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ARTICLE INFO ABSTRACT

Keywords: With large quantities of waste carbon fiber reinforced polymer (CFRP) composites generated, the development of
Thermosetting resin recycling routes for CFRP composites have been driven by both environmental and economic factors. Vitrimer
Recycling

materials provide exciting opportunities to recycle thermosets and CFRP composites, since they can be thermally
reprocessed without losing their permanently cross-linked networks. However, the poor mechanical properties,
additional catalyst and time-consuming recycling process still limit their applications. Herein, the authors pro-
posed an epoxy vitrimer with high contents of exchangeable aromatic disulfide crosslinks to overcome these
limitations. This epoxy vitrimer exhibited outstanding properties with the glass transition temperature (Tg) of
147 °C and the tensile strength of 63.1 MPa. Upon heating, it released the stress from deformation more rapidly
without any catalyst, resulting from the high contents of disulfide crosslinks in the network. Meanwhile, the
networks exhibited excellent reprocessability and were more readily degraded by thiols. Moreover, this epoxy
was applied as matrix to prepare recyclable CFRP composites. By dissolving the epoxy matrix efficiently, the
carbon fibers embedded were recycled rapidly and they still exhibited outstanding mechanical properties when
being reused to form CFRP composites. Results from this study may promote the wide development of cost-

Polymer-matrix composites (PMCs)
Epoxy vitrimers

efficient recyclable composites in automotive, wind power and aeronautical industries.

1. Introduction

From aerospace to automobiles and from ground transportation to
sporting goods, carbon fiber reinforced polymer (CFRP) composites
have been widely used in various applications, because of the advan-
tages of outstanding mechanical properties and light weight [1,2].
Among the different CFRP composites, thermosetting CFRP composites
based on epoxy are often preferred or even irreplaceable when high
performance is needed in quite a few fields like aircraft components,
wind blade, etc. resulting from their structural stability, high strength,
low shrinkage and solvent resistance [3-10]. Meanwhile, due to the
permanently cross-linked networks and thermosetting nature, epoxies
and their composites cannot be reprocessed, degraded or recycled after
full curing. With the increasing consumption of thermosetting CFRPs in
the worldwide, large quantities of waste CFRP composites generated
from the off-cuts during manufacturing and retired components, which

* Corresponding author.
** Corresponding author.

E-mail addresses: zhaoxiuli@caep.cn (X. Zhao), nkchenmao@caep.cn (M. Chen).

https://doi.org/10.1016/j.compositesb.2020.108278

have already raised the urgent requirement to recycle the CFRP waste
for both environmental and economic awareness [11-14].

Recent progress of dynamic chemistry makes it possible to recycle
thermosetting polymers and composites [15-24]. These unconventional
polymer networks rely on dynamic bonds that can react reversibly,
namely covalent adaptable networks (CANs) [17,19,20,22]. The CANs
could release stress from deformation, allowing the cross-linked poly-
mers to be reprocessed, reshaped and recycled. According to the
mechanism, CANs can be classified into two groups. The first group,
namely“dissociative” CANs, relies on dynamic bonds that break and
reform in cross-linked networks, such as Diels—Alder reactions [25,26].
When triggering the dissociation of dynamic bonds, these networks
exhibit obvious decrease of viscosity, lack of solvent resistance and loss
of dimensional stability. Besides the“dissociative” CANSs, vitrimer ma-
terials, making use of an “associative” mechanism and pioneered by
Leibler’ group [16,27], are an especially interesting approach that have
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potential to obtain recyclable thermoset and CFRP composites. Through
exchange reactions between crosslinks, vitrimer materials can rearrange
their molecular architecture thermally, while maintaining permanent
organic networks, fixed cross-link density and excellent solvent resis-
tance [21,28]. Until now, a few dynamic chemistries, such as carbox-
ylate transesterification [13,16,28-31], transamination [32-34],
transalkylation [35], transcarbamoylation [36], siloxane equilibration
[37,38], disulfide metathesis [28,39-46], olefin metathesis [47,48],
imine amine exchange [49-51], and dioxaborolane metathesis [52-55],
have been applied to design various types of vitrimer materials. Epoxy
vitrimers, relied on transesterification [11], aromatic disulfide metath-
esis [41] or imine amine exchange [56], have been reported to recycle
CFRP composites recently. Among these, the epoxy vitrimers with aro-
matic disulfide crosslinks have advantages of catalyst-free and the rather
rigid polymer structure over the polyester-based epoxy vitrimer. More-
over, they exhibited long-term stability in comparison with the water or
moisture sensitive imine based epoxy vitrimers. However, due to the
outstanding mechanical properties and high crosslink density of the
aromatic disulfide epoxy vitrimers, it is time-consuming to reprocess or
degrade the epoxy vitrimer. Thus, it is urgent to improve the recycling
efficiency of these high performance epoxy vitrimer materials and carry
forward their academic research to industrial applications.

