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ABSTRACT: Synthetic systems with intrinsic self-repairing or self-
healing abilities have emerged during the past decade. In this work,
the influence of the cross-linker and chain rigidity on the healing
ability of thermoset rubbers containing disulfide bonds have been
investigated. The produced materials exhibit adhesive and cohesive SRR
self-healing properties. The recovery of these two functionalities
upon the thermally triggered healing events has shown to be highly
dependent on the network cross-link density and chain rigidity. As a
result, depending on the rubber thermoset intrinsic physical
properties, the thermal mending leading to full cohesive recovery
can be achieved in 20—300 min at a modest healing temperature of 65 °C. The adhesive strength ranges from 0.2 to 0.5 MPa and
is fully recovered even after multiple failure events.
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Bl INTRODUCTION the functional role. Some of the most elegant routes to achieve
intrinsic healing in polymeric materials are Diels—Alder and
retro-Diels—Alder-based reactions,”*™** hydrogen bonding in
supramolecular network,>>™** coordination complex,®~*!
disulfides based chemistries,*””™** ionic clusters in ion-
omers,* ™ or more recently perfluorocyclobutane based
chemistries,*® [4 + 4] dimerization of anthracene,®"*> photo-
polymerisation of coumarin,> maleimide chemistry,>* alkoxy-
amine dissociation-association,” and trans-esterification reac-
tion.>

Thermosets are widely use materials that once cured do not
recover any of their initial properties. In this respect, many
effort have been devoted to implement self-healing function-
alities based on intrinsic self-healing abilities in thermoset-based
materials. The recovery of their cohesive and adhesive

The need for materials that are very reliable and durable has
been the main motivation to the development of self-healing
materials.' For a decade, the newly emerging self-healing
concepts in material science have been mainly applied for
structural materials that have to carry mechanical loads® or
materials that have a protective function.>* For these
applications, the scale of the damage to be healed lies in the
millimeter to submillimeter range. Downscaling the self-healing
concept to heal damages from micrometer to submicrometer
range will be of great interest for systems where the main failure
mode differs from structural failures. For example, restoration
of interfacial properties (adhesion) and conductivity (elec-
tronic, ionic, or thermal) could be of great interest for many
applications.’

There are basically two well-established ways to develop self- functionalities will be great advantage to increase their service
healing concepts in materials. The first one is based on the lifetime and has been recently the rnsa;iiléofocus point in the
integration of discrete mono-, bi-, or tridimensional containers development of self-healing materials. Among the most
(layers, capsule, fibers, or vascular network)® > loaded with attractive chemistries explored to create such materials the
active components into the matrix material. In this approach, disulfide route particularly is promising and easy to process. In
there is a physical separation between the material responsible biological systems, this mechanism underli6els the construction
for the healing action and the material responsible for the and stabilization of highly ordered proteins.” The cleavage of a
intended functionality. The second approach relates to the sulfur—sulfur bond can, be realized under sev6e‘fal conditions,
development of so-called intrinsically self-healing materials or like oxido-reduction™"" and thermal scission,™ but can also
mendable polymers,”* that is, materials containing dynamic
bonds that can restore their chemical or physical bonds under Received: September 4, 2012
the influence of a nondisruptive external stimulus.*> In this Accepted: October 19, 2012
approach the “matrix” material combines both the healing and Published: October 19, 2012
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result from mechanical stress®*® or photoirradiation.®” In any

