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Abstract

The healing behavior of a dynamically reversible covalent polymer network with a T4 of 3 °C,
based on the reversible Diels-Alder (DA) cycloaddition between furan and maleimide
moieties is reported, for both room-temperature and heating-mediated healing. In previous
work the dynamic character of the DA cycloaddition reaction in a polymer network was
studied, those findings are used to understand its healing ability. The recovery of mechanical
properties by intrinsic healing is studied by Dynamic Mechanical Analysis, quantifying the
loss in properties due to incurred damage and assessing their recovery with respect to the
original material. The DA cycloadduct bonds in the network can be mechanically activated to
autonomously heal damage at room temperature if the damage surfaces remain activated. If
the damage surfaces are not brought in contact fast enough they reestablish equilibrium
(aging) and lose their autonomous healing potential. In the latter case, only heating-mediated
healing can occur, reactivating the healing ability. Controlled damage formation and
subsequent sealing of the damage of network coatings is monitored by Atomic Force
Microscopy and optical microscopy. The repeatability for both mechanical activation, studied
by tensile testing, and thermal cycling, studied by Differential Scanning Calorimetry, is
reported.

Keywords: Self-healing efficiency, Diels-Alder reaction, dynamic covalent polymer network

1. Introduction
Until recently material systems and structures were designed according to the ‘damage
prevention’ principle, making them stronger to prevent the occurrence of damage and
ultimate failure. In the last decade there has been a shift towards the ‘damage management’
strategy for the design of new, smart material systems that are able to actively and

dynamically manage damage instead of only preventing damage in a passive and static
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manner [1,2]. Self-healing materials are a class of smart materials that possess the ability to
completely or partially “heal” or repair functional properties after damage [3]. Two types of
self-healing materials can be distinguished. Extrinsic self-healing materials are based on a
healing mechanism that is not inherent to the material. Common examples are the use of
microcapsules [4-7], fibers [8] and vascular systems [9-11] to store or transport healing
agents. Conversely, intrinsic self-healing materials possess a built-in healing mechanism. The
mechanism responsible for the healing action is activated by a trigger [12], such as heat, light
and mechanical force. Ideally, the force or stress causing the damage itself would activate the
healing action, without the need for an active external intervention. Such systems are referred
to as “autonomous” healing systems. This classification is ambiguous since it is possible that
under certain conditions a healing system classified as autonomous may not behave
autonomous at all. Conversely, material systems that are not generally classified as
autonomous may still exhibit healing if environmental triggers, such as heat or light from the
sun are present.

For a self-healing material to achieve an efficient recovery of the functional properties after
damage, in general, a number of conditions need to be met and several steps can be identified
during a healing event. First, the damage formation and/or the associated loss of properties
need to be sensed by the smart material system for the healing mechanism to be activated.
Second, the created damaged volume needs to be efficiently sealed in order to achieve
successful healing. Two complementary mechanisms will aid an efficient filling of the
damage volume: (i) sufficient mobility to fill the damage volume; (ii) mechanisms that
minimize the damage volume, such as, elastic recovery [12,13] and shape-memory [14,15]
that can assist in sealing the damage site by bringing the damage surfaces closer together.
Finally, once the damage is sealed, the material properties need to be recovered. In some
cases the functional properties are recovered in parallel to the sealing of the damage. In other
cases the recovery of the functional properties happens in a separate final step, especially
when a considerable degree of mobility is required to cover large damage volumes [16]. The
recovery of the functional properties should be fast, but not too fast, to provide enough time
to completely seal the damage [17,18].

Reversible covalent bonds are being used to create intrinsic self-healing materials that can
theoretically be healed an infinite number of times on the condition that the reversible bonds
responsible for the healing action would not be depleted. Several reversible covalent bonds
have been used to design self-healing materials, examples of these are ester exchange [19],
C=N exchange [20], disulfide exchange [21], radical exchange [22,23], anthracene
photodimers [24,25] and the Diels-Alder reaction [26-28]. It has been demonstrated in earlier

work how reversible networks based on the Diels-Alder reaction can achieve heating-



mediated healing of microscopic damage for coating applications [13,29] and for the
development of various types of self-healing robotic actuators [30—-32].

An important requirement for self-healing polymer networks based on reversible covalent
bonds to become autonomous, is that the damaging force preferentially breaks the reversible
bonds, rather than the irreversible covalent bonds. Equally important is that after the
mechanical breaking of the dynamic covalent bonds, these broken bonds are readily available
to form new covalent bonds and are not consumed in side reactions. A reversible polymer
network based on Diels-Alder covalent bonds using an amorphous bismaleimide and a furan
functionalized compound (called F400-ABMI400) was reported [33]. In that work the
kinetics and equilibrium thermodynamics of the Diels-Alder reaction were studied and are
shown in Table 1. It was concluded from thermodynamics that the reversible s-bonds formed
during the Diels-Alder cycloaddition reaction between furan and maleimide functionalities
are much weaker than typical C-C bonds. Thus, this system was proposed as an excellent
candidate for autonomous self-healing polymer network applications. In this paper, the design
and interpretation of the self-healing experiments is performed taking into account these

earlier results.

