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ABSTRACT: The design and utilization of polymers with healing
capability have drawn increasing attention owing to their enhanced
chain mobility and opportunity to heal minor cracks in composites.
Rehealable thermoset polymers promise reduction in the maintenance
cost and thus prolonged lifetime, reshaping, and recyclability.
Introducing reversible covalent bonds is the mainstay strategy to
achieve such plasticity in crosslinked polymers. Herein, we report a
dynamic epoxy, which includes associative covalent adaptive networks
(CANs) based on disulfide exchange bonds. Epoxy resin is chosen to
study rehealing, as it is one of the most critical thermosetting polymers
for various industries from aerospace to soft robotics. This study
enlightens us about not only the consequences of CANs in the epoxy
but also various factors such as soft segments and carbon nanotubes
(CNTs). Epoxy dynamic networks are investigated in an attempt to explore the synergistic effect of the soft-segmented resins and
CNTs on the healing and reshaping characteristics of epoxy networks along with varying stiffness. This research discusses epoxy
dynamic networks in three main aspects: crosslink density, CAN density, and CNTs. Introducing soft segments into the epoxy
network enhances the healing efficiency due to the increased chain mobility. A higher CAN density accelerates network
rearrangement, improving the healing efficiency. It should also be noted that even with a low weight fraction of nanotubes, CNT-
reinforced samples restored their initial strength more than neat samples after healing. The tensile strength of dynamic networks is at
least 50 MPa, which is significant for their utility in primary or secondary structural components.

1. INTRODUCTION
The discovery of self-healing materials has driven researchers
to investigate reversible bonds in polymeric networks especially
in thermoset polymers, which enable new possibilities for
various potential applications. Among thermoset polymers,
epoxy is a widely used resin due to its high mechanical
performance, durability, and creep resistance. Apart from their
outstanding mechanical performance, epoxies also exhibit good
thermal properties and high chemical resistance. However,
there are still challenges to overcome in thermoset epoxy
resins, such as their lack of recyclability and reprocess-
ability.1−3 Epoxies are subjected to considerable stresses, high
temperature, and pressure, which may harm the structural
integrity of the composite and reduce the operation lifetime. In
the case of an even minimal damage, it is not possible to repair
thermosets due to their irreversible covalent bonds. Such a
scenario is far from being industry-friendly since the damaged
composite part is replaced each time with an excessive
maintenance cost.2 Using microcapsules inside the polymer
has been researched to reduce this cost and unexpected risks.
In this concept, the microcapsules get triggered with crack
initiation/propagation and release the uncured resin inside the
capsule to heal the crack.4,5 The drawback of microcapsules is
that the process is not reversible and self-healing can be

performed only one time. In addition, it is challenging to
maintain microcapsules stabilized during the whole operation
time of the composite. Polymers with reversible crosslinks have
been proposed broadly in the past two decades, including
covalent and noncovalent reversible bonds.6−11 The problem
with noncovalent interactions is that they are prone to be
fragile, which cannot survive under large strains.6 Furthermore,
there are systems of dissociative reversible covalent adaptive
networks (CANs) that depolymerize above a critical temper-
ature and reform new covalent bonds each time.6 However, a
dissociative CAN system, Diels−Alder as a typical example, is
not desirable since it is difficult to maintain the network
integrity under such a sudden viscosity drop during the healing
process.12,13

Associative covalent adaptive networks overcome the
challenges such as reusability and depolymerization owing to
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their constant crosslink density retaining the integrity of the
whole structure during the healing process. Among different
CAN systems such as transesterification,7,9 transcarbamoyla-
tion,14 imine exchange reaction,15,16 etc., disulfide metathesis
stands out as a leading mechanism within its capability of bond
exchange reactions at relatively lower temperatures.1,2,7,8,17−20

Li et al.19 suggested that embedding disulfide dynamic links in
epoxy resin, including soft segments, can recover its original
strength at least 65% at 80 °C. Despite the achieved high
healing efficiency, it should be noted that such a concept
demonstrates high flexibility and low mechanical strength,
restricting their utility in advanced composites. Canadell et
al.21 developed an epoxy with disulfide links, which is capable
of healing around 80%. The original strength of the sample was
limited to 0.6 MPa at most, which cannot be used for any load-
bearing structural component. The improvement in the healing
of epoxy-based samples was attributed to the adequate mobility
for the macroscopic flow using DER732 epoxy resin with low
viscosity. Similarly, Lafont et.al.22 proved that the increased
chain rigidity hampers the healing kinetics, reducing the
probability of disulfides to come into contact. On the other
hand, Luzuriaga et. al.2 synthesized a recyclable epoxy resin
with a tensile strength of 90 MPa recovering its strength nearly
fully after reshaping. In the case of self-healing, this study only
monitors a small scratch on the surface of the epoxy instead of
a complete failure. Healing of an epoxy sample broken
completely in half with a high tensile strength is still open to
discussion. To the best of our knowledge, healable epoxy
networks studied in the literature either show low strength and
elastomer-like behavior7,21 or quite the opposite, a very brittle
nature.23,24 There is a need to understand the comprehensive
properties with identical crosslink density and CAN density.
Therefore, tailoring the composition of epoxy networks
enables a wide range of products, from rubbery to rigid
components that are rehealable and recyclable and can be
utilized to meet industrial demands.19

