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Abstract: Predicting the barely visible damage on high-performance glass-fiber-reinforced
composites (GFRCs) is of vital importance, as it can mitigate catastrophic material
failure and hence, help save costs and lives if GFRCs are used as structural parts.
However, the use of current damage self-reporting GFRCs often involves complicated
modifications of the matrix or fibers, further, interfacial defect generation and poor
resulting mechanical properties may be inevitable when extrinsic mechanochromic
additives are employed. In this study, a disulfide bond-tailored epoxy matrix for GFRCs
was synthesized from the diglycidyl ester of aliphatic cyclo (DGEAC) and 4,4-
dithiodianiline (AFD), which possessed sufficient solvent resistance, good
thermal/mechanical performance (Tg = 206 °C, tensile strength = 70 MPa), and UV-
shielding properties. Owing to the exchange reaction of disulfide bonds and dynamic
transesterification reactions catalyzed by internal tertiary amines, the DGEAC/AFD
networks could topologically rearrange, and were easily degraded by dithiothreitol
(DTT). More importantly, the DGEAC/AFD networks showed intrinsic mechanochromic
properties upon damage due to the formation of sulfenyl radicals. This indicated that
the GF/DGEAC/AFD composites were damaged, which was manifested by the
appearance of colors visible to the naked eye (a kind of self-reporting mechanism). In
this case, the degree of damage could be accurately determined, providing a pre-
indication of material failure. In addition, benefiting from the good comprehensive
performance of the DGEAC/AFD matrix, the GF/DGEAC/AFD composites exhibited
outstanding mechanical properties (tensile strength of approximately 470 MPa and
flexural strength of approximately 726 MPa). Meanwhile, the glass fibers (GFs) could
be completely recycled in a non-destructive manner by immersing the GF/DGEAC/AFD
composites in a solution of DTT. The work presents an interesting example on the
synthesis of high-performance, pre-damage-indicative, and recyclable GFRCs.

Response to Reviewers: Dear Prof. Todd Hoare,

With this letter we submit our revised manuscript (Manuscript ID: CEJ-D-22-06481R1)
as required to Chemical Engineering Journal. We would like to thank the editors and
the reviewers for all suggestions and insightful comments, which have been extremely
beneficial for us to revise the manuscript and make it more acceptable to the general
audience. We have taken all suggestions into account, and hope that the responses
will clarify the questions. Detailed responses are attached, and all the changes in our

Powered by Editorial Manager® and ProduXion Manager® from Aries Systems Corporation



revised manuscript are highlighted in yellow color.

We confirm that the figures and tables in Manuscript and Supplementary data are the
original works.

Your kind consideration of our revised manuscript is highly appreciated.

Sincerely yours,

Jun Hu, Ph.D, Professor

Beijing Advanced Innovation Center for Soft Matter Science and Engineering
Beijing University of Chemical Technology

Beijing 100029, China

Email: jhu@mail.buct.edu.cn

Powered by Editorial Manager® and ProduXion Manager® from Aries Systems Corporation



Revised Manuscript (clean for typesetting) Click here to view linked References =

Recyclable High-Performance Glass-Fiber/Epoxy
Composites with UV-Shielding and Intrinsic Damage

Self-Reporting Properties

Haojie Gong?, Jiangiao Wu®®, Zihan Zhao?®, Zhongkai Guo?, Liang Gao®, Baoyan Zhang®, Min-

Hui Li**¢, and Jun Hu**?