Table 1. Kinetic and equilibrium parameters for the F400-ABMI1400 polymer network [33]

Kinetic parameters

In Apa (kg mol? s?) 11.7
Epa (kI mol 1) 53.9
In Arpa (s) 28.3
Erpa (kJ mol?) 105.7

Equilibrium thermodynamic parameters

AH° (k] mol ) -51.8

AS°® (3 molt K -138.0

For the evaluation of this reversible polymer network several aspects need to be taken into
consideration. Together with the ‘damage management’ design principle also the
methodology to study and characterize this new class of smart materials needs adjusting.
Several tests and techniques evaluating the healing efficiency are documented in literature
[3,4,7,12]. However, most attention is focused on the recovery of mechanical properties after
healing, without a detailed knowledge of the physical, chemical and morphological behavior

of the underlying healing mechanism. This issue has been addressed in a review paper



highlighting the importance of the combined use of monitoring and characterization

techniques [34].

Multiple definitions to quantify ‘healing efficiency’ 7 have been reported in literature. The
most common and most intuitive definition is given in Equation 1, relating the functional
properties of the damaged or partially healed material X(t) to the initial properties X(0), prior
to damage [3,4,12]. It serves as an indicator for relative or normalized properties. The main
drawback of this definition is that this so-defined ‘healing efficiency’ depends on the
magnitude of the damage with respect to the initial properties of the material. This leads to
misleading interpretation of results, e.g. if the modulus is only reduced by 10 % upon
damaging the sample, this ‘healing efficiency’ starts already at a value of 90 %. It is most
useful in the case where failure is studied with complete loss of functionality. The second
definition for healing efficiency (Equation 2) can be understood as the recovery of a certain
functional property X, expressed as the recovery of a certain degree or level of damage [7].
This definition is less dependent on the magnitude of the damage and allows comparison
between materials or systems with different initial properties, as its value goes from 0 % for
the initially damaged material to 100 % after complete healing of the damage.

_X@® Equation 1
=%
_ X(t) - Xdamage Equation 2

= X(O) - Xdamage

In this paper the combined use of mechanical analysis, microscopy, and thermal analysis
techniques is proposed to study the healing behavior and quantification of the healing
efficiency of the reversible covalent Diels-Alder network F400-ABMI400 for both
room-temperature and heating-mediated self-healing.

2. Materials and Methods
A poly(propylene glycol) bis(2-aminoproyl ether) Jeffamine D series amine hardener with a
degree of polymerization n = 6.1 and a molar mass of 430 g mol? (J400) was supplied by
Huntsman. Furfuryl glycidyl ether (FGE, 96 %) was purchased from Sigma Aldrich and
stored at 4 °C. Poly(propylene oxide) 400 bismaleimide (ABMI400) with a degree of
polymerization n = 6.1 and a molar mass My= 613.4 g mol® was obtained from Specific

Polymers and stored under inert atmosphere. All products (Figure 1) were used as received.
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ABMI400 (n =6.1)
Figure 1 Compounds for the synthesis of the dynamically reversible polymer network F400-
ABMI400.

2.1.Synthesis
The thermally reversible covalent polymer network systems were created using a two-step
procedure, as described in earlier work [33]. First, the furan functionalized compound F400
was synthesized by mixing a 50% excess of FGE with J400 at room temperature. The mixture
was left in a closed flask at 80 °C during 5 days for the irreversible epoxy-amine reaction to
take place. Afterwards, the excess of FGE was removed in vacuum at 110 °C for two days

and a four-functional furan compound was obtained.

In the second step the tetrafunctional F400 component was mixed and reacted with the
ABMI400 bismaleimide in stoichiometric quantities to create a covalent polymer network
structure, linked together by means of the Diels Alder active bonds (see Figure 2). Samples
for Atomic Force Microscopy and Optical Microscopy where made by casting the mixture on
glass slides, and placing a Teflon sheet on top to guarantee a flat surface, samples were left to
cure at room temperature for 5 days [33]. Samples with uniform thickness of 1 mm and a flat
surface finish were produced for DMA experiments by reacting the mixture between Teflon
plates, the formation of the dynamic bonds was sped up by first reacting the monomer
mixture at 60 °C for 12 hours and then finishing the reaction at room temperature for 3 more

days.



Figure 2 DA and retro DA reaction in the polymer network F400-ABMI400. The reversible

covalent bonds are shown with dotted lines.

2.2.Sample preparation and Characterization

Dynamic Mechanical Analysis and Tensile Testing. Mechanical measurements were
performed on a TA Instruments Q800 Dynamic Mechanical Analyzer, equipped with a Gas
Cooling Accessory (GCA) cooling system. All measurements were performed in tension
using the Film/Tension set-up from TA Instruments. Dynamic isothermal measurements were
performed at a frequency of 1 Hz and a strain amplitude of 0.1 %. Static stress-strain curves
were acquired at different rates ranging from 0.1 to 10 MPa min™.

Rectangular DMA specimens of about 5.5 mm wide were created from a 1 mm thick sheet of
material. The specimens were damaged in-situ, still mounted in the DMA set-up, using a
scalpel blade. Different types of damage were considered, always applied in the cross-section
of the sample specimen. The tensile testing specimens were stored at a temperature of 30 °C
to ensure the same thermal and chemical equilibrium for all samples. Still, the mechanical
properties vary by about 10 % due to the experimental conditions (clamping effects, the
measuring conditions ...) and due to small temperature fluctuations during testing, resulting
in changes in the reaction equilibrium and the subsequent mechanical properties. In addition,

the reference temperature of 30 °C is at the upper end of the glass transition region of the
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network F400-ABMI1400, increasing the temperature sensitivity of the mechanical properties
(viscoelastic contribution instead of pure entropy-elastic behavior).