In this paper, an epoxy vitrimer with high contents of exchangeable
aromatic disulfide crosslinks was proposed to speed up the exchange
reactions of disulfide bonds in networks and to improve the recycling
efficiency of the epoxy vitrimers and CFRP composites. This epoxy vit-
rimer was synthesized from the epoxy monomer and the amine curing
agent that both contained aromatic disulfide bonds, namely dual di-
sulfide vitrimer. These networks exhibited outstanding thermal/me-
chanical properties and excellent solvent resistance, with the glass
transition temperature (Tg) of 147 °C, the storage modulus E’ of 1.72
GPa (at 30 °C) and the tensile strength of 63.1 MPa. Relied on the high
contents aromatic disulfide cross-links in networks, the dual disulfide
vitrimer rapidly released the stress from deformation and became
reprocessable or malleable readily through the inner disulfide metath-
esis without any catalyst. Moreover, the dual disulfide vitrimer could be
easily degraded by dithiothreitol (DTT) dilute solution through the ex-
change reactions with outer thiols, while its degradation process was
more efficient when compared with the single disulfide vitrimer. Then,
the CFRP composites based on the dual disulfide epoxy vitrimer were
prepared, which exhibited outstanding mechanical properties, with the
E’ of 10.5 GPa and the tensile strength of 334.5 MPa. After removing the
epoxy matrix efficiently, the carbon fibers were recycled integrally and
reused to form CFRP composites. The reformed CFRP composites
remained outstanding mechanical properties, with the E’ of 8.2 GPa and
the tensile strength of 320.9 MPa.

2. Experiment section
2.1. Materials

Bis(4-hydroxyphenyl) disulfide (>98%) and 4-aminophenyl disul-
fide (AFD, >98%) were purchased from TCI. DGEBA (DER 332) was
purchased from Sigma Aldrich. Dithiothreitol (DTT, >99%), epi-
bromohydrin (>98%), dimethylformamide (DMF, >99.8%), methanol
(>99.5%), 1,2,4-trichlorobenzene (>99%), potassium carbonate
(K2CO3, >99%), anhydrous magnesium sulfate (MgSO4, >99.5%) and
hexane (>98%) were purchased from Aladdin Chemistry Ltd. Other
chemicals were purchased from local suppliers.

2.2. Synthesis of bis(4-glycidyloxyphenyldisulfide (BGPDS)

Typically, bis(4-hydroxyphenyl) disulfide (9.67 g, 38.6 mmol),
K2COs3 (53.4 g, 0.386 mol), DMF (193 ml) were mixed in a 500 ml three-
necked flask equipped with a reflux condenser under nitrogen atmo-
sphere (Fig. S1). The mixture was stirred to homogeneous under 60 °C
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and then epibromohydrin (52.9 g, 0.386 mol) was slowly added. After
reacting for >12 h, KoCO3 was removed by filtration. Subsequently,
~50 ml water was added to the solution and the organic layer was
extracted three times with chloroform/hexane (2:3) solution. Then, a
large amount of water was added to remove the remaining DMF and the
bottom layer was separated and dried with anhydrous MgSO4. After
being concentrated and recrystallization from the methanol, white
powder BGPDS was obtained.