“Beijing Advanced Innovation Center for Soft Matter Science and Engineering, Beijing University

of Chemical Technology, Beijing 100029, China

bCollege of Materials and Chemical Engineering, Chuzhou University, West Huifeng Road 1,

Langya District, Chuzhou 239000, China

‘Department of Resin & Prepreg, AVIC Manufacturing Technology Institute Composite

Technology Center, Shijun Road 1, Shunyi District, Beijing 101300, China

dChimie ParisTech, PSL University, CNRS, Institut de Recherche de chimie, Paris 75005, France

*Corresponding authors

Email: jhu@mail.buct.edu.cn (Jun Hu), min-hui.li@chimieparistech.pls.eu (Min-Hui Li)


https://www.editorialmanager.com/cej/viewRCResults.aspx?pdf=1&docID=192321&rev=2&fileID=5357110&msid=6ad4ef7d-2e09-4865-bb5f-43a3a70655e5
https://www.editorialmanager.com/cej/viewRCResults.aspx?pdf=1&docID=192321&rev=2&fileID=5357110&msid=6ad4ef7d-2e09-4865-bb5f-43a3a70655e5

Abstract

Predicting the barely visible damage on high-performance glass-fiber-reinforced composites
(GFRCs) is of vital importance, as it can mitigate catastrophic material failure, and hence, help
save costs and lives if GFRCs are used as structural parts. However, the use of current damage
self-reporting GFRCs often involves complicated modifications of the matrix or fibers, further,
interfacial defect generation and poor resulting mechanical properties may be inevitable when
extrinsic mechanochromic additives are employed. In this study, a disulfide bond-tailored epoxy
matrix for GFRCs was synthesized from the diglycidyl ester of aliphatic cyclo (DGEAC) and 4,4-
dithiodianiline (AFD), which possessed sufficient solvent resistance, good thermal/mechanical
performance (7 > 206 °C, tensile strength ~ 70 MPa), and UV-shielding properties. Owing to the
exchange reaction of disulfide bonds and dynamic transesterification reactions catalyzed by
internal tertiary amines, the DGEAC/AFD networks could topologically rearrange, and were easily
degraded by dithiothreitol (DTT). More importantly, the DGEAC/AFD networks showed intrinsic
mechanochromic properties upon damage due to the formation of sulfenyl radicals. This indicated
that the GF/DGEAC/AFD composites were damaged, which was manifested by the appearance of
colors visible to the naked eye (a kind of self-reporting mechanism). In this case, the degree of
damage could be accurately determined, providing a pre-indication of material failure. In addition,
benefiting from the good comprehensive performance of the DGEAC/AFD matrix, the
GF/DGEAC/AFD composites exhibited outstanding mechanical properties (tensile strength of
approximately 470 MPa and flexural strength of approximately 726 MPa). Meanwhile, the glass
fibers (GFs) could be completely recycled in a non-destructive manner by immersing the
GF/DGEAC/AFD composites in a solution of DTT. The work presents an interesting example on

the synthesis of high-performance, pre-damage-indicative, and recyclable GFRCs.
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1. Introduction

Owing to their low weight, high strength, high stiffness, and corrosion resistance, glass-fiber-
reinforced composites (GFRCs) are widely used in the aerospace industry, and for wind power
generation, construction engineering, and high-tech manufacturing [1]. During the service life of
GFRCs, predicting and sensing barely visible damage in complex environments is of vital
importance, as it can mitigate catastrophic material failure, and hence, save costs and lives if the
GFRCs are used as structural parts [2]. At present, the frequently used non-destructive testing
methods in the industry include visual inspection [3], piezoelectric sensing [4], acoustic emission
[5-7], optical coherence tomography [8, 9], shearography [10-12], pulsed phase thermography
[13], and X-ray/y-ray analysis [14]. Despite the effectiveness of these methods, it is assumed that
the damage location has been identified visually first. This assumption makes these methods
suitable only for post-damage analysis, which is costly and time-consuming. Therefore, the
development of GFRCs that can autonomously self-report damage over time has attracted
increasing attention in recent years. To date, self-reporting GFRCs containing dye-filled vascular
networks [15-17], microcapsules and hollow fibres [18-23], and mechanochromic additives [24-
26] have been developed. For example, Sottos and co-workers encapsulated 2',7'-
dichlorofluorescein into double-shell-walled polyurethane/poly(ureaformaldehyde)
microcapsules, which could clearly identify a crack as small as 10 pym in width on the surface of
the composite under normal light [20]. Kling et al. infiltrated thin hollow glass fibers (GFs) with
polyester curing agents and rhodamine B as an indicator, and they added a white dye to color the