Atomic Force Microscopy. AFM measurements were performed using an Asylum Research
MFP-3DTM AFM equipped with an Olympus AC160TS-E2 AFM tip for imaging (Tapping
Mode) and nanolithography (calibrated spring constant of 35.60 N m™). The samples were
given in-situ temperature treatments inside the AFM, using the Asylum Research
HeaterCooler stage that allows heating up to 120 °C and cooling to - 20 °C at rates up to 120
°C mint. All AFM topography measurements were carried out at 20 °C.

Optical Microscopy. A Byomic BYO ST340 (7x-45x) stereomicroscope was used, equipped
with a Bresser MicroCAM 3.0 MP camera and a Mettler Toledo FP82HT hot stage to allow
in-situ heating of the samples. The samples for optical microscopy were cast onto glass slides
and were examined in transmission mode.

Differential Scanning Calorimetry. The reversibility/repeatability of the DA reaction was
evaluated by differential scanning calorimetry (DSC) in a TA Instruments Discovery DSC.
The procedure involved heating a sample prepared at room temperature (at equilibrium) to
120 °C for 10 min to reach the new equilibrium condition. Afterwards, the sample was cooled
at 20 °C minto 50 °C and the reformation of the network was followed at this temperature in
isothermal conditions during one hour. Ten cycles of this protocol were performed on the
same sample to study the repeatability of the thermal activation.

3. Results
3.1. Dynamic character of the reversible Diels-Alder cycloadduct bonds
In previous work [33], the Diels-Alder kinetics and thermodynamics have been thoroughly
investigated for the F400-ABMI400 network (Table 1). The dynamic character of the
reversible Diels-Alder reaction can be understood by means of two time constants: the
relaxation time ta (Equation 3) and the cycloadduct lifetime t.oa (Equation 4). The Kinetics
of the forward and reverse Diels-Alder reactions increase with temperature, resulting in a
decrease in the values of the time constants as shown in Figure 3. The relaxation time tpa is
linked to the time necessary to restore the reaction equilibrium in the case of an off-
equilibrium situation. This off-equilibrium situation exists in many cases, such as during the
production process, after suddenly heating or cooling the material at high heating or cooling
rates or when the reversible bonds are broken by mechanical force. In order for the dynamic
reversible character of the Diels-Alder reaction to be practically useful for self-healing
applications, the time needed to close or seal damage should be much smaller than the

relaxation towards reaction equilibrium.



The cycloadduct lifetime tpa is the time an adduct bond is persisting at equilibrium before
cleavage and gives an idea about the dynamic character of the bonds at a certain temperature.
Heating-mediated healing is based on the decrease in the adduct lifetime and the increase in
the dynamics of the Diels-Alder reaction with increasing temperature. The flow behavior of
the reversible network at elevated temperature can be explained accordingly (see [33]) which
is linked to the sealing ability to close a gap between surfaces after damage (see § 3.4).

- 1 _ 1 Equation 3
PA 7 kpa([Fle + [Mle) + krpa  2kpalFle + Krpa

S [DA]le 1 Equation 4
A kepalDAle  Krpa

Time constant / s

1-E_01 -I 11 : 111 : 11 1 : 111 : 11 1 : 111 : 111 : 111 : 11 1 : 11 1
0 20 40 60 80 100 120 140 160 180 200
Temperature / °C

Figure 3 The relaxation time toa (solid line) for the reversible Diels-Alder equilibrium and the

cycloadduct lifetime toa (dashed line).

3.2.Room-temperature healing of fresh damage surfaces in bulk

The thermal reversibility of the network forming reaction (gelation and de-gelation) was
reported for a number of different polymer networks based on four functional furan
compounds, reversibly cross-linked using crystalline [29,35] and aliphatic bismaleimides
[33]. This reversible network formation was then used to develop self-healing materials for
various applications, using heating-mediated healing [13,29-32]. In current work the
emphasis is on the restoration of the mechanical properties of the reversible polymer network
systems, without the need of heat as an external trigger.



In the scope of the evaluation of the self-healing ability of the F400-ABMI400 system at
room temperature, the recovery of the mechanical properties was assessed using DMA.
Different types and magnitudes of damage were considered. Figure 4 shows the different
types of damage considered in this work. Horizontal incisions were made into rectangular
tensile testing specimens, either leaving the two sides (a) or one side (b) of the specimen
attached. In addition, the complete failure of a tensile testing specimen was studied (c), either
by cutting the entire cross-section of the specimen or by loading the specimen until failure.
The location of the damage and the magnitude of the damage will have a strong influence on
the degree to which the mechanical tensile properties are lost. An incision damaging 50 % of
the cross-section leaving two sides attached will result in a much smaller loss of mechanical

properties than an incision made from the side, only leaving one side attached.

Figure 4 Damage types: (a) incision in the middle of the specimen, (b) incision from one side
of the specimen and (c) failure over the entire cross-section. Damage types are shown in

relaxed (solid contours) and strained (dotted contours) states.

