding.

y=vs+y,—2 /Vsdnd—Z /yspnp 6-1

Assuming that the solid surface tension is constant for a solid surface, the value
of the experimental contact angle, in combination with Young equation 6-2,

determines the solid surface tensions (equation 6-3):

YLy €COSO =Ysy — Vs 6-2

y.(1+ cos @) = 2Jy£’n‘” + ZJyfyf 6-3

The contact angles were measured by depositing a drop of two liquids with very
different properties, such as water and diiodomethane, on the glass surface,
before and after the surface treatments above described.

The plain glass surface and its amino-functionalized and BMlI-decorated
analogues are compared in Table 6-1, where the contact angles of water and
diiodomethane are reported, as well as the polar, dispersive and total surface

tensions.
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Table 6-1 Water and diiodomethane contact angles and surface energy parameters

water diiodomethane Superficial Free Energy [m] m?]
Owens-Wendt
(degree) (degree)
method YsP vsd Y
[°] [°]
Plain glass 49.16 52.70 28.68 22.00 50.68
NH: functionalized glass 72.50 57.00 12.18 22.85 35.03
BMI grafted glass 88.66 45.20 2.23 32.01 34.24

The images of the contact angle measurements, performed using the sessile-drop

technique, are shown in Figure 6-3.

N _ ~u
| amine BMI
plain glass functionalized grafted
CH:I»
a/ b’ 3 = C

Figure 6-3. Contact angle measurement through sessile-drop technique with water and diiodomethane,
respectively: a, a’) plain glass; b, b’) amine functionalized glass; ¢, ¢’) BMI grafted glass

The results confirm the modification of the surface after the amino-silane and the
following BMI treatments. The contact angle with the water increases, indicating
a strong reduction in the polar component of the surface tension related to
decrease of surface-water interactions. The trend is clearly highlighted in Table
6-1. The diiodomethane contact angles do not follow a defined path.

However, the analysis of experimental result using the Owens and Wendt
method leads to interesting results: both surface treatments induce a similar
reduction in total surface tension. This means that the wettability of the epoxy
resin on organo-modified surfaces increases with respect to plain glass slide.
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Therefore, the further BMI treatment is effective in modifying the nature of
chemical interactions with the cross-linking resin, favouring reversible
interactions through the Diels-Alder reaction rather than irreversible covalent
bonds through the amino-epoxy addition.

The contact angle verified that the surface treatment had taken place; to define

the chemical nature of the grafted groups, the ninhydrin test was carried out.

Ninhydrin test

Ninhydrin is a chromogenic reagent, chemically 2,2-dihydroxyindane-1,3dione,
widely used in colorimetric estimation of substances containing free amino
groups. In fact, ninhydrin can detect ammonia as well as amines (primary and
secondary), because once reacted with these chemicals, it produces a deep blue
or purple colour, popularly known as Ruhemann’s purple.

Ninhydrin tautomerizes to 1,2,3-indane trione which forms a Schiff base when
react with amine group. Condensation of this intermediate amine with another
molecule of ninhydrin follows to form the expected chromophore Ruhemann’s

purple (Figure 6-4).
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1l

Figure 6-4. Chromophore Ruhemann’s purple formation

Ninhydrin reagent was prepared dissolving 0.2 g of ninhydrin in 50 mL of
distilled water. A few drops of this solution were poured onto the treated
supports, plane and fiber.

The effectiveness of the decoration with aminosilane is highlighted by the deep
purple colour; the subsequent functionalization with BMI is demonstrated by the

absence of colouring.

Scanning electron microscopy (SEM)

For an effective implementation of the healing capacity at the interface between
polymeric matrix and reinforcement, it is necessary that both the
functionalization with aminosilane and the decoration with BMI have been
successful on the whole surface. Morphological analysis was performed by

scanning electron microscopy (SEM XL30, FEI Company, The Netherlands) on
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samples obtained by mounting portions of the substrates on stubs and coating
with a thin carbon film deposited by sputtering. SEM pictures of the
reinforcement surface, taken after each treatment (Figure 6-5), highlight the
effectiveness of surface treatments. SEM analysis showed a flat surface for plain
glass, and a uniform texture for the surfaces after treatment: jagged after

functionalization with aminosilane and smoother after subsequent BMI grafting.
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.
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c)

Figure 6-5. SEM pictures: a) glass; b) aminosilane functionalized glass; ¢c) BMI decorated glass
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6.2. Characterization of interfacial debonding and fiber pull out

The glass fibers were extracted from commercial dry preform for composite
manufacturing, supplied by GURIT and prepared following the same protocol
described for flat glass substrates. Resin droplets with an average diameter of
100 + 150 um were dispensed on individual glass fibers and cured at 90°C for 24
hours before testing.