While producing rehealable epoxy networks with adjustable
stiffness, it is essential to preserve the mechanical strength in
the meantime. Carbon nanotubes (CNTs) come up as a
promising solution to increase the mechanical strength25−27

and even offer a healing mechanism with multiple stimulation
options.1,14 Bonab et.al.14 fabricated a CNT-reinforced polyur-
ethane network (TPU) with adaptive covalent bonds and
indicated that around 45% of the original strength can be
recovered when exposed to microwave radiation. It is
noteworthy that the study examines transesterification and
carbamate exchange reactions in the TPU system and the
tensile strength is limited up to 10 MPa. In addition, there have
always been attempts to discover the effects of CNTs on chain
mobility and polymerization.28,29 For instance, the glass
transition temperature is found to be dependent on the
existing CNT dispersion media, surfactants, and polymer
chemistry.28 Simulations20,30 and experiments29,31 reveal that
CNTs tend to decrease the glass transition temperature and

trigger the activation of the bond exchange reaction at lower
temperatures.1,14 Such a decrease in the glass transition
temperature is ascribed to the reduced crosslinking tendency
in the epoxy network in the presence of CNTs.31 Similarly,
Miyagawa and Drzal32 analyzed the effect of CNTs on the
thermophysical properties of the epoxy and observed the same
decrease in glass transition temperature linearly by increasing
CNT weight ratio. On the other hand, CNTs display a
constructive influence on the mechanical strength since CNTs
possess a high Young’s modulus as a combination of individual
moduli of each graphene sheet and the van der Waals
forces.25,26 To benefit from CNT strength, it is crucial to
disperse CNTs in the polymer homogeneously, prepare a
stable suspension, and prevent agglomerations, which can act
as stress concentration points under an applied load.32,33

Applying physical functionalization with a nonionic surfactant
is one of the effective methods to improve the interfacial
interactions between the CNTs and polymer, enabling the
suspension to become more stable.34,35

Consequently, this study elaborates on the effects of more
flexible segments and CNTs on epoxy dynamic networks
concerning the trade-off between comprehensive properties
and healing efficiency. Associative crosslink adaptive networks
are embedded into the epoxy resin with disulfide dynamic
bonds. Rehealable epoxies are synthesized based on different
compositions of resin-to-disulfide molar ratios without any
catalyst, as catalysts may cause instability and toxicity.2,6,36 For
the resin, two different types of commercial resins are used,
including hard and soft components. Instead of using only a
conventional hard segment resin, it is aimed to tune the
stiffness of the epoxy dynamic networks using soft segments.

2. EXPERIMENTAL SECTION
2.1. Materials. Bisphenol A diglycidyl ether (DGEBA, Mw

= 340.41 g/mol) and poly(ethylene glycol) diglycidyl ether
(DGEPG, Mw = 500 g/mol) as resins and 2-aminophenyl
disulfide (AFD, Mw = 248.37 g/mol) and 2,2 ethylenedianiline
(EDA, Mw = 212.29 g/mol) as the hardener are supplied from
Sigma-Aldrich. Multiwall carbon nanotubes (CNTs) with a
diameter of 110−170 nm and a length of 5−9 μm are supplied
from Sigma-Aldrich to synthesize nano-reinforced epoxy
dynamic networks. To improve the dispersion and distribution
of CNTs in the polymer, Triton X-100 with a critical micelle
concentration (CMC) value of 0.22 mM is used as a nonionic
surfactant, as shown in Figure 1. Trichlorobenzene (1,2,4) is
supplied from Sigma-Aldrich to analyze the chemical resistivity
of epoxy networks. All chemicals are analytical grade and used
as received without any further process.
2.2. Synthesis of Rehealable and Reformable Epoxy

Dynamic Networks. 2.2.1. Synthesis of the Neat Epoxy
Dynamic Network. The crosslinked epoxy dynamic network
(VT) is synthesized according to the previous literature.1,2

DGEBA and AFD are mixed with different molar ratios at 80
°C for 40 min using a magnetic stirrer and then degassed at 80

Figure 1. Chemical formula of the materials used to synthesize the epoxy dynamic network.
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°C for 2 h. The resulting homogeneous liquid is poured into a
silicon mold and cured at 150 °C for 10 h in an oven, Figure
2a. Three different compositions are studied as shown in Table
1, where VT-1 represents a stoichiometric ratio, while VT-2
and VT-3 are the ratios promising a better healing performance
due to their higher disulfide contents.