Sample 1 was damaged in the middle, leaving the sides of the sample attached (Figure 4(a)).
A horizontal cut was made using a razor blade, severing the cross-section of the specimen for
40 %, resulting in a 12 % loss of the storage modulus in tension E’ (measured at 1 Hz and
0.1 % strain) and a decrease of 16 % of the Young’s modulus E (measured at 0.1 MPa min
and calculated at 1 % strain). All measurements were performed at a reference temperature of
30 °C to ensure that the material is always at thermal and chemical equilibrium at the same
temperature, allowing comparison of the properties prior to damage, after damage and during
healing. The damaged surfaces of the sample specimen were immediately brought back in
contact under mild pressure and allowed to heal for certain amounts of time inside the DMA.
After healing, the mechanical properties of the specimen were measured. The results are
presented in Figure 5 (left), showing the evolution of the storage and Young’s moduli as a

function of the healing time. The storage modulus recovers quickly to the original value. In
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the first 30 min 75 % of the loss is recovered. The healing efficiency is calculated based on
Equation 2, allowing a more reliable physical interpretation than the more common definition
of healing efficiency in Equation 1. After 3 hours the storage modulus reaches its original
value. The Young’s modulus takes longer to recover. After 30 min about 51 % is recovered.
The observed differences in recovery behavior between dynamic storage and Young’s moduli
are due to the different strain levels and measuring conditions in general (dynamic vs. static
mode). In dynamic measurements a small oscillatory displacement is applied to the sample,
whereas, in stress-strain measurements a continuous increasing load is applied. It was noted
that the activated damage surfaces showed initial stickiness, quickly recovering the broken
bonds locally. The small oscillatory strain of 0.1 % is expected to be less destructive than the
strain levels of several % for the stress-strain curves from which the Young’s modulus is
calculated (at 1 % strain), whilst also being less sensitive for macroscopic damage and
healing evaluation, resulting in higher recovery efficiencies and rates than the static tensile
testing method. It should thus be concluded that the stress-strain measurements provide a
stricter evaluation of the recovery efficiencies and rates of the mechanical properties and
longer healing times are required to recover the mechanical properties for larger
deformations.
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Figure 5 (left) Storage modulus in tension (solid markers, at 1 Hz and 0.1 % strain) and
Young’s modulus (empty markers, at 1 % strain and 0.1 MPamin?) during healing of
Sample 1 at a reference temperature of 30 °C. The recovery of properties (markers) is
compared to the initial properties (horizontal short (E’) and long (E) dashed lines) as a
function of the healing time. (right) Stress-strain curves of Sample 2 prior to damage (solid
line), after damage (dotted line) and after two consecutive healing cycles of 48 h (long dashed

line) and 45 h (short dashed line), measured at 0.1 MPa min™,

Sample 2 was cut horizontally from one side (Figure 4(b)), severing about 80 % of the cross-

section, resulting in a 50 % reduction of the Young’s modulus. Figure 5 (right) shows the
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stress-strain curves of the undamaged (solid line) and damaged (dotted line) specimen. Right
after the damaged properties were measured, the damage surfaces were brought into contact
and the sample was allowed to heal for 48 h at 30 °C. The stress-strain curve of the healed
sample (long dashed line) shows that at strains up to 12 % the curve follows the curve of the
undamaged sample. At a load of 0.22 MPa the scar of the damage opened up again
(rupturing) and the measurement was stopped. A subsequent healing cycle of 45 h results in
similar behavior, recovering the load-displacement properties of the original material until

10 % strain and a load of 0.19 MPa where the scar ruptures again.

These observations of self-healing behavior of the polymer network F400-ABMI1400 at room
temperature, as shown in Figure 5, can be explained assuming that the reversible covalent
Diels-Alder bonds between the furan and maleimide moieties are weaker than the irreversible
covalent bonds inside the polymer chains, as was concluded from thermodynamics in [33].
When a force is exerted onto the polymer chains the reversible bonds will break
preferentially, creating free furan and maleimide moieties (mechanical activation). These free
reactive groups are readily available at the damage surfaces. When the damage surfaces are
brought back into contact the furan and maleimide groups at the surfaces react with each
other to create new bonds, replacing the broken bonds and repairing the damage.

3.2.1 Repeatability of room-temperature healing

Figure 6 shows the results of Sample 3 that was tested until failure at 10 MPa min™,
Immediately after failure, the damaged surfaces were brought back into contact (see damage
condition of Figure (c)) and were allowed to heal for 4 days at 30 °C, after which the sample
was tested again until failure. At 30 °C the relaxation time mpa (Equation 3, solid line in
Figure 3) for the Diels-Alder equilibrium is of the order of 4 10* s or approximately 12 hours
[33], meaning that after 4 days at 30 °C the equilibrium should have been restored for
99.97 % (8 times the relaxation time). Seven consecutive healing cycles show excellent
repeatability of the healing ability at room temperature. The repeatable self-healing of the
F400-ABMI400 polymer network at room temperature, quantified in Figure 6, is
demonstrated in the snapshots of Video 1 (electronic version, see link). The images show how
a tensile testing specimen was cut into two pieces by a scalpel knife (images A through C).
Immediately after the sample was cut the pieces were brought back into contact at room
temperature (images D through F). Without the need to increase the temperature, the two
pieces reconnect very well, even under the application of a small strain (image G). The
application of excess force on the sample results in the failure of the newly formed bonds at

the scar of the previous damage (image H). The two pieces are reconnected a second time
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(image 1), demonstrating the repeatability of the mechanical activation at room temperature.
The recovery of the storage modulus after complete failure amounts between 87 and 98 % for
the different healing cycles (see Figure 6 (right)). It can be concluded that indeed the
dynamically reversible bonds are broken preferentially, allowing excellent recovery of the
mechanical properties for multiple times.