of these cases the creation of thiolate anions or sulphenyl
radicals is involved which leads to local molecular rearrange-
ments and the subsequent creation of new covalent bonds. On
the other hand, it has been suggested that disulfide bonds can
undergoes thermodynamically driven metathesis reactions
(exchange reaction) in which two S—S bonds are disrupted
and reform.***”% In this respect, any molecules or polymer
where at least one disulfide bond is present can be eligible to
exhibit this dynamic bonding/debonding ability. Regardless of
the detailed mechanism the self-healing ability will be highly
dependent on the density and mobility of disulfide bonds
available within the polymeric network. In the same way as the
thermoset’s mechanical properties are tuned by changing the
cross-linking density and number of branches per cross-link
unit, the self-healing response of a thermoset polymer based on
the presence of S—S bonds is expected to be sensitive to the
prevailing network. As a result, tuning of the material response
could be achieved by simply changing the network using
different cross-linkers. In the field of intrinsic self-healing
materials, the effect of the network cross-link density on the
healing response has not yet been investigated. Therefore, in
our work we aim to present a material in which the mechanical
integrity is recovered (self-healed) re-establishing cohesion
within the material as well as adhesive bonding to an Al alloy
substrate. The formulation and characterization of a polymeric
matrix presenting two self-healing properties (cohesion and
adhesion) based on thermally triggered disulfide exchange
reactions is presented in this work. The effect of two different
cross-linkers with different chain length on the self-healing
cohesive and adhesive behavior of thermosets in the rubbery
phase has been investigated.

B EXPERIMENTAL SECTION

Chemicals. The self-healing matrix used in this research is a
thermoset epoxy resin presenting disulfide bonds in its structure. The
epoxidized polysulfides Thioplast EPS2S (640 g/equiv) and EPS70
(310 g/equiv) were provided by AkzoNobel BV. An epoxy resin
EPIKOTE 828 consisting of Polybisphenol A-co-epichlorohydrin
(~188 g/equ.) provided by Momentive Specialty Chemical BV has
been used as the reference compound. Two different cross-linkers
presenting different thiol reactive functionality have been used in this
study. The first one, with four thiol functions per cross-linker unit,
Pentaerythritol tetrakis(3-mercaptopropionate) (~122 g/equiv), was
purchased from Aldrich. This compound will be denoted here as 4-SH.
The second one, presenting three thiol functions per cross-linker unit,
is Capcure 3—800 (~270 g/equ) and was provided by Cognis GmbH.
This compound will be denoted as 3-SH here. The precursors
molecular structure are presented in Scheme 1.

The cross-linking reaction was catalyzed using 1 wt % of 4-
dimethylaminopyridine (DMAP) from Aldrich. All chemicals were
used as received. The mass per equivalent value used are the one
provided on the product data sheet.

Preparation of the Polysulfide-Based Self-Healing Rubber
Thermoset. The amount of cross-linker used has been calculated to
provide the stoichiometric amount of reactive cross-linking functions
with respect to the amount of reactive epoxy groups. The equivalent
molar ratios of resin/cross-linker are 2 and 1.5 using 4-SH or 3-SH
cross-linker, respectively. All precursors (epoxy resin, cross-linker, and
catalyst) were mixed in a polypropylene container for 2 min using a
speed mixer at 2000 rpm. The resulting mixes were transferred to a 1
mm thick mold and then cured at 65 °C for 2 h. Three different
sample per type of cross-linker were produced using pure EPS2S or a
50/50 mol % mix of ESP25 and ESP70 or pure EPS70. The samples
produced were labeled as follow: ESP2S mol %-EPS70 mol %-cross-
linker type. The compositions of the different resins produced for this
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Scheme 1. Molecular Structure of EPS25 and EPS70
Polysulfide and Cross-linker Precursors
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study are reported in Table 1. The resulting cured materials were used
as starting materials to perform all characterization tests as well as

A/}L/\(\w 3-SH

Table 1. Composition of the Different Polysulfide
Containing Materials Produced Using the 4-SH or 3-SH
Type Cross-Linker

resin content (mmol)- cross-linker content (mmol)-

(equiv)-(g) (equiv)-(g)

samples” EPS25 EPS70 4-SH 3-SH
100-0-4SH 10-0.02-12.8 5-0.02-2.44

50-50-4SH 5-0.01-6.4 5-0.01-3.1 5-0.02-2.44

0-100-4SH 10-0.02-6.2 5-0.02-2.44

100-0-3SH 10-0.02-12.8 6.66-0.02-5.40
50-50-3SH 5-0.01-6.4 5-0.01-3.1 6.66-0.02-5.40
0-100-3SH 10-0.02-6.2 6.66-0.02-5.40

“Sample labeling: ESP2S mol %-EPS70 mol %-cross-linker type.

cohesion and adhesion recovery tests. The nonself-healing samples
used as reference consist of pure Epikote cured with a stoichiometric
amount of 3-SH or 4-SH cross-linker, denoted Epikot-3SH and
Epikote-4SH, respectively.