2.2.2. Synthesis of the Soft Segment-Introduced Epoxy
Dynamic Networks. DGEPG as the soft segment is mixed with
DGEBA in different molar ratios at 80 °C. The weighed AFD
is then added to the solution, and the whole solution is mixed
at 80 °C for 40 min. Herein, to study the effect of soft
segments on the healing process, the molar ratio of the epoxy
resin to the disulfide hardener is fixed at 3:2. Then, degassing is

performed at 80 °C for 2 h to get rid of bubbles. The resulting
epoxy (R-VT) is cured at 150 °C for 10 h in an oven.
2.2.3. Synthesis of the CNT-Reinforced Epoxy Dynamic

Networks. In the synthesis of nano-reinforced epoxy dynamic
networks, 0.1 wt % CNTs are first dispersed in DGEBA with
the help of Triton X-100 (30 CMC, 1 CMC equivalent to a
Triton X-100 weight-to-acetone volume ratio of approximately
0.125 mg/mL) by horn sonication, as shown in Figure 2b.
Sonication is applied for 30 min at 50% amplitude. The
physical adsorption of the surfactant on the CNT surface is
expected to lower the surface energy of CNTs and thus
prevent the CNT agglomeration inside the polymer. The same
procedure is applied also without a surfactant to analyze the
differences in the CNT dispersion and distribution. For the
CNT-RVT sample, DGEPG is added to the CNT/DGEBA
blend, and sonication is performed for 20 min more at 50%
amplitude. The weighed AFD is then added to the CNT
solution and continued mixing using a magnetic stirrer at 80
°C for 40 min at 300 rpm. The mixture is then degassed at 80
°C for 2 h. CNT-reinforced samples are poured into a silicon
mold and cured at 150 °C for 10 h in an oven. All studied
compositions can be found in Table 1.
2.2.4. Synthesis of the Reference Epoxy Networks. To

confirm the role of disulfide in healing behavior, reference
epoxy networks are synthesized replacing AFD with EDA and
mixing in a stoichiometric ratio with DGEBA, labeled as Ref-
Ep-1. A nonstoichiometric ratio of DGEBA/EDA is also
studied to compare the effect of unreacted species on healing,
named as Ref-Ep-2. Similarly, another reference epoxy network
is synthesized including soft segments, Ref-R-Ep. The

Figure 2. (a) Synthesis of neat and (b) CNT-reinforced epoxy dynamic networks and (c, d) FTIR spectra.

Table 1. Compositions of Healable Epoxy Dynamic
Networks

sample
DGEBA
(mol)

DGEPG
(mol)

AFD
(mol)

CAN densityb
(wt %)

VT-1 3 0 1.5 26
VT-2 3 0 2 29
VT-3 3 0 2.25 35
R-VT-1 2 1 2 29
R-VT-2 1.8 1.2 2 29
CNT-VTa 3 0 2 29
CNT-RVTa 2 1 2 29

aCNT weight fraction is 0.1% for both samples. bCAN density stand
for disulfide bond density.
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degassing and curing conditions of the reference epoxy
networks are the same as those of all other samples. All
studied compositions are presented in Table 2.

2.3. Rehealing and Reshaping Experiments. Samples
are first broken completely in half and then joined by applying
heat above their glass transition points to achieve mobility,
disulfide bond exchange, and hence healing, Figure 8b. The
process is carried out in an oven for 1 h to achieve
homogeneous heat distribution throughout the samples.
Initially, samples with the highest CAN density among VT
and R-VT are chosen to be studied under different
temperature profiles since they tend to exhibit a higher healing
potential. Table S2 presents that a gradual increase in the
temperature promotes healing due to easier chain mobility at
higher temperatures. Thus, for crosslinked epoxy dynamic
networks (VT), the healing temperature is chosen as 180 °C in
all presented data, wherein healing is performed at 150 °C for
R-VT samples to preserve the structural integrity during the
healing process. Reference samples are also treated at 150 and
180 °C for 1 h for Ref-R-Ep and Ref-Ep, respectively. These
temperatures are above the glass transition points of all epoxy
networks but still relatively low enough to preserve thermal
stability. The healing efficiency is defined as the ratio of the
healed sample’s strength to the original sample’s initial strength
as given by eq 1.

100healed

original
= ×

(1)

Reshaping of epoxy dynamic networks is studied by first
preparing small pellets and compressing them in a dog bone-
shaped mold under a hot press, Figure 10. R-VT and VT
samples are reshaped at 30 MPa pressure for 1 h at 150 and
180 °C, respectively.