2.3. Preparation of epoxy vitrimers

2.3.1. Dual disulfide vitrimer

Typically, stoichiometric amount of BGPDS (10.03 g, 27.70 mmol)
and AFD (3.44 g, 13.85 mmol) were added into a PTFE beaker. The
mixture was heated to 90 °C until phase miscibility occurred. Then, the
mixture was degassed in vacuum oven and then quickly poured into a
100mmx100mm x 1.5 mm brass mold sandwiched with antiadhesive
silicone paper. After being pre-cured at 110 °C for 30min and post-cured
at 160 °C for 3 h under nitrogen atmosphere, the dual disulfide vitrimer
that both contained aromatic disulfide bonds in epoxy monomer and
curing agent was obtained.

2.3.2. Single disulfide vitrimer

To prepare the single disulfide vitrimer that only contained aromatic
disulfide bonds in curing agent, stoichiometric amount of DGEBA
(11.07 g, 32.52 mmol), instead of the monomer BGPDS, was used to
react with AFD (4.04 g, 16.26 mmol) in the same way.

2.4. Preparation of fiber reinforced epoxy composites

In the PTFE mold, a carbon fiber fabric was immersed in the epoxy
mixture of BGPDS and AFD. Then, additional epoxy mixture was used to
fill the mold completely. After being placed in the 90 °C vacuum oven for
30min, the composites were pre-cured at 110 °C for 30min and post-
cured at 160 °C for 3 h under nitrogen atmosphere.

2.5. Characterization

NMR was performed on Bruker AV 600 MHz Nuclear Magnetic
Resonance spectrometer using the solvent of CDCls.

FTIR was performed on Nicolet 6700 Fourier transform infrared
spectrometer in potassium bromide pellets.

Mass spectra was performed on a Varian 7.0T FTMS using CH,Cl; as
solvent.

DSC was performed on a TA Q2000 apparatus over a temperature
ranging from —20 to 200 °C under nitrogen. Ty was determined at the
inflection point of the curves measured at a scan rate of 10 'C/min.

TGA was performed on a TA Q500 apparatus over a temperature
ranging from room temperature to 600 °C under nitrogen.

DMA was conducted on a TA RSA-G2 apparatus in the geometry of
dual cantilever beam. Heating ramps of 3 ‘G/min were applied from 25
to 200 °C. The samples (45 x 12 x 2 mm3) were tested at 1 Hz with a
strain of 0.05%.

Solvent resistance: a sample (10 x 10 x 1.5 rnm3) was immersing in
trichlorobenzene at 200 °C for 2 h to investigate its solvent resistance at
high temperature. Besides, samples (10 x 10 x 1.5 mm®) were
immersing in solvents of THF, DMSO, ethanol, diethyl ether and DMF for
3 days to investigate its solvent resistance in several other solvents.

Stress-relaxation was conducted on a TA RSA-G2 rheometer using a
25 mm parallel-plate geometry on all samples with diameter of 5 mm
and thickness of 1.5 mm. After a 10min temperature equilibration (from
160 to 220 °C), a 1% strain step was applied and the stress was moni-
tored over time. To ensure a good contact of the material with the ge-
ometries, a constant normal force of 10 N was applied. According to a
previous strain sweep experiment, 1% deformations were within the
linear range.
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Fig. 1. Dual disulfide vitrimer: (a) preparation process and the covalently
cross-linked network; (b) degradation through exchange reactions with outer
thiols; (c) reprocessing through inner disulfide metathesis; (d) dynamic me-
chanical analysis (DMA) thermograms; (e) solvent resistance in tri-
chlorobenzene at 200 °C.

Dilatometry was performed on rectangular samples (8mmx5mm X
1.5 mm) by using a TA RSA-G2 apparatus in the film tension geometry.
The length was measured while applying heating rates of 3 ‘C/min from
50 to 250 °C. A weak elongational stress of 20 KPa was applied
throughout the measurement to avoid buckling.