FTIR-ATR Experiments. The cross-linking reaction related to the
thermoset formation was monitored by infrared spectroscopy using a
PerkinElmer Spectrum 100 FTIR-ATR on the cured samples. To get a
bulk investigation of the molecular vibration of the sample and discard
surface passivation, the produced materials were investigated by facing
a freshly cut part of the sample on the crystal of the FTIR-ATR device.

TGA Experiments. Thermogravimetric analyses were performed
by adding 10 mg of sample in a PerkinElmer Pyris Diamond TG/
DTA. The sample were heated under air flow from room temperature
to 550 °C at a rate of 10 K/min.

DSC Experiments. Differential scanning calorimetry tests were
done using 5—10 mg of sample and a PerkinElmer Sapphire DSC
using an heating rate of 10 K/min under N, atmosphere. For the EPS
based materials, the samples were first cooled to —60 °C then heated
to 25 °C. For Epikote-based material, the temperature range used was
—20 to 120 °C and 25 to 120 °C for the 3-SH and 4SH material,
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respectively. For each sample 2 cool-heat run have been performed
and the T, values have been extracted using the inflection point of the
DSC curves on the second heating run.

Density Measurements. Density were performed using the
Archimedean immersion method in water at room temperature.

Cohesion Recovery Tests. To investigate the cohesive healing
ability, the samples were fully cut using a clean razor blade. The pieces
of material were put back together and placed between two glass slides.
The resulting width of the gaps spans from 100 to 400 pm. The
cohesive healing ability has been investigated at 65 and 100 °C. Every
10 min, the samples were taken out from the oven and the cohesion
recovery was monitored using a Leica optical microscope. A graphical
analysis of the micrographs was performed to determine the variation
of the cut width for a single sample at multiple locations as well as the
average cut area for each sample. These values, which obviously are a
function of the healing time (t) were compare to the initial values at ¢
= 0 min. The healing efficiency was calculated as follows: efficiency =
(1 — V,/Vy). This procedure was repeated until full mending.

Lap-Shear Experiments. Single lap shear tests using aluminum
alloy 6082-T6 plates were performed at room temperature using a
Zwick/Roell 250 tensile tester to determine adhesive healing in a more
quantitative manner. For adhesive samples preparation, a known
surface of already cured resin (12.5 X 25 mm?, thickness 1 mm) was
sandwiched between two identical aluminum plates (L X W X T = 100
X 25 X 2 mm®) with an overlap length of ~12.5 mm. The adhesion
was promoted by a 2 h thermal treatment at 65 or 100 °C. During the
thermal treatment the adhesive and the two parts of the sample were
kept in contact using a paper clip (Supporting Information Figure S3).
Prior testing, the samples were allowed to cool down to room
temperature for a minimum of 2 h. The overlapping area was
measured and controlled before each test. The elongation rate used
was fixed at 1 mm/min for all measurement. The tests were stopped
after complete failure meaning that the bond line has been broken and
the two aluminum plates were completely separated. Five experiments
were performed per sample and all experiments showed a consistent
behavior. After the failure, the sample ends were repositioned carefully
to recover the same bond area and the thermal treatment was repeated
followed by the lap shear test using the same protocol. Each thermal
treatment at a given temperature that aim to promote the recovery of
adhesion will be further denoted as an “healing event”.