3. RESULTS AND DISCUSSION
3.1. Morphological and Thermomechanical Proper-

ties of Epoxy Dynamic Networks. The two contradicting
aspects crosslink density and CAN density inside the dynamic
network should be optimized to enhance the healing
performance while retaining the mechanical strength. A
relationship between the performed modifications and healing
behavior is established by the morphological and thermome-
chanical characterization of epoxy networks.
3.1.1. Fourier Transform Infrared Spectra. FTIR is

conducted with a Thermo-Scientific-Nicolet 6700 to ensure
that the samples are fully cured. Figure 2c displays the
disappearance of the C−H stretching of epoxide rings at 914
cm−1,37 showing that the curing process is highly completed.
The decreasing intensity in another characteristic vibration
peak of the epoxide group at about the 845 cm−1 band19,37 also
proves that curing is complete.
The peaks at 1510 and 1580 cm−1 bands remain constant

and correspond to the aromatic rings.19,38 The band at 1100
cm−1 is attributed to the vibration of the C−O−C segment
from the aliphatic ether.19,39,40 The broad absorption band
centered at about 3400 cm−1 shown in Figure 2d corresponds
to the hydroxyl groups formed by ring opening reactions
during the curing process.19 Also, the peak at 2900 cm−1 is
related to the aliphatic C−H stretching vibration.39 Full-scale
FTIR spectra of Ref-Ep and VT samples can be seen in Figure
S1.
3.1.2. Thermogravimetric Analysis. TGA is carried out

using a Discovery TA Instruments device in a nitrogen
atmosphere to obtain the degradation temperature and hence
the overall thermal stability of epoxy networks. A heating rate
of 10 °C/min is applied from 25 to 400 °C. Compared to Ref-
Ep samples, Figure S4, TGA profiles of dynamic networks have
three significant degradation steps characterized by their
derivatives, Figure S3b. The first weight loss, around 250 °C,
is assigned to the decomposition of oxygen-containing groups.
Around 300 °C, disulfide bonds begin to decompose. After 350
°C, a sharp degradation is observed due to epoxy resin
pyrolysis.19

Figure 3a outputs a decrease in the thermal stability of epoxy
dynamic networks as the CAN density increases. The presence
of disulfide species results in slightly poor degradation behavior
since they have a lower bond energy than that of carbon−
carbon bonds.24 Less energy is required to decompose the

Table 2. Reference Epoxy Networks without Disulfide
Bonds

sample DGEBA (mol) DGEPG (mol) EDA (mol)

Ref-Ep-1 3 0 1.5
Ref-Ep-2 3 0 2
Ref-R-Ep 2 1 2

Figure 3. TGA weight loss thermographs of epoxy dynamic networks (a) with respect to increasing CAN density and (b) CNT-reinforced samples
and their counterparts.
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chemical bonds when more S−S bonds are present in the
epoxy network. VT-3 exhibits the lowest decomposition
temperature owing to its higher CAN density, wherein VT-1
is the most stable network thermally.19 Since VT-2 and VT-3
samples are synthesized with a nonstoichiometric ratio, the
effect of crosslink density is also studied to confirm the major
reason for the depression in degradation temperature.
Stoichiometric and nonstoichiometric reference epoxy net-
works, Ref-Ep-1 and Ref-Ep-2, respectively, are subjected to
TGA. Considering the result in Figure S4, CAN density is
determined to be the driving force of the change in the
degradation behavior of VT samples. Likewise, the soft
segment-introduced epoxy dynamic network (R-VT-1) illus-
trates lower thermal stability than that of its counterpart, VT-2,
as given in Table 3. The lower thermal stability is related with
the soft segments since DGEPG starts decomposing earlier
than DGEBA due to its aliphatic polymer chain backbone
having less heat resistance.41 In the case of CNT-reinforced
networks, thermal decomposition starts earlier than for their
counterparts, Figure 3b. This shows that reinforcing the
dynamic networks with CNTs increases the heat diffusion and
hence initiates a slightly faster degradation.42 The lower
decomposition temperature of the CNT-reinforced epoxy can
also be linked to the reduced crosslink density, as presented in
Table S1. Such a loss in crosslink density is attributed to the
decreased crosslinking tendency31 due to the penetration of
CNTs in free volumes and a large amount of interphase region
between the CNTs and polymer.30,32