However, it should also be noted that the mechanical properties are only recovered until a
certain critical load at which the scar of the damage tends to rupture again. In this case the
critical rupture stress was about 40 % of the stress at break of the original specimen, while
50 % of the strain at break could be reached. If the healing efficiency is evaluated by
comparison of the toughness of the test specimen, calculated by integration of the stress-strain
curves relative to the test bar before damage, these toughness efficiencies are much lower
than the ones calculated from the storage moduli (values of maximum 23 % after the first
healing cycle, see Figure 6 (right)). The stress and strain at break are limited due to the
limited healing time of about 4 days for each cycle. The healing times used in this study are
sufficiently long to reestablish the chemical equilibrium state at 30 °C, creating bonds across
the damage surfaces as the surfaces are brought back into contact. However, the healing
efficiency might be limited by topological network effects. Defects and stresses may remain
at the scar of the damage where the surfaces are not brought into good contact, resulting in a
quicker stress build-up and earlier failure of the sample specimen. Furan and maleimide
groups, resulting from the mechanical activation of cycloadduct bonds, deeper inside the
material or at voids between the damage surfaces will react to neighboring groups and will
not create new bonds across the damage, giving rise to crosslink density fluctuations in the
zone of damage. These remaining differences in crosslink density at the damage scar require
much longer times to vanish, equaling several times the lifetime of the cycloadduct bonds t.pa
which is about 8 10° s or 222 hours at 30 °C. Longer healing times will probably result in
higher toughness efficiencies by network rearrangements. Stress relaxation dynamics for

adaptive covalent networks are highlighted in [36].
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Figure 6 (left) Stress-strain curves of Sample 3 prior to damage (solid line) and after
consecutive healing cycles of several days (dotted and dashed lines), until fracture of the
tensile testing specimen (10 MPa min=). (right) Young’s modulus (black), strain at break
(light grey), stress at break (dark grey) and tensile toughness (empty bars), relative to the

pristine material properties, for consecutive healing cycles.

Video 1 Demonstration of the self-healing property of the F400-ABMI1400 polymer network at

room temperature [LINK].

3.2.2 General requirements for room-temperature healing
The requirements, together with certain limitations, to create the ability to autonomously heal
damage at the same temperature as the damage occurred (in this case room temperature) can

be summarized as follows:



1. A sufficiently large amount of reactive furan and maleimide groups needs to be available
to react via the DA reaction across the damage surfaces. This excess of functional groups
(against the equilibrium condition at room temperature) is created by preferential
mechanical activation and bond rupture of the weaker reversible covalent Diels-Alder
bonds between furan and maleimide moieties. A higher local concentration results in
faster reaction kinetics of the forward bond-forming reaction and more efficient bond
formation across the damage surfaces.

2. The contact between the damage surfaces needs to be made in a sufficiently short time
interval for the free reactive groups to be able to react and repair the damage. The time to
close the damage (tciosure) Should be sufficiently shorter than the relaxation time constant
of the equilibrium reaction (tcoswe < Tpa) tO prevent restoration of equilibrium by
consuming the excess of furan and maleimide groups at each damage surface, i.e. fresh
damage surfaces should be available and aging of damage surfaces after mechanical
activation should be avoided (see also discussion of Figure 7 (left) in § 3.3).

3. A good contact needs to be made and maintained between the damage surfaces to
guarantee effective repair of damage and recovery of mechanical properties. The size,
geometry and location of the damage will be crucial for the healing efficiency, especially
for macroscopically damaged samples (see Figure 4). The gap between damage surfaces
can be closed by applying mechanical stress (mechanical sealing) or by heating (flow-
induced thermal sealing). The larger the damage volume the higher the ‘mobility’ needed
to efficiently close the damage. Additional mechanisms such as elastic recovery and
shape-memory aid the healing action by bringing the damage surfaces closer together
[37,38]. In addition, scratches at the surface of a coating and cracks inside the bulk of the
material will require a different sealing mechanism and level of mobility to seal the
damage volumes (see further discussion in § 3.3.1).

4. The mobility of the polymer chains at the surfaces needs to be high enough for the
reactive groups of the broken chains to find a new reaction partner and to create bonds
across the damage area. Restrictions to the mobility of the chains, such as vitrification at
or below the T4 of the network, will impede or at least substantially slow down the
healing action. For this ABMI400-F400 network this is not an issue given that the self-
healing experiments are being performed at room temperature while T4 of the network is

3 °C in these conditions.

3.3. Heating-mediated healing of aged damage surfaces in bulk
A fresh tensile testing specimen of the F400-ABMI400 network (Sample 4, Figure 7) was

damaged from the side reducing 60 % of the cross-section (see Figure 4(b)), resulting in a
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loss of properties of about 50 %. The freshly cut surfaces were kept apart under mild tension
for 12 h (allowing aging of the separate damage surfaces towards equilibrium). Afterwards,
the aged surfaces were brought into contact again under minimal pressure in order to heal at
30 °C. The evolution of the storage modulus after aging is shown in Figure 7 (left) as a
function of the healing time (24 h). The aged surfaces do no longer show the ability to heal
the damage at 30 °C on the time scale tested. When the damage surfaces are kept apart for 12
h, the furan and maleimide functions react locally, reestablishing the equilibrium at both
surfaces separately. The aging time of 12 h equals the relaxation time tpa at that temperature,
meaning that the off-equilibrium state at the damage surfaces has recovered for 63 %. The
healing efficiency for the room-temperature healing of these aged surfaces still reaches up to
10 % after 24 h (Figure 7 (left)). Without sufficient furan and maleimide groups available to
react at the surfaces the damage could still heal very slowly, depending on the dynamically
reversible character of the bonds at the actual temperature. At 30 °C, however, the lifetime of
the reversible bonds tpa (Equation 4, dashed line in Figure 3) is in the range of 8 10° s, which
is approximately 222 hours [33], meaning that the equilibrium network at 30 °C is not really
dynamic. Considering this adduct lifetime tpa complete healing of aged surfaces cannot be
achieved within a reasonable and practically acceptable time frame.