Reprocessing: samples in powder were placed into a steel mold
sandwiched with anti-adhesive silicone paper. Then, the mold was
preheated 10min and the reprocessing was conducted by hot pressing in
1 hat 180 °C.

Degradation: samples (10 x 10 x 1.5 mms) were immersing in
dithiothreitol/DMF (0.1 mg/ml) dilute solution at various temperature
(30-90 °C). The residual weight of solid samples were recorded over
time.

Recycling: the fiber reinforced epoxy composites were immersed into
0.1 mg/ml DTT/DMF solution at 90 °C to dissolve the epoxy resin and to
recycle the carbon fiber fabric. After being further washed and dried, the
recycled carbon fibers were reused to form fiber reinforced composites.

Tensile tests: all the tests were performed on dogbone samples
(8mmx2mm x 1.5 mm) by using a Universal Materials Testing Machine
ETM104B at a strain rate of 2 mm/min, at room temperature.

3. Results & discussions
3.1. Synthesis & characterizations

As a demonstration, an epoxy vitrimer with high contents of
exchangeable aromatic disulfide crosslinks was synthesized by classical
epoxy chemistry: reaction of bis(4-glycidyloxyphenyl) disulfide
(BGPDS) and 4-aminophenyl disulfide (AFD) (Fig. 1a). The dynamic
monomer BGPDS was synthesized via Williamson ether synthesis [57]
and characterized by the 'H, 1*C NMR, FTIR and mass spectra in advance
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Fig. 2. (a) Stress relaxation behavior of the dual disulfide vitrimer from 160 to
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Fig. 3. Dilatometry experiments and the temperature of malleability of dual
disulfide vitrimer (top) and single disulfide vitrimer (bottom).

(Fig. S2, S3, 4, S5). It is notable that the peak at 912 cm! (8¢co) in FTIR
spectra corresponding to the epoxy peak (Fig. S4) and the molecular
weight of BGPDS from mass spectra was determined to be 362 g/mol,
while Na™ (23 g/mol) should be excluded (Fig. S5). As the epoxy
monomer BGPDS and the amine curing agent AFD both contain dynamic
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Fig. 4. (a) Reprocessing of the dual disulfide vitrimer by hot pressing; (b)
Mechanical properties of the original samples and the reformed ones by ten-
sile tests.

aromatic disulfide bonds, this epoxy vitrimer was named “dual disulfide
vitrimer”, in which the content of aromatic disulfide bonds was much
higher. In addition, a reference epoxy vitrimer was synthesized from
AFD and the conventional epoxy monomer DGEBA, resulting in less
content of dynamic disulfide bonds in the network, which was named
“single disulfide vitrimer” here.

The polymerization of epoxy and amine was followed by FTIR, where
the disappeared peak of epoxy (5¢o at 912 cm ™}, 8¢y at 3058 cm™!) and
the new peak of hydroxyl (voy at 3422 cm 1) confirmed that the curing
reaction was complete (Fig. S6). The fully cured dual disulfide vitrimer
was insoluble in solvents including THF, DMSO, ethanol, diethyl ether
and DMF (Fig. S7), while it exhibited excellent thermal stability with the
Tdmax Of about 300 °C (Fig. S8). The complete curing of both epoxy
vitrimers were further confirmed by DSC, as no residual curing
exothermic peak was observed (Fig. S9 and S10). From the DSC ther-
mograms, comparable T, values were determined for both epoxy vitri-
mers, which resulted from their similar cross-linked networks and
chemical structures.

The dual disulfide vitrimer of epoxy was degradable through ex-
change reactions with outer thiols (Fig. 1b) and became reprocessable
through inner disulfide metathesis (Fig. 1c), while their outstanding
mechanical properties and excellent solvent resistance still remained.
From the DMA thermograms of the dual disulfide vitrimer, it was
revealed that its Ty was ~147 °C and the storage modulus E' was ~1.72
GPa (at 30 °C) (Fig. 1d), indicating the outstanding properties of dual
disulfide vitrimer. Besides, the dual disulfide vitrimer was insoluble,
even being immersed in trichlorobenzene at 200 °C for 2 h (Fig. le),
which further revealed its excellent solvent resistance and covalently
cross-linked networks at elevated temperatures.