B RESULTS AND DISCUSSION

The completion of the cross-linking process involving the
reaction of the thiol functions of the cross-linker with the
oxirane rings of the epoxidized polysulfide has been monitored
by infrared spectroscopy. The complete disappearance of the
vibration band at 2560—2568 cm™' related to the S—H
stretching demonstrated that for all materials produced, all
cross-linkers did react fully (Figure 1). Another way to check
and further confirm the complete reaction of the precursors is
to monitor the disappearance of the oxirane ring stretching. For
the EPS2S based material after curing no oxirane ring stretching
vibrations at 842—863 cm™' were detected. For the aromatic
resins EPS70 the oxirane related IR band overlap with the
strong IR band related to the aromatic C—H out of plane
bending at 830 cm™ and cannot be monitored. However, for
the EPS70 based system, the disappearance of the thiol
vibration could be monitored, which confirms that the oxirane
ring-opening reaction took place during cross-linking.

To further confirm the completeness of the cross-linking
reaction in our samples after the initial curing step at 65 °C for
2 h, additional DSC experiments were performed from room
temperature to 120 °C. Any further cross-linking reaction
would have manifested itself as an exothermic event on the
DSC curves. None of our samples showed any sign of further
cross-linking once cured (Supporting Information Figure S3).
As we aim to promote the healing using a thermal stimulus, the
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Figure 1. FTIR spectra of the precursors (a), the resulting resin after
curing using 4-SH (b), and 3-SH (c) cross-linker.

thermal stability and weight loss of the produced thermoset has
been investigated by TGA (Figure 2). The decomposition
onset temperature and the temperature at which 1% and 10%
weight loss occurred for the polymers produced are listed in
Table 2. The thermal stability is clearly influenced by the type
of cross-linker. The cross-linker used differs in their branching
and chain length. Using a short chain tetrathiol as cross-linker
(4-SH), the samples shows a 1% mass loss at 130 °C for a pure
aliphatic (EPS2S) resin. This value is increased to 160 °C upon
blending with EPS70 resin. Using a trithiol cross-linker (3-SH)
with longer chains, the 1% mass loss occurs at 140 °C for the
EPS2S, the blend and the EPS70 resin. The reference systems
based on the Epikote resin show much higher degradation
onset temperatures.

dx.doi.org/10.1021/am301879z | ACS Appl. Mater. Interfaces 2012, 4, 6280—6288
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Figure 2. TGA of the (a) 4-SH and (b) 3-SH based materials.

Table 2. Thermo-oxidative Properties, T,, and Density
Values of Polysulfide and Epikote-Based Cross-linked

Polymers

1% weight loss ~ 10% weight loss densitg

samples (°C) (°C fie (°C) (gem™)
100-0-4SH 130 247 —46 1.29123
50-50-4SH 160 261 =33 1.28086
0-100-4SH 160 280 -3.6 1.25586
Epikote- 220 320 5§ 1.26511

4SH
100-0-3SH 140 262 —40 1.25220
50-50-3SH 140 268 =33 1.22908
0-100-3SH 140 283 —11 1.18778
Epikote- 247 326 13 1.13686

3SH

The implementation of aromatic functionalities in the
material gradually improves the thermal resistance of the
material which is in line with theoretical expectation. The
decomposition temperature is gradually increased from 247 to
280 °C for blends ranging from pure EPS2S to pure EPS70
using 4-SH as cross-linker, whereas these values are increased
from 262 to 283 °C using 3-SH type cross-linker. The materials
made using Epikote having the highest aromatic functionality in
its backbones exhibit a higher thermal stability and comparable
decomposition temperature of 320 and 326 °C for 4-SH and 3-
SH cross-linker, respectively. The glass transition temperature
(T,) of the produced material deduced from DSC experiments
are presented in Table 2. The materials using 3-SH as cross-
linker exhibit an increase in their T, from —40 to —11 °C with
increasing amount of EPS70 in the blend. Using 4-SH cross-
linker the T is increased from —46 to —3.6 °C. The T,
variation range is around 42.4 °C using 4-SH cross-linker
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whereas this variation range is reduced to 29 °C in average
using 3-SH cross-linkers. Using the aliphatic based resin, the
lowest T, is achieved for the 4-SH cross-linker whereas when
using the aromatic based resin the lowest T, is achieved for the
3-SH cross-linker. The cross-linker type does not affect the T,
of the blended material containing an equivalent molar amount
of aliphatic and aromatic resins.