3.1.3. Differential Scanning Calorimetry. DSC analysis is
conducted using a Discovery TA Instruments device. Measure-
ments are recorded at a heating rate of 10 °C/min from −40 to
120 °C for R-VT samples and from 40 to 200 °C for VT
samples under a nitrogen atmosphere. DSC curves demon-
strated in Figure 4 correspond to a second heating after
cooling. The curing state of the epoxy samples is also
addressed from the first heating ramp of nonisothermal DSC
and from isothermal DSC. According to Figure S5f, no

exothermic peak is observed, confirming that the process time
and temperature are enough for the complete curing of epoxy
samples. Tg values are determined from the midpoint of the
step in the heat flow curves, Table 3. The glass transition
temperature for the Ref-Ep-2 sample is detected as 120.5 °C
from Figure S5e.
Figure 4a clarifies that the Tg value of the epoxy dynamic

network decreases as the disulfide content increases. A higher
amount of disulfide exchange bonds imparts easier segmental
mobility since they break and reform in numerous sites.
According to Table 3 and Figure 4b, it is clear that R-VT
samples possess a lower glass transition trend compared to that
of VT samples. The significant decrease in Tg values is
associated with increasing soft segment molar ratio since it
refers to more aliphatic branching chains and higher
flexibility.41

The lower glass transition temperature in CNT-reinforced
samples shows the enhanced polymer segmental mobility.28,31

The presence of CNTs in the free volume of the polymer
reduces the crosslink density,31 leading to a decrease in Tg.
Another reason for such a decrease in the glass transition
temperature of CNT-reinforced epoxy dynamic networks is the
high thermal conductivity. It is assumed that introducing
CNTs into the epoxy matrix might increase the internal heat
diffusion inside the polymer by generating three-dimensional
(3D) heat conduction pathways.42,43 Such effects of CNTs on
the glass transition temperature are well known from previous
studies.1,30,44

The mobility of the chains can also be inferred from the heat
capacity increase (Δcp) at glass transition as a measure of the
fraction of polymer chains involved in glass transition.45−47

The calculation of Δcp from DSC can be found in the
Supporting Information. Among VT samples, Table 3, the heat
capacity increase of VT-2 is found to be the lowest, as it forms
the strongest crosslinked network, Table S1, having the
stoichiometric ratio. VT-3 shows a higher Δcp, indicating
that a higher amount of polymer chains is free of molecular

Table 3. Thermal Properties of Epoxy Networks

sample VT-2 VT-3 CNT-VT R-VT-1 R-VT-2 CNT-RVT

Tg (°C) 122.4 109.8 111.3 46.3 35.9 44.4
1% weight loss (°C) 268.88 264.94 240.85 220.3
5% weight loss (°C) 301.72 289.09 284.46 282.21
Δcp(J/g·K) 0.0069 0.0094 0.0105 0.0110 0.0127 0.0113

Figure 4. DSC curves of (a) crosslinked and (b) soft segment-introduced epoxy dynamic networks.
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motion and participates in glass transition. The higher Δcp
values in R-VT samples are interpreted as the lower restriction
of segmental motion as a result of the increased aliphatic
chains. CNT samples revealed a higher Δcp than that of their
counterparts, referring to the decreased crosslink density in
both cases. Having a higher Δcp offers a higher healing
efficiency since mobility and healing are proportional.
3.1.4. Dynamic Mechanical Analysis. DMA is performed in

the tension mode using a Mettler Toledo DMA/SDTA model
to address the viscoelastic behavior of epoxy dynamic
networks. DMA is applied to 3 × 5 × 20 mm3 (thickness,
width, length) samples with a force amplitude of 5 N, a
displacement amplitude of 5 μm, and a frequency of 1 Hz. The
loss modulus profile of all epoxies follows a lower trend
compared to that of storage modulus, verifying the viscoelastic
behavior. Furthermore, all samples follow a stable storage
modulus trend in both glassy and rubbery states.
Figure S7 shows that CNT-reinforced samples exhibit a

slightly higher storage modulus than that of their neat
counterparts. The higher initial storage modulus of the
CNT-reinforced epoxy networks refers to the polymer chain
motion restriction due to the particle−particle and particle−
polymer interactions at room temperature.48 Increasing the
temperature for CNT-reinforced samples is expected to
contribute to the internal heating of the polymer faster and
trigger the Brownian motion of CNTs, promoting mobility
easier than for neat samples.49 R-VT-1 displays a lower storage
modulus than that of VT-2, indicating its less-rigid structure.50

The flexibility in R-VT samples promises higher healing
performance and improved toughness. In Figure 5b, comparing
the peak values of tan δ (loss factor) curves, VT-3 and CNT-
VT samples have a higher loss factor than that of VT-2. R-VT-
2 and CNT-RVT also exhibit a slightly higher loss factor than
that of the R-VT-1 sample. This indicates higher healing
potential since lower viscosity means more segmental motion
and bond exchange.
3.1.5. Stress Relaxation. Stress relaxation is conducted