3.2. Stress relaxation & reprocessing

Through the reversible exchange reactions between crosslinks, vit-
rimer materials have the distinctive feature of releasing deformation
stress at high temperature [16,28,41]. The stress release behavior was
observed in dual disulfide vitrimer (Fig. 2a), which revealed the ex-
change reactions of aromatic disulfide bonds in networks (Fig. 1c). The
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at 90 °C; (c) Partially degradation of the single disulfide vitrimer at 90 °C; all
the concentration of DTT dilute solution was 0.1 mg/ml.

dual disulfide vitrimer could relax stress completely at temperatures
from 160 to 220 °C through the inner disulfide metathesis. According to
our previous work [28] or other literatures [16,58], an exponential
function could be used to describe the stress relaxation process of vit-
rimer materials, based on the Maxwell’s model of viscoelastic materials.
When the modulus or stress decreased to 1/e (36.8%) of the initial value,
the relaxation times (t) of the dual disulfide vitrimer were determined,
which ranged from 1.95s (220 °C) to 782s (160 °C). Taking account of
the high T and the outstanding mechanical properties of the dual di-
sulfide vitrimer, the stress relaxation was quite fast. Additionally, the
stress relaxation of single disulfide vitrimer was also investigated
(Fig. S11). By comparison, the dual disulfide vitrimer exhibited rapider
stress relaxation than the single disulfide vitrimer (Fig. 2b), though they
exhibited comparable Ty and E’ (Fig. S12). In other words, by increasing
the contents of disulfide bonds in vitrimer network, the stress relaxation
behavior was accelerated obviously. For instance, at 200 °C, the T was
~11s in the dual disulfide vitrimer, while it was ~35s in the single di-
sulfide vitrimer (Fig. 2b). It is known that exchange reactions between
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Fig. 6. The recycling process of CFRP composites based on dual disulfide vitrimer: (a) embedding the carbon fibers in epoxy matrix; (b) obtaining CFRP composites
by curing; (c¢) immersing the CFRP composites in DTT dilute solution (0.1 mg/ml); (d) dissolving the epoxy matrix at 90 °C in 1 h; (e) washing and drying the
recovered carbon fibers; (f) reusing the recycled carbon fibers to form new composites.

crosslinks lead to the recombination of polymer chains, which results in
the stress relaxation of vitrimer networks. In addition, more dynamic
bonds the vitrimer networks contain, easier the exchange reactions
occur and more efficient the polymer chains rearrange. Thus, due to the
high content of disulfide bonds in the dual disulfide vitrimer network,
the exchange reactions between cross-links and the recombination of
networks were faster, which led to its rapid stress relaxation.

In addition to the rapid stress relaxation, the high content of disulfide
bonds in vitrimer networks also improved some other dynamic proper-
ties, such as malleability or reprocessability. It is well-known that vit-
rimer materials become malleable and reprocessable at the temperature
of malleability, when the rate of exchange reactions between cross-links
speeds up and reaches a high level. To reveal the temperature of
malleability, the epoxy vitrimer were both investigated by dilatometry
experiment [16,28]. It was revealed that the temperature of malleability
of the dual disulfide vitrimer was determined to be 171 °C, which
decreased about 20 °C when compared with the single disulfide vitrimer
(Fig. 3). Because of the high content of dynamic disulfide bonds in dual
disulfide vitrimer, the exchange reactions between cross-links were al-
ways rapider than that in the single disulfide vitrimer. Thus, the rate of
exchange reactions between cross-links in dual disulfide vitrimer more
easily reached a high level and efficiently initiated the recombination of
networks, leading to the decrease of the temperature of malleability.
From the acceleration of stress relaxation and the decrease of the tem-
perature of malleability, one could expect that the dual disulfide vitri-
mer could be easily reprocessed upon heating.