The cohesive healing of the produced material has been
investigated upon thermal mending at low (65 °C) and high
(100 °C) temperatures. These two temperatures are below the
decomposition temperature of all produced materials. The
results of the thermally triggered cohesion recovery are plotted
in Figure 3. The cohesion recovery follows an exponential
recovery as function of time. All experimental point could be
fitted using a first order exponential function. The fit results are
plotted in Figure 3 using a full line and dotted line for the 4-SH
and 3-SH based materials, respectively. Using the 4-SH cross-
linker, the ESP2S based material present a very fast cohesive
healing. A full cohesive recovery is achieved within 20 min for
both temperatures. As soon as aromatic based resin are
introduced into the blend, the healing time at 65 °C increases
to 150 and 240 min for the 50-50-4SH and 0-100-4SH (pure
EPS70) material, respectively. At high healing temperature this
specific time drops to 60 and 80 min for the 50-50-4SH and 0-
100-4SH material, respectively. By decreasing the network
density using 3-SH cross-linker, the specific time to reach a full
cohesive healing is the same (20 min) for the pure aliphatic
material for both healing temperatures. Compare to the
material made using 4-SH, when the amount of EPS70 is
increase, the healing time is also increased to 240 min for 50-
50-3SH and to 300 min for the pure EPS70. At low healing
temperature the gradual implementation of aromatic segments
(more rigid segments) in the material have a negative effect on
the cohesion recovery time. However, this effect is minimized
when tetra-functional cross-links are used. At high healing
temperatures both effects related to the cross-linkers and the
increases in aromatic segment fraction are minimized and the 3-
SH based materials behave almost like the 4-SH ones. It is
interesting to note that for the pure aliphatic material, there are
no differences in the healing time regardless the cross-linker
and healing temperature used. In this case, the high intrinsic
mobility of aliphatic chain of the resin masks the difference in
cross-link density. The reference materials based on Epikote
resin that do not contain any S—S bonds in their structure did
not exhibit any thermal mending irrespective of the cross-
linkers, the temperature used and the healing time. Opposite to
this, all materials containing S—S bonds have shown to restore a
cohesive integrity between each other regardless of the cross-
linker and backbone used (Supporting Information Figure SS).

The shorter healing time is the consequence of the enhanced
molecular mobility and an healing temperature far above the
glass transition temperature is thus favorable to promote a
cohesive recovery. The effect of the T, on the cohesive healing
efficiency is plotted in Figure 4 where the time related to a full
cohesion recovery is plotted as function of the difference
between the healing temperature and T, The reference
material was not plotted as no cohesion recovery occurs at
65 or 100 °C. However, at 100 °C the difference between the
healing temperature and the T, of Epikote-3SH and Epikote-
4SH are 77 and 45 °C, respectively. These differences are
comparable for those of the pure EPS70 based materials healed
at 65 °C that show thermally triggered cohesion recovery. In
case the degree of cohesion recovery was only related to the

dx.doi.org/10.1021/am301879z | ACS Appl. Mater. Interfaces 2012, 4, 6280—6288
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SH (M) and 3-SH (A) based material as function of the difference
between the healing temperature and the T,

difference between the T, and the healing temperature, then, at
least, the Epikote-3H material would have only shown cohesion
recovery at 100 °C which is not the case. In general thermosets
(rubberlike or not) do not present any thermal mending ability
when the temperature is far above the T,. Starting with a fully
cross-linked network, in the present work the cleavage of the
S—S bonds is responsible of a local network rupture and the
healing reaction. If the thermoset network cannot be ruptured
no macroscopic chains flow can be induced and no self-healing
response could have been achieved.