In previous work, thermally reversible polymer network systems were heated to higher
temperatures (e.g. 80 °C) to create the necessary mobility to heal microscopic damage in
coatings [13,29] or macroscopic damage in robotic actuators [30-32].

In a similar way, to be able to heal the aged damage surfaces of Sample 4, the damaged and
aged specimen was heated to 80 °C for 4 h while keeping the cut surfaces apart in the DMA
set-up. After this heating step, the heat-treated damage surfaces were brought into contact
again under minimal pressure and the sample was allowed to recover at 30 °C for several
hours. Increase of temperature as an external trigger results in an increase of the kinetics of
both forward and reverse reactions and a subsequent decrease in the relaxation time and
adduct lifetime (Figure 3). More free furan and maleimide groups are formed as the

equilibrium shifts to the breaking of the adduct bonds, which are then available to form new

covalent bonds to repair the damage at ambient conditions. tr-addition—as-the-equitibrium

damage—After the heat treatment for 4h at 80 °C equilibrium is reached at 80 °C at both
separated damage surfaces (see data of Figure 3). However, the F400-ABMI400 network
system goes out of equilibrium in the cooling step from 80 °C to 30 °C because the kinetics
are too slow to follow the temperature decrease at normal cooling rates (see Figure 4 in [33]).
In this case the time to cool and close the heat-treated damage is sufficiently short to prevent

immediate restoration of equilibrium at 30 °C (see requirement 2. of § 3.2.2), i.e. ‘fresh’
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damage surfaces are recreated by the heat treatment with an excess of free furan and
maleimide groups (see requirement 1. of 8 3.2.2), and heating-mediated healing of aged
damage surfaces can occur as illustrated in Figure 7 (right).
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Figure 7 Storage modulus (solid markers, 1 Hz and 0.1 % strain) and Young’s modulus
(empty markers, 1 % strain and 0,1 MPa min) of the damaged Sample 4 (damage surfaces
aged for 12 h), compared to the original values prior to damage (horizontal short and long
dashed lines, respectively). (left) Discontinuous measurements of modulus at 30 °C, showing
no healing of aged damage surfaces. (right) Recovery of storage modulus, continuously
monitored for 30 h at 30 °C, after heating to 80 °C for 4 h of aged damage surfaces. The

healing efficiency (empty rhombii and dotted lines) is calculated using Equation 2.

healing time of several hours at 30 °C is sufficient to shift the equilibrium back to the

formation of the adduct bonds, thus reestablishing the mechanical properties of the network.
Figure 7 (right) shows the evolution of the storage modulus (solid markers) and the Young’s
modulus (empty marker), after heating of the aged surfaces. After about 30 hours at 30 °C,
both the storage and Young’s moduli have recovered to the original values (dashed lines),
resulting in healing efficiencies of 104.7 % and 94.5 %, respectively. Note that the exact time
needed to recover properties will also depend on the quality of the surface contact (see
requirement 3. of § 3.2.2) and on stress relaxation phenomena in the damage area of the heat-
treated damage surfaces after closing the gap [36]. Experimental healing efficiencies slightly
higher than 100 % could be explained by small differences in the cross-link density of the

material due to minor differences in the environmental temperature, the residence time at that
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temperature and resulting differences in the chemical equilibrium of the Diels-Alder reaction.
In addition the relative error on the modulus determination in DMA is of the order of several
%.

Both room-temperature healing and heating-mediated healing of the bulk samples in this
work were performed at temperatures well below the de-gelation temperature of the
ABMI400-F400 polymer network (de-gelation occurs between 90 °C and 115 °C [33]). The
solid-like behavior in these conditions is important for both coating and structural
applications to preserve the geometrical integrity of the material object while healing the

incurred damage.

3.3.1 Microscopic evaluation of heating-mediated sealing of network coatings

Microscopy techniques are often used to monitor and visualize the formation of damage and
subsequent sealing. Scanning Electron Microscopy [4,39,40], Atomic Force Microscopy [13]
and optical microscopic techniques such as Laser Scanning Confocal Microscopy [41] are
used for this task. In this work AFM and optical microscopy techniques are combined to
provide information about the sealing of microscopic and macroscopic damage in F400-
ABMI400 network coatings.

The nanolithography option of the AFM used in this work allows the application of user-
defined patterns on a sample surface using a well-defined force, after the acquisition of the
topography of the sample surface. This way, the surface of the sample can be damaged in a
controlled and reproducible manner [13]. Scratches of about 5 um long, a micrometer wide
and close to half a micrometer deep are made in a 200 um thick coating of the F400-
ABMI400 reversible covalent polymer network (see line scans in Figure 8, top left, solid

line).
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Figure 8 Depth profiles (top left) and sealing efficiency (top right) of the scratch in coating of
F400-ABMI1400 network made by nanolithography and assessed using Atomic Force

Microscopy, as shown in the topography images (bottom) for the fresh scratch (A) and during
sealing of the damage at 80 °C for (B) 1 h, (C) 3hand (D) 7 h.