Micro droplets single fiber pull-out tests were carried out using a TA Instruments
thermo-mechanical analyser TMA 2940 at room temperature, applying a linear
force increase of 0.1 N/min.

The micro-droplet pull-out test consists in dabbing a small amount of liquid resin
onto the fiber surface. After the resin droplets are cured, they form concentric
elliptical micro droplets around the fiber. The fiber specimen is suspended at one
end from a load cell of a mechanical testing machine and the micro-droplet is
gripped by micro-vice jaw [117,118]. The shearing force at the interface is
transferred to the fiber through the fiber-matrix interfacial bond and is recorded
by the load cell. The interfacial shear strength between glass fiber and epoxy
matrix can be calculated according to the following equation 6-4, which is based
on the assumption of a constant IFSS between the fiber and its surrounding

matrix.

_F
LT

where F is the maximum fiber axial force recorded at the onset of microdroplet
debonding, D is the fiber diameter, L is the embedded fiber length and #DL is
the embedded area. Therefore, we designate the value 7i as the effective IFSS.

The experimental set-up requires a small device to hold a single glass fiber
(12 um in diameter) and the application of a controlled and small axial force.

After a preliminary trial and error test, the appropriate size range of the micro-
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drops was selected in order to avoid fiber breakage due to excessive load transfer.
Figure 6-6 illustrates the experimental setup based on the TA Instruments TMA
2940, along a schematic diagram of the sample geometry. The embedding length
of the micro-drop is limited to the range between 100 and 150 microns. Samples
with a good interface require a smaller droplet in order to avoid fiber breakage

due to excessive loading.

Embedded length

b)

Figure 6-6 Single fiber pull-out test: a) actual fixture; b) load schematic

The set-up was validated by analyzing the interface behavior for the commercial
epoxy/commercial fiberglass pair. The interfacial strength estimated with the
modified equipment was in conformity with the data available in literature for
such systems [119].

Although this test is very easy to perform, there are still several concerns that
users should be aware of. These include stress concentration during sample
loading, uneven shear stress distribution along the fiber-matrix interface, resin
droplet geometry, strain rate and the effect of loading points on shearing plate in
contact with the resin droplet. All this would significantly affect the test results
and the dispersion in the test data.

Table 6-2 shows the droplet pull-out test carried out. According to the
preliminary configuration of the apparatus, the average size of the droplet

wetting area on the fiber surface was set to about 120 microns. Tests were carried
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out on commercial DGEBA droplets and self-healing epoxy, namely 2Ph2Epo65
dropped on pristine fiber and fiber treated by the BMI coupling agent.

Table 6-2. Micro droplet pull-out test results on pristine and BMI decorated fibers

. Droplet length IESS A
Description
(pm) (MPa)
DGEBA - GF 125 57.8 +7.54 -
DGEBA - GF(BMI) 118 75.6 +6.25 +31 %
2Ph2Epo65 — GF 127 38.6 +7.51 -
2Ph2Epo65 — GF(BMI) 125 74.4+7.05 +92 %

The developed coupling agent led to strengthening the interface: +31% for
DGEBA and +92% for 2Ph2Epo65, if compared with bare glass fiber.

Further tests were carried out on pristine fiber and fiber treated by the BMI
coupling agent, also following recovery treatments, in order to verify the healing
ability at the interface. As reported in Table 6-3, an effective self-healing was
detected, with a retain of 37% in IFSS after one test/SH cycle and 15% after two

cycles.

Table 6-3. Micro droplet pull-out test results on pristine and Self-healed specimens

. Droplet length IFSS IFSS
Description o
(1m) (MPa) (%)
2Ph2Epo65 — GF(BMI) 125 74.36 +14.12 -
2Ph2Epo65 — GF(BMI)-SH1 105 27.53 £11.33 37
2Ph2Epo65 — GF(BMI)-SH2 101 11.5+3.50 15

The debonding occurred during test at the interface between fiber and matrix
was investigated by optical microscopy, carried out before and after the
mechanical test, by means of optical microscope Olympus BX 51. The images
were captured using a 20X magnification in bright field and polarized light.

Figure 6-7 shows a sample before (a, a”) and after (b, b’) the test.
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Figure 6-7. Resin drops onto fiber (20X magnification), in bright and polarized light, respectively,
before (a, a’) and after the mechanical test (b, b’)

The droplet has the shape of an ellipsoid with a slightly pronounced meniscus at
the interface with fiber. After the test, the droplet has lost its far ends and the
leftwise slipping direction can be recognized by the resin stack on the fiber right
side. Polarized light microscopy shows a slight presence of residual stresses
related to the polymerization stages (Figure 6-7a"), while the image taken after
the test shows the complete release of shear stresses and the loss of chemical
bonding is clearly detectable from a small penny-shaped crack [120] (Figure
6-7b’) that propagates along the entire interface.