As a common method, hot pressing was applied to study the
reprocessability of epoxy vitrimers at elevated temperature. Through
disulfide metathesis in the network, the dual disulfide vitrimer that was
manually ground into powder, was then successfully reprocessed and
remolded into the form of films or dog-bone samples at 180 °C in 1 h
(Fig. 4a). To reveal the recovery efficiency, the original samples and the
reprocessed ones were subjected to tensile tests. As shown in Fig. 4b and
Fig. S13, the stress of the original samples at break were 63.15 + 10.1
MPa, while 56.9 + 17.7 MPa for the reformed samples. These results
indicated that the dual disulfide vitrimer could be efficiently reproc-
essed by hot pressing and their outstanding mechanical properties could
be fully recovered.

3.3. Degradation & recycling

Due to the inner exchange reactions between cross-links at elevated
temperature, vitrimer materials can release stress and become reproc-
essable and malleable, without losing their permanently cross-linked
networks, outstanding mechanical properties and excellent solvent
resistance. Besides, when the dynamic cross-links react with the outer
reactive molecules in solution, the vitrimer network become fully
degradable and dissolvable [11,31]. Relying on the exchange reactions
between thiol groups and disulfide bonds [41,59,60], thiol-based com-
pound, such as dithiothreitol (DTT), could be used to break down the
dual disulfide vitrimer effectively. As shown in Fig. 5a, the degradation
kinetic process was investigated by monitoring the weight of residual
solid samples, which revealed that the dual disulfide vitrimer could be
dissolved in DTT dilute solution at various temperatures. The time
required to dissolve the rectangular samples completely in DTT dilute
solution (0.1 mg/ml) ranged from <30min (90 °C), ~90min (60 °C), to
~1120min (30 °C). The degradation process of the single disulfide vit-
rimer was also investigated (Fig. 5a). In comparison, the dual disulfide
vitrimer was easier to be dissolved than the single disulfide vitrimer at
all temperatures. In other words, with aromatic disulfide bonds both in
epoxy monomers and curing agents, the efficiency of degradation of
epoxy vitrimer was highly improved. For instance, the sample of the
dual disulfide vitrimer was completely dissolved at 90 °C in 1 h (Fig. 5b),
while the single disulfide vitrimer sample still remained at the same
condition (Fig. 5c). The rapid degradation of dual disulfide vitrimer
mainly resulted from two reasons, including the high content of aro-
matic disulfide bonds in networks and dynamic disulfide bonds in
backbones. Firstly, because of the high content of aromatic disulfide
bonds, the networks of dual disulfide vitrimer exhibited faster exchange
reactions between the disulfide cross-links and outer free thiol groups
than the single disulfide vitrimer, which resulted in the rapid degrada-
tion of cross-linked networks. Secondly, in the presence of thiols, the
dual disulfide vitrimer with disulfide bonds in backbones fragmented
into small molecules (Fig. 1b), while linear polymers were generated
from the degradation of the single disulfide vitrimer. Since disassem-
bling to fragments of small molecules are more effective for degradating
and dissolving thermosets [57], dual disulfide vitrimer exhibited rapider



H. Si et al.

Original composite

g_s‘ e 0.4
~ Recycled composite
g8
= 1074
=]
§ F0.2
O
e 10°4
—
]
2
wn 0.0
10’ T . :
50 100 o 150 200
Temperature( C)

(b)

(®)

Composites Part B 199 (2020) 108278

400+
= 300+
3,
2
% 200+ —— Original composite
b= —— Recycled composite
N

100

0 T T T T 1
0 2 4 6 8 10
Strain/%

Fig. 7. (a) DMA (left) and tensile tests (right) of the original (black) and recycled (red) CFRP composites; (b) Morphology of the fresh (top) and recycled (bottom)
carbon fibers by SEM. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

degradation rate than single disulfide vitrimer. Thus, the fast exchange
reactions and the small molecules generated both led to the rapid
degradation of dual disulfide vitrimer. The rapid degradation of dual
disulfide vitrimer could be applied in the efficient recycling of thermo-
setting epoxy composites, such as the carbon fiber reinforced polymer
(CFRP) composites.