using a DMA Q800, TA Instruments. The samples with a size
of 3 × 13 × 35 mm3 are measured at a strain of 1% in the linear
region, and the relaxation of epoxy networks is monitored as a
function of time for 1 h. Time- and temperature-dependent
behaviors of epoxy networks are studied carefully to validate
the relaxation behavior of dynamic epoxy networks with
reversible covalent adaptive networks. The studied temper-
ature profiles are chosen to compare the relaxation behavior of
dynamic networks below and above their glass transition
points.
Figure 6 shows that epoxy dynamic networks are able to flow

in all cases and attain a less stretched form due to the disulfide
exchange mechanism. Comparing Ref-Ep and VT-2 samples,
there is no obvious relaxation behavior in the Ref-Ep-2 sample,
signifying the importance of disulfide exchange bonds in the
epoxy network. Both VT-2 and R-VT-1 samples begin to relax
below their Tg, even though it is not a complete relaxation.
This is linked to topology freezing temperature (Tv), which is
defined as the transition from solid to liquid as a result of bond

Figure 5. (a) DMA curve of the VT-2 sample representing storage and loss modulus and (b) tan δ curves.

Figure 6. Normalized stress relaxation curves of the epoxy reference and dynamic networks (a) below Tg and (b) above Tg.
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exchange.2,24 For dynamic thermoset polymers, Tv is lower
than Tg,

51 confirming the relaxation behavior in VT-2 and R-
VT-1 samples, as the bond exchange may begin below Tg.
Figure 6b depicts that G/G0 values reach zero for both VT-2
and R-VT-1 samples, implying full stress relaxation above Tg.
This is related to the increased bond exchange rate and
segmental motion above Tg.

2 For the samples showing
complete relaxation, the relaxation times are defined as the
time required to relax 63% of initial stress2 or to obtain G/G0 =
1/e with reference to the Maxwell model for viscoelastic
fluids.19,52 The achieved relaxation times are found to be 4.05
min for VT-2 at 150 °C and 3.34 min for R-VT-1 at 80 °C.
The R-VT-1 sample displays a higher relaxation rate than that
of other samples, which can be attributed to the flexible chain
backbone due to the soft segment portions. Consequently, the
temperatures in healing and reshaping procedures are decided
to be adequate for the network to relax completely and gain
mobility.
3.1.6. Solvent Resistance. The chemical resistance of epoxy

networks is examined to ensure that the rehealable epoxy
network does not dissolve in the presence of a solvent yet and
shows stress relaxation still. In a similar manner to the previous
studies,23,53 a part of VT-2 and R-VT-1 are immersed in
trichlorobenzene for 4 h first at RT and then at 80 °C with
continuous stirring, Figure 7. No alteration is monitored in
epoxy dynamic networks even after 24 h similar to conven-
tional epoxy composites. This indicates the excellent solvent
resistance and crosslinked network of dynamic epoxies with
disulfide exchange bonds.
3.1.7. Micro-tensile Test. This research examines varying

crosslink and CAN densities with the assistance of soft

segments and CNTs to achieve the required polymer mobility
without sacrificing strength. Tensile tests are conducted using a
Psylotech micro-tensile testing machine and 10 kN load cell,
until the complete failure of the samples. The testing speed is
set as 100 mm/min, and the samples are prepared in a
dumbbell shape of 4mm thickness and 60mm length, as shown
in Figure 8c. Table 4 illustrates the average tensile strength for

at least three samples in each batch. VT-1 having the
stoichiometric ratio exhibits the highest mechanical strength
as expected due to its higher crosslink density, wherein
increasing the CAN density leads to a decrease in tensile
strength for VT-2 and VT-3 proportionally.
Optimizing the soft-to-hard segment ratio in the epoxy resin,

R-VT-1 presents more ductility due to the flexible DGEPG
chain segments, Figure 8. R-VT-1 demonstrates a 23%
decrease in the ultimate tensile strength compared to that of

Figure 7. (a) VT-2 sample in trichlorobenzene after 24 h at RT (b) with continuous stirring at 80 °C and (c) VT-2 sample in trichlorobenzene
after 4 h at 80 °C.

Figure 8. (a) Stress−strain curves of crosslinked, soft segment-introduced, and CNT-reinforced samples; (b) sample cut in half (1) and healing
process (2); and (c) tensile testing of the samples.

Table 4. Tensile Strengths of Original and Rehealed
Samples

sample σoriginal (MPa) σhealed (MPa) healing efficiency (η−%)
VT-1 105.6 ± 8.1 2.4 ± 0.1 2.3
VT-2 91.9 ± 2.6 7.9 ± 1.6 8.6
VT-3 89.1 ± 3.6 8.6 ± 2.6 9.6
R-VT-1 69.9 ± 2.1 14.6 ± 2.4 20.9
R-VT-2 51.4 ± 1.2 19.3 ± 2.6 37.5
CNT-VTa 56.5 ± 7.2
CNT-VT 95.7 ± 0.4 13.1 ± 1.4 13.7
CNT-RVT 75.4 ± 2.2 17.9 ± 0.7 23.7