After the material was damaged the healing mechanism needs to be activated. In this first step
of the self-healing process, the necessary mobility needs to be created to fill and seal the
created damage volume. Using the in-situ heating stage, the damaged sample is heated to 80
°C for 1 hour to induce the retro DA reaction. As the retro DA reaction proceeds furan and
maleimide moieties become available and mobility is increased within the system. After the
first heating step the sample was cooled to monitor the sealing effect at that stage (see
Figure 8B). With only 1 hour at 80 °C the depth of the damage has clearly decreased from
0.34 um to 0.22 um. Further heat treatment of two more hours at 80 °C leads to a bigger
closure of the defect reducing the depth to less than 0.1 um (Figure 8C). Heating the sample
four hours more makes a further reduction of the defect to 0.05 um, very close to the initial
surface level. The AFM traces in Figure show how the surface of the sample changes during
the whole process, showing that at the end of the thermal treatment the surface is almost as
smooth as the non-damaged part. From the depth profiles, it can be noticed how upon heating
the defect becomes wider and less deep, until it evens out with the rest of the material. The
mobility gained by the network by heating to 80 °C was enough to fill a defect of this size.
This is an important observation taking into account that at 80 °C the material still exhibits
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solid-like behavior with network properties according to previous studies [33], meaning that
sealing of this size of damages is possible without the need for the material to flow viscously,
retaining the structural integrity of the coating.

In this stage the sealing step can be quantified as a ‘sealing efficiency’, 7sa, determined by
the amount of damage volume that is sealed Vsaiq, relative to the initial damage volume
Vaamage, given by Equation 5. This equation can be derived from the property recovery healing
indicator (Equation 2), considering that the sealed volume Vseaieq is equal to the initial damage
volume V(0) minus the damage volume V(t) at a certain time t. The evolution of 7 is sShown

in Figure (top right).

Vsealed V(t)
Nseal = =1-
Vdamage V(O)

Equation 5

As shown, the sealing ability of the studied thermally reversible network becomes more
efficient and faster as the mobility increases at 80 °C. This works very well for the pum-scale
scratches as applied by nanolithography; however, if the damage becomes too big or too
much material is removed from the damage area in the coating, the sealing step becomes
more difficult.

Optical microscopy images in Figure 9 show the sealing of a scratch made in a 200 um thick
coating. This time the depth (200 um) and width (125 um) of the scratch are of about the
same magnitude as the thickness of the coating itself (see Figure 9A). Using the same
temperature treatment at 80 °C during 4 hours, as previously shown for the AFM lithography
scratches, results in very little sealing of the wider scratch due to the large gap that needs to
be covered (see Figure 9B). In the next step the sample was heated at 0.5 °C min from 80 °C
to 120 °C, following the Diels-Alder equilibrium [33], to determine the temperature at which
the mobility of the sample was enough to seal the scratch. At 90 °C no significant further
sealing was observed (see Figure 9C); however, at 100 °C the narrowest parts of the defect

were sealed by a mechanism known as stitching (see Figure 9D).
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Figure 9 Optical microscopy images of the sealing of a 125 um wide scratch in a 200 pm thick
coating of F400-ABMI400 network: (A) the initial scratch; (B) 4 hours at 80 °C and
subsequently heated at 0.5 °C min to (C) 90 °C; (D) 100 °C; (E) 110 °C and (F) 120 °C.

From a temperature of 110 °C on, enough mobility is created to partially remove the applied
damage volume, including the lines on the surface of the coating, caused by the production
process of the coatings (see Figure 9E). This is consistent with the viscoelastic behavior of
this F400-ABMI400 system. Increasing the temperature to 120 °C even further allows
complete filling of the damage volume, after the network has been broken down and the

material starts to show viscous flow behavior [33].

The microscopic evaluation shows how damage is sealed by filling the created damage
volume. As the defects in a coating are sealed, the functional properties of the coating, such
as barrier protection against e.g. corrosion of the underlying substrate, are only completely
recovered if the mechanical properties of the coating are restored to their original values. This
will occur upon cooling, as the Diels-Alder adducts reform and equilibrium at room
temperature is reached again.

3.3.2 Repeatability of thermal cycling in heating-mediated healing

The repeatability of mechanical breaking (see § 3.2.1) and thermal breaking of furan-
maleimide Diels-Alder cycloadduct bonds is a key factor for the use in self-healing materials.
The aim is to design self-healing materials that can heal multiple times and show full
recovery of their functional properties after each healing cycle.

The thermal reversibility of the Diels-Alder reaction has been well-established. In bulk

applications however the upper limit for the reversibility is a more pressing issue, as side
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reactions of the maleimide functional group may take place at elevated temperatures
(homopolymerization and Michael addition reaction) [42]. The thermal stability and
repeatability of the bond breaking and reforming processes was studied using DSC. A sample
of the F400-ABMI400 dynamic covalent polymer network system was subjected to thermal
cycles of 10 min at 120 °C (long enough for the system to reach equilibrium at this
temperature by breaking of the Diels-Alder bonds), followed by subsequent cooling to 50 °C
to reform the broken bonds. During each isothermal segment at 50 °C the forward DA
reaction (an exothermic process) of the network formation is monitored by DSC. Figure 10
shows the experimental heat flow signals of the 1st, 9" and 10" cycle during the isothermal
reforming of the bonds at 50 °C. The heat flow during the bond formation process is
proportional to the conversion rate of the Diels-Alder reaction (Equation 6), which in turn
depends on the conversion x(t), the initial concentration of the furan and/or maleimide
functional groups and the rate constants for the forward and retro Diels-Alder reactions, kpa
and kipa, respectively, as shown in Equation 7 [33]. The heat flow signals after subsequent
heating cycles lie consistently on top of each other. This is an indication that the conversion
rate is still the same after multiple cycles, meaning that the reaction is still fully reversible
after at least 10 thermal cycles between 120 °C and 50 °C. These experimental results are
confronted with a simulation (dashed black line in Figure 10) based on the kinetic parameters
of Table 1 [33], showing a good agreement between the experimental and simulated data.