In Figure 6-8 are reported SEM analysis of two different droplets, before and after
healing treatment. The specimens were examined with a Cambridge type SEM
microscope 5630: they were prepared for observation by placing on an aluminum
stub, on a double-sided graphite disc, and observed after a process of

graphitization.
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Figure 6-8. SEM analysis of two different droplets: before and after healing treatment
The overall ellipsoidal shape is retained after healing. The cropped extremity

partially recovers original shape (right image) due to limited viscous flow.
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7. Conclusion and future work

Self-healing polymers are a class of smart materials able to recover after
sustaining damage.

A family of thermosetting epoxy resins, containing Diels-Alder adducts in the
epoxy precursor backbone, has been prepared and characterized. The DA
adducts can be reversibly cleaved and reformed under the appropriate thermal
conditions, and this feature has been exploited to produce intrinsically self-
repairing materials.

The possibility to tailor the properties of “dynamic” epoxy resins containing
Diels-Alder bonds would allow the development of novel materials, such as
reengineered FRP combining the ease of processability typical of thermosets with
reworking/recycling capability at the end of life typical of thermoplastics, as an

effort to improve environmental sustainability of advanced materials.
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7.1. Remarks

In the first part, this thesis focuses on the effects of different structural features,
such as average number of crosslinking functionality and molecular mobility of
epoxy precursors, on the efficiency of healing process. High cross-linking density
and molecular stiffness improve mechanical performances, such as elastic
modulus and glass transition temperature, and allow fabrication of self-healing
fiber-reinforced composites, presented in the second part, by conventional
manufacturing technologies.

Thus, the molecular design, the preparation, and the evaluation of properties of
self-healing epoxy and its composites have been discussed.

The most remarkable aspect of this system is its inherent ability to undergo self-
healing process. Indeed, after a complete cycle of fracture and healing, the same
stiffness (2.75 GPa) is recorded.

Also, the requirements of easy and efficient self-healing were compromised with
development of material properties compliant with structural and semi-
structural applications. In particular, the possibility to tailor the properties of
dynamic epoxy resins containing Diels-Alder bonds has allowed the
development of novel smart materials, such as active coatings and FRP materials
with self-healing ability.

The capability of a self-healing epoxy system, namely 2Ph2Epo65, to acts as a
corrosion-protection coating have been evaluated. The barrier features of the
coating have been verified after recovery of severe damages and the further
exposure to corrosive environment. A complete self-healing cycle, including a
tirst heating at 120°C to achieve a uniform morphological healing, followed by
annealing at 90°C for full restoration of mechanical properties, resulted in re-
establishment of coating protective efficiency against saline solution corrosion.

Spectroscopic, mechanical and Electrochemical Impedance Spectroscopic
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investigations confirmed the self-healing via recombination of Diels-Alder
adducts and the following crosslinking restoration.

Regarding the use of resin as a composite matrix, the ability to recover damages
after a cohesive failure has been investigated by interlaminar shear strength
(ILSS): mode II fracture loading has been studied by performing the End Notch
Failure (ENF), while the interlaminar critical strength by Short Beam Shear (SBS)
tests. The efficiency, measured as interlaminar critical strength and as critical
energy for mode II delaminations, is in both cases about 90%.

Finally, a smart interface was implemented, in order to obtain a composite
material able to recover delaminations and debonding, by exploiting Diels-Alder
bonds present in the resin bulk and at fiber interface.

The procedure to measure the fiber-matrix interface strength and self-healing
efficiency, based on a thermo-mechanical analysis (micro-droplet pull-out test),
revealed the increase in IFSS for the pristine system (+92%) and an effective self-

healing, retaining 37% in IFSS after one test/SH cycle and 15% after two cycles.
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7.2. Perspectives

The synthesized materials show self-regeneration functionality and robust
reprocessing capacity guided by molecular interconnections based on dynamic
bonds.

This would allow the development of reengineered FRP, also carbon fiber
composites, combining the ease of processability typical of thermosetting
materials with the reworking / recycling capacity typical of thermoplastics.

By modulating the composition of the hybrid system, an effective separation of
the matrix and the reinforcement phase would be possible, and the fillers and
monomers could be reused, thus leading to good environmental sustainability.
Furthermore, by transferring the same concept to other systems, such as nano-
composite materials, a similar molecular interconnection would allow
sustainable nanocomposite technology to find applications, such as systems of
damage-resistant materials, in the fields of flexible electronics, micro -devices

and intelligent structures.
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