aCNT-VT produced without a surfactant.
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VT-2. With increasing soft segment ratio, R-VT-2 displays
more ductile behavior along with a lower ultimate tensile
strength, Figure 8. Reinforcing the sample VT-2 with CNTs
generates 4.1% enhancement in the ultimate tensile strength
due to the nanotubes’ individual high mechanical strength25,26

cooperating with the load carrying mechanism. The tensile
strength of the CNT-RVT sample is increased nearly 8.0%
even with a low weight ratio of CNTs. Similar effects are
observed for CNT-reinforced epoxy in the literature.54,55 For
this reason, introducing CNTs is considered an effective
approach to compensate the strength and toughness for the
soft segment-introduced R-VT samples. By this means, it is
aimed to accomplish high healing and mechanical perform-
ances at the same time.
3.1.8. Morphological Characterization. The morphological

characteristics of the epoxy networks are investigated by
scanning electron microscopy (SEM). SEM images are taken at
the cross-sectional areas with an accelerating voltage of 2 kV
under high vacuum. The samples are prepared by first breaking
them in half followed by coating a thin layer of gold. As shown
in Figure 9e, the cross-sectional area of the neat VT shows a
relatively more smooth fracture surface. Nonetheless, the
failure of CNT-VT results in a rougher surface consisting of an
epoxy layer and CNT/epoxy layer structure, Figure 9f. The
difference between fracture surfaces of the neat VT and CNT-

VT is referred to the lower toughness of the neat sample.
Moreover, the fracture surface of the CNT-VT sample gets
distorted due to CNTs causing a more difficult crack
propagation.56Figure 9b depicts that even though a surfactant
is implemented and sonication is performed, CNTs stack more
in some regions due to their high surface energy and
hydrophobic surfaces.57 Such stacking may cause a lower
reinforcing effect than the estimated theoretical effect of CNTs
in the polymer.32 Hence, it is crucial to understand the
synergistic effect of CNTs in the network and their effect on
the overall load carrying capability of nanocomposites.
When CNTs are dispersed directly in the resin without any

functionalization, they tend to agglomerate and terminate with
a nonhomogeneous structure (Figure 9d) due to their high
aspect ratio along with van der Waals forces between
nanotubes. This leads to a decrease in the mechanical
performance, as given in Table 4, since CNT agglomerates
behave as stress concentration points.48 Contrarily, CNTs on
the fracture surface of the samples synthesized with a
surfactant, Figure 9b, appear to be more evenly distributed,
promising a more efficient load transfer between the nanotube
and the matrix.58 Comparing Figure 9b,c, the CNT-VT sample
is discovered to have a more homogeneous distribution state
than that of CNT-RVT. Even though the dispersion of CNTs
is less than ideal, CNT inclusion is still found to enhance the

Figure 9. SEM images of the fracture surfaces of (a) neat VT-2, (b) CNT-VT with a surfactant, (c) CNT-RVT with a surfactant, and (d) CNT-VT
without a surfactant.
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toughness along with a potential increase in healing perform-
ance.
3.2. Rehealing. After applying the same healing procedure

to Ref-Ep-1, Ref-Ep-2, and Ref-R-Ep samples, there was no
healing observed at 150° and even 180 °C, justifying the role
of disulfide metathesis in the healing mechanism, Figure S9,
wherein VT-2 recovers its original strength of around 9%
within disulfide bond exchanges. The healing observed in the
VT-2 sample can be misapprehended as the curing of the
unreacted species in a stoichiometric imbalance. However, it is
proven clearly that the healing takes place due to disulfide
bond exchange considering Ref-Ep-2. The Ref-Ep-2 sample
having the same stoichiometric imbalance does not show any
healing since there are no disulfide exchange bonds in the
structure, Figure S9. This signifies that the unreacted species
are not enough to exhibit healing by themselves.
At least three samples in each case are studied for healing,

and the average values are presented in Table 4. VT-1 shows
the lowest healing efficiency, which is associated with the
relatively lower CAN density and higher crosslink density due
to stoichiometry. A high crosslink density restrains the stress
relaxation in the epoxy network and consequently the healing
performance.3 Increased CAN density governs better healing
of the broken samples, as VT-2 and VT-3 possess 8.6 and 9.6%
healing efficiency, respectively. Moreover, CNT-VT presents
5.1% higher healing efficiency compared to that of the VT-2
sample, as expected from previous considerations.
Compared to crosslinked networks, soft segment-introduced