CFRP composites based on epoxy are high performance structural
materials that have been widely used in various industrial fields.
Nevertheless, due to the cross-linked networks and thermosetting nature
of epoxy matrix, the generated composites cannot be dissolved and the
carbon fiber cannot be recycled. Owing to the efficient and selective
dissolution in thiol solution, the dual disulfide epoxy vitrimer have the
ability to recycle high-value carbon fibers from CFRP composites effi-
ciently. Herein, the recyclable CFRP composites based on dual disulfide
vitrimer were prepared and the recycling of the carbon fibers from
composites was investigated. As shown in Fig. 6, by embedding the
carbon fibers in the mixture of dynamic epoxy monomers and dynamic
curing agents (Fig. 6a), the recyclable CFRP composites were obtained
after full curing at elevated temperature (Fig. 6b). To integrally recover

the carbon fibers from the CFRP composites, the composites were
immersed in the dithiothreitol (DTT) dilute solution. The thermoset
epoxy matrix was removed in less than an hour, through rapid thiol-
disulfide exchange reactions. After being washed and dried (Fig. 6e),
the recovered carbon fibers were reused to prepare the CFRP composites
like original ones (Fig. 6f).

The original CFRP composites from the fresh carbon fibers and the
reformed CFRP composites from the recovered carbon fibers both
exhibited outstanding mechanical properties. As shown in Fig. 7a, the Ty
of the original composite was 131 °C and the E’ was 10.5 GPa (at 30 °C).
In addition, the stress at break was up to 334.5 + 87.7 MPa (Fig. 7a).
After removing the epoxy matrix of dual disulfide vitrimer, the carbon
fibers were completely recycled. From the SEM images as shown in
Fig. 7b and Fig. S14, it was revealed that the morphology of the
recovered carbon fibers were almost the same to the fresh ones, indi-
cating the effectively recycling of the carbon fibers. Besides, it was
notable that the recycled carbon fibers were integral and did not have
epoxy resins attached. From the Raman spectra, it was revealed that the
recycled carbon fibers maintained the chemical details of the original
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carbon fibers (Fig. S15). When the recycled carbon fibers were reused to
form CFRP composites, the mechanical strength of the resulted com-
posites recovered to almost the same level as the original composites. As
shown in Fig. 7a and Fig. S13, the Ty and E’ of the recycled composite
was determined to be 126 °C and 8.2 GPa, while the stress strain at break
was 320.9 £ 64.6 MPa. These results indicated that the reformed CFRP
composites based on the recycled carbon fibers still remained their
outstanding mechanical properties and could be widely used as high
performance structural materials once again.

4. Conclusion

In summary, a dual disulfide vitrimer with high contents of
exchangeable aromatic disulfide crosslinks was synthesized from the
epoxy resin and the amine curing agent that both contained aromatic
disulfide bonds. This epoxy vitrimer exhibited excellent solvent resis-
tance and outstanding properties, with the Ty of 147 °C, the E’ of 1.72
GPa and the tensile strength of 63.1 MPa. Due to the high contents of
exchangeable aromatic disulfide bonds, the dual disulfide vitrimer
rapidly released the stress from deformation with t ranged from 1.95s
(220 °C) to 782s (160 °C). Meanwhile, it became reprocessable and
malleable readily, with the temperature of malleability low to 171 °C.
Moreover, the dual disulfide vitrimer could be easily degraded by
dithiothreitol (DTT) dilute solution, while its degradation process was
rapider when compared with the single disulfide vitrimer. In addition,
the CFRP composites based on the dual disulfide epoxy vitrimer were
prepared, which exhibited outstanding mechanical properties, with the
E’ of 10.5 GPa and the tensile strength of 334.5 MPa. After removing the
epoxy matrix efficiently, the carbon fibers were recycled integrally and
reused to form CFRP composites. The reformed CFRP composites
remained outstanding mechanical properties, with the E’ of 8.2 GPa and
the tensile strength of 320.9 MPa. These results indicated the potential
applications of epoxy vitrimers and their CFRP composites as cost-
efficient recyclable structural composites in automotive, wind power
and aeronautical industries.
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