As the investigated healing process in this material is related
to the covalent bond exchange reaction, the overall dependence
of the specific time for full cohesive recovery at a particular
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temperature clearly depends on the network cross-link density.
In this sense, a denser network is achieved when 4-SH type of
cross-linkers are used. This implies a higher probability for the
polymeric chains to be in close contact and thus a higher
probability for two disulfide bonds to come close enough
allowing disulfide bonds exchange to occur. Added to this
density parameter, the chain/network flexibility plays a major
role in the self-healing response. When aromatic units are
added the thermal mending ability is slowed down in
comparison to a fully aliphatic network because of the higher
chain/network rigidity and thus reduced mobility. This effect
on the cohesion recovery is predominant for the fully aliphatic
materials where both 3-SH and 4-SH systems exhibit a healing
time of 20 min irrespective the healing temperature. When the
chains rigidity is increased, the network cross-link density
become the limiting factor for the healing kinetics. As it can be
seen in Figure 4, this effect will be minimized when the healing
temperature is sufficiently high and far above the T, The
cohesive recovery is enhanced when the network density is high
and chain mobility is high. Decreasing the network density does
not really affect a flexible network but drastically hamper the
cohesive recovery of a more rigid network. In order to
minimize this effect coming from a less dense and more rigid
network, the healing temperature needs to be increased. In any
case, full thermal mending and network integrity recovery was
achieved with all our materials containing disulfide bonds in
their structure. As fast cohesion recovery is thus enhanced
when difference between the healing temperature and the T, is
maximized, when the network flexibility is enhanced and when
the network cross-link density is increased.

The results of the adhesion recovery experiments are
presented in Figure S and show that all disulfide bond
containing materials present a clear recovery of their initial

dx.doi.org/10.1021/am301879z | ACS Appl. Mater. Interfaces 2012, 4, 6280—6288
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Figure 5. Adhesion recovery as function of the healing temperature and cross-linker type at 65 °C using (a) 4-SH or (b) 3-SH and at 100 °C using

(c) 4-SH or (d) 3-SH.

adhesive properties. The values of first healing events on the
plots are related to the first adhesion using pristine cured
samples. Furthermore, all materials show the ability to multiple
healing and no significant drop in healed adhesive strength with
the number of healing cycles was observed. During lap shear
test, all materials did show an adhesive failure mode. Using the
4-SH cross-linker the material using EPS70 presents the highest
adhesive strength that is 2—3 times higher than the adhesive
strength of EPS2S based material, irrespective of the healing
temperature. The blended material (S0—50) exhibits a slightly
higher shear strength compared to the pure EPS2S material for
a low healing temperature (Figure Sa) but this difference is
reduced when the healing takes place at 100 °C (Figure Sc).
Using the 3-SH cross-linker, pure EPS2S5, EPS70 or blended
materials do not exhibit significant differences in their adhesive
behavior. At a high healing temperature (Figure Sd), the
materials present a better adhesion compare to the case of low
healing temperature (Figure Sb). Epikote-4SH or Epikote-3SH
based material did not show any adhesion or readhesion to the
aluminum alloy, whatever the thermal treatment.

When the four-branched cross-linker is used, the healing
temperature does not affect the elongation at rupture (Figure
6). These values slightly decrease during the first S healing
events to stabilize at around 1% for the pure aliphatic and
mixed (50—50) material. The ESP70 based thermoset show the
same behavior with an elongation at rupture around 2.5%.
When the trithiol is used as cross-linker, the elongation at
rupture for the material healed at 65 °C fluctuates between 2
and 3%. At 100 °C, the materials behave slightly differently.
The EPS2S based material does not change, the mixed material
stabilized at 3%, whereas the pure EPS70-based material
reaches 4% of elongation.
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The dynamic bonding ability upon thermal activation implies
that the molecular network is locally disrupted. The
combination of a low T, with covalent bonds disruption will
allow macroscopic flow. The reference materials made using a
polymer without disulfide bonds but with the same cross-
linkers, did not show any postcuring cohesion or adhesion
recovery. The dynamic bonds exchange based on disulfide
bonds will be favored when two disulfide bonds are close
enough. In this respect, the use of a short chain 4-branched
cross-linker is thus more likely to result in a good healing
behavior as it will increase the probability of reactive units in
the backbone to come into contact with each other compared
to a longer chain 3-branched cross-linker. The density of the
produced material presented in Table 2 clearly exhibit higher
values for the 4-SH based materials compare to the 3-SH ones.
Moreover, chain flexibility will play an important role to favor
the disulfide bond mobility. These two hypothesis are well in
line with the cohesive healing results in which the 4-SH based
network present the faster healing kinetics as well as the
material based on aliphatic chain (EPS2S). Decreasing the
network cross-link density by using a cross-linker with longer
chains and lowering the network connectivity results in a
decreased healing efficiency at low temperatures. By increasing
the network rigidity via incorporation of aromatic end-chain
segments, the healing kinetics are hampered. Giving more
energy to the system by increasing the healing temperature
minimizes the negative effect of the network cross-link density
as well as the negative effect of chain rigidity on the healing
rate. In the same way, from an adhesive perspective, this
induced chain mobility will allow a renewal of functional groups
at the interface leading to the recovery of the adhesive
properties. The material self-healing response is to be related to
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Figure 6. Elongation at rupture for 3-SH (dotted line) and 4-SH (full
line) based composite as function on the healing events at (a) 65 and
(b) 100 °C.