samples present higher healing efficiency and relatively lower
mechanical strength, as summarized in Table 4. Increased
DGEPG contributes to flexibility and chain mobility since the
crosslink density decreases proportionally. Owing to the
increased DGEPG molar ratio, healing efficiency changes
remarkably. Such an enhanced healing performance is in good
correlation with the aforementioned relaxation behaviors of
VT-2 and R-VT-1 samples. The R-VT-1 sample is capable of
relaxation even under Tg, signifying that exchange reactions
begin earlier than Tg, Figure 6a. The R-VT-1 sample shows a
20.9% recovery of the original strength after healing, wherein
the efficiency is 37.5% for R-VT-2. It is attributed to the higher

flexibility of R-VT-2 since healing favors higher chain mobility
and disulfide bond exchange. The increased healing efficiency
was forecasted from the heat capacity increase results, Table 3,
having higher motion of molecular chains. In a similar manner,
CNT-RVT has a healing efficiency of 23.7% having more
mobility than that of the R-VT-1 sample. Ultimately, CNT
inclusion into R-VT compensates the loss in tensile strength
and leads to enhanced healing. Considering other rehealable
epoxy-related studies in the literature, this study provides a
detailed explanation on the effects of both CNTs and soft
segments on the healing mechanism simultaneously.
3.3. Reshaping. Once the healing behavior of dynamic

networks is confirmed, reshaping is studied in a hot press.
Similar to healing, reshaping is performed not only in dynamic
networks but also in reference epoxy samples to point out the
importance of the disulfide presence. As can be concluded
from Figure S9, reference epoxy networks cannot be reshaped
when there are no reversible disulfide exchange bonds in the
structure.
As shown in Figure 10b, epoxy pellets are filled in a circular

cross-section mold. Soft segment-introduced samples are
heated to 150°C in a hot press and 30 MPa pressure is
applied for 1 h. The same procedure is carried out for VT
samples at 180 °C. All of the epoxy dynamic networks possess
reshaping capability due to disulfide bond exchange. The
reshaping process is repeated for a second time with the same
samples. The resultant samples are in the dog-bone shape with
a length of 25 mm and a thickness of 2mm. The width is 10
mm at the tips and 1 mm at the necking region, as shown in
Figure 10d. A tensile test is performed using a Deben microtest
tensile stage and 200 N load cell, and the testing speed is
defined as 1.5 mm/min. Figure 11 demonstrates that tensile
strengths are reduced for reshaped samples considering their
original strengths. Still, the strengths are acceptable, consider-
ing that nearly 45% of the original strength is restored in the
CNT-RVT sample after reshaping 2 times. A reduction in
strength is unavoidable, yet the strengths were still comparable
to those of the healed samples. The fabricated epoxy dynamic
networks are determined to be capable of further utilization as
a component for nonstructural applications.

Figure 10. Repeatable reshaping process of neat and CNT-reinforced epoxy dynamic networks; (a) pellets produced from the original sample; (b)
reshaped samples�1st cycle; (c) pellets produced from the reshaped sample; and (d) reshaped samples�2nd cycle.
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To verify the properties of the reshaped samples, FTIR and
DMA in the tension mode are conducted, Figures S2 and S8,
respectively. FTIR spectra of the original and reshaped samples
are quite similar, remarking that the epoxy network does not
suffer from thermal decomposition after the reshaping process.
Tg values of the reshaped samples are detected from the peak
value of tan δ curves and found to be 124.5 and 60.7 °C for
VT-2 and R-VT-1 samples, respectively. Tg values of the
reshaped samples are slightly higher than those of the original
samples. The storage modulus is also observed to be higher
than that of the original samples after one cycle of reshaping.
This is attributed to the shortened macromolecules in its
structure, which can rearrange easily and densely under applied
heat and pressure conditions.59−61 It is verified that the
reshaping process is repeatable, although repeated reshaping
can generate degradation gradually after each time.61

4. CONCLUSIONS
In this study, healing and reshaping mechanisms of epoxy
dynamic networks with reversible covalent adaptive networks
are examined based on CAN density and crosslink density
together with CNT inclusion. Various combinations of neat
and CNT-reinforced epoxy dynamic networks are analyzed
carefully to identify their thermomechanical and healing
characteristics. It is crucial to point out that the tensile
strengths of epoxy dynamic networks are at least 50 MPa even
with a soft segment. Higher flexibility, lower crosslink density,
and higher CAN density are found to be favorable for an
enhanced healing behavior. VT samples with only a hard-
segmented resin (DGEBA) exhibit a healing performance that
is less than ideal. Introducing soft segments (DGEPG) into the
existing network enhances the healing efficiency remarkably.
Furthermore, it is proven that CNTs implement a lower Tg and
higher mobility and thereby a higher healing efficiency. In
addition to healing, epoxy dynamic networks display a
repetitive reshaping capability, promoting the recyclability for
environmental protection. This study offers a better under-
standing of tuning the stiffness of epoxy along with healing and
reshaping, promising a reduced maintenance cost and
prolonged lifetime for the industrial applications of epoxy.
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