QW _, . &x(©)

= Equation 6
dt r dt q
dx(t ]
% = kpalFlo(1 — x(©))% — krpax () Equation 7
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Figure 10 The experimental heat flow signals and a simulation of the heat flow during the
reformation of the dynamic Diels-Alder bonds for the F400-ABMI400 polymer network
under isothermal conditions at 50 °C after thermal dissociation at 120 °C; cycles 1 (green), 9
(red) and 10 (blue) are shown. Simulation according to kinetics of Table 1 [33] (black dashed

line).

4. Conclusions
The ability to autonomously heal damage at room temperature was presented for the
dynamically reversible covalent Diels-Alder network F400-AMBI400, provided that the
damage surfaces are brought back into contact upon release of the damaging force. At room
temperature rebonding of mechanically damaged surfaces was observed, when these surfaces
are still fresh. In earlier work it was concluded from equilibrium thermodynamics that the
Diels-Alder cycloadduct bonds are weaker than typical covalent bonds. It is thus concluded
that these reversible bonds are broken preferentially when force is exerted onto the polymer
chains, resulting in the formation of free furan and maleimide groups that are readily
available to react and heal the damage as soon as the damage surfaces are brought back into
contact. However, it took several days to recover the mechanical properties. The relaxation
time defines the time necessary to return to equilibrium after a perturbation, such as the
mechanical activation of the reversible bonds and consequently the time needed to recover the
mechanical properties through new bond formation. It should be noted that stresses and
topological network defects remain at the ‘scar’ of the original damage, resulting in earlier
failure of the tested specimen. The remaining defects can still be healed and the resulting

stresses can still relax over time by the dynamic nature of the reversible Diels-Alder bonds.
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The required time at a certain temperature is determined by the cycloadduct lifetime, as

existing bonds need to be broken and new bonds need to be formed.

It was shown that if the surfaces are kept apart and the equilibrium is allowed to reestablish
(aging of the damage surfaces), healing did not occur during a comparable time frame. When
the time to close the (mechanically activated) damage becomes of the order of the relaxation
time of the equilibrium reaction, the excess furan and maleimide groups at the damage
surfaces are consumed and no longer available to form new bonds across the surfaces to heal
the damage. The healing potential of the damage surfaces can be replenished by the use of an
external heat trigger. Using heating-mediated healing, the mechanical properties of the
studied material first decrease overall due to the shift in equilibrium, breaking extra reversible
covalent bonds, increasing the mobility of the polymer chains and speeding up the kinetics of
the dynamically reversible reactions. Heating the material to 80 °C for 4 hours resulted in the
sealing of the damage. After the sealing action, the mechanical properties were restored after
30 h at 30 °C, as the equilibrium shifts back to the formation of the bonds. The chosen
temperature is well below the de-gelation point, meaning that the material can be healed using
an external heat trigger without the loss of its geometrical and structural integrity.

In coatings of F400-AMBI400 crosslinked networks the self-healing at room temperature is
not observed because adhesion of the coating to the substrate prevents making contact
between the damage surfaces. Therefore heating-mediated healing is recommended for this
type of applications. The use of visualization techniques in combination with techniques to
evaluate the loss and recovery of functional properties is important to obtain a complete and
thorough understanding of the underlying mechanisms of the healing action.

With microscopic techniques controlled damage applied to the surface of a coating could be
guantified by the volume of the damage. It was observed, that for small defects a mild heating
(T =80°C) is enough to successfully seal the damage, preserving the network structure of the
coating. For bigger damage, heating to elevated temperatures (T > 115 °C) is necessary to
destroy the network structure and make the material flow into the defect to seal it and close
the gap between the damage surfaces. The efficiency of this step can be quantified as a
‘sealing efficiency’ that expresses how much of the original damage volume is sealed
successfully.

It can be concluded that the F400-ABMI400 Diels-Alder crosslinked network in bulk can
repair damage at room temperature due to a combination of: (i) the weaker strength of the
reversible Diels-Alder bonds, considering that the formed ¢ bonds in the DA cycloadduct
break in a concerted process to form furan (diene) and maleimide (dienophile) functionalities,

(i) the kinetics of the DA reaction of the F400-ABMI400 system, giving a dynamic character
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to the reversible bonds which allows reasonable healing timescales, and (iii) the sufficient
mobility of the polymer chains (the equilibrium F400-ABMI400 network has a glass
transition T4 of about 3 °C at room temperature), resulting in a tough rubbery material at the
reference temperature of 30 °C. This is an excellent compromise between the kinetics of the
Diels-Alder reaction, the crosslink density and mechanical properties, and the value of Ty of
the network just below application temperature. A value for Ty equal to or higher than the
application temperature would result in a mobility-restricted system and drastically slow
down the healing action in a thermoset network with higher crosslink density and increased
modulus. A lower T4 for the same polymer chemistry would result in a lower crosslink
density with decreased concentration of furan and maleimide groups, and slower healing in an

elastomer network with decreased modulus.
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