the presence of disulfide bonds. Canadell et al. experimentally
proved, by producing a network where aliphatic epoxidized
polysulfide was replaced by exactly the same polymer without
any disulfide bonds that only in the presence of disulfide in
such cross-linked network a self-healing response was
obtained.”® However according to the literature, the mechanism
related to this self-healing concept is not well established and
two potential reactions can be distinguished. The first one is
related to the well-established thiol-disulfide exchange reaction
which is observed in proteins. One can think of the case of a
nonfully cross-linked network in which the presence of thiol
pending functions could favor this reaction. This mechanism
implies that unreacted/pending thiols are present in the
material and moreover, that there is a suitable environment
that allows the creation of thiolate anions. In our material the
basic catalyst (DMAP) used to promote the ring-opening of the
oxirane for the cross-linking reaction could also act as catalyst
to create thiolate anions in the cured material upon heating.
However, according to the infrared spectroscopy results
presented in this study, no pending thiols can be detected
once the materials are cured. This absence of pending thiols
disfavors the thiol-disulfide exchange mechanism to explain the
dynamic bonding ability of such systems. Moreover, after at
least 10 healing cycles involving thermal treatment at 100 °C,
we show that the adhesion recovery still occurs. If the healing
mechanism was related to a nonfully cured sample, it would
disappear or drastically decrease as function of the thermal
treatment. The second mechanism involves an interchain
disulfide bond exchange reaction leading to a covalent
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reversible cleavage of the disulfide bonds.**~#+676%70 Thjs so-

called disulfide metathesis or opening of sulfur cross-link by
rearrangement*>®””° implies the creation of thiyl radicals which
then undergo exchange with other neighboring disulfides.®*”!
Further studies are needed to fully understand this mechanism
and moreover the role of a possible catalytic activation of this
dynamic bonds exchange reaction. Whatever the outcome of
such mechanistic studies, the materials presented here show
recovery of their (mechanical) integrity by re-establishing
cohesion as well as their adhesive properties with regards to Al
alloys show rather different responses as a function of the type
of cross-linker used. These results clearly show that in the
creation of intrinsic self-healing material based on dynamic
bonding ability, the network cross-link density as well as the
intrinsic chain rigidity and mobility are of paramount
importance.

B CONCLUSION

We have demonstrated that thermoset rubber materials
containing disulfide bonds show cohesive and multiple adhesive
healing ability once cured. Macroscopic flow induced by the
reversible bond exchange is a good strategy to promote
thermally triggered self-healing properties. The use of a four-
branched or three-branched cross-linker affects the self-healing
behavior and kinetics. The network density as well as the chain
mobility have an impact on the material thermal healing
efficiency. A dense network based on a four-branched cross-
linker increases the healing properties of the network at low
temperatures specifically when the resin contains flexible chains.
Depending of the formulation, adhesive strength values
between 0.18 and 0.52 MPa can be reached which are fully
recovered over multiple failure-thermal healing cycles. This
approach is an interesting route to create self-healing matrices
for polymer-based multifunctional composite interfacial materi-
als for microsystems application.’®
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