matrix and mask the fluorescent color of rhodamine B in the undamaged state. Upon damage,



rhodamine B migrated to the surface of the composites and the damage location was visualised
using a UV lamp [23]. In contrast, Adelung et al. used a mechanochromic spiropyran additive in a
polythiourethane matrix. Spiropyran moieties can rapidly self-report the damage degree of GFRCs
through their force-induced covalent bond fracture [26]. However, these studies often involved
complicated modifications of fibers or matrices. Moreover, interfacial defects might inevitably
occur and poor mechanical properties might result if extrinsic mechanochromic additives are
employed. Hence, the fabrication of high-performance GFRCs that can intrinsically self-report
damage by naked-eye visualisation without complicated modifications to the fibers and matrix is
still a major challenge.

Carbon neutrality and circular economy are topical concepts owing to the growing concerns
associated with the oil crises and environmental issues. Extensive efforts have been invested to
recycle materials. However, the permanently cross-linked networks of the thermoset matrix in
conventional GFRCs make their recycling difficult once they are damaged or unusable. To date,
the most commonly used recycling technologies for GFRCs are mechanical recycling [27-29] and
pyrolysis recycling [30-32]. Mechanical recycling often produces small pieces of low value, which
are then used as fillers in composites or combustible materials. On the other hand, the high-
temperature and high-pressure conditions of pyrolysis recycling are too harsh and may potentially
pose safety hazards in industrial production. It is important to address all these issues in current
GFRC recycling technologies for sustainable development in modern society. The use of covalent
adaptable networks (CANSs) in the GFRC matrix is a promising solution.

CANSs, pioneered by Bowman and co-workers in 2010 [33], are three-dimensional cross-
linked networks that contain a sufficient number and topology of reversible covalent bonds to

enable the cross-linked network structure to respond chemically to an applied stimulus, such as



heat [34], light [35], or pH [36], and to achieve network rearrangement. These dynamic covalent
bonds include ester bonds [34, 37], acetal linkages [38], imine bonds [39], and disulfide bonds [40,
41], which have been introduced into diverse resin materials to enable their recyclability. Among
these, the disulfide bond is considered to be one of the most promising dynamic bonds. Typically,
a catalyst is not required during bond exchange, thereby mitigating the phase separation and
performance deterioration of the composites. On the other hand, the cleavage of disulfide bonds
can generate sulfenyl radicals that are visible to the naked eye. Therefore, when composites are
subjected to external damage, the damage can be revealed at the molecular level by the color
change due to the cleavage of disulfide bonds in the matrix without the use of any dye-modified
additives [42]. Taking advantage of this phenomenon, in this study, we prepared recyclable high-
performance GFRCs using the commercially available diglycidyl ester of aliphatic cyclo
(DGEAC) and 4,4-dithiodianiline (AFD) as the matrix and GFs of EW250F as reinforcing fibers
(Scheme 1). The cured DGEAC/AFD networks offered sufficient solvent resistance, good thermal
properties (75 > 206 °C), and mechanical properties (tensile strength of ~ 70 MPa) comparable to
those of conventional epoxy thermosets. Moreover, they exhibited UV-shielding, stress relaxation
at high temperatures (200 °C), degradation by the reduction agent dithiothreitol (DTT), and
intrinsic mechanochromic features due to the cleavage of disulfide bonds. The laminate samples
of the GF/DGEAC/AFD composites showed superior mechanical robustness (tensile strength =
470 MPa and flexural strength = 726 MPa) and damage self-reporting ability due to the intrinsic
mechanochromic features of the matrix. Therefore, the degree of damage caused by impact could
be evaluated accurately, providing an indication of material failure. Finally, the GFs could be

completely recycled by immersing the GF/DGEAC/AFD composites in a solution of DTT, because



the thiol groups and hydroxyl groups of DTT participated in the exchange reactions and the

networks were destroyed. Thus, the GFs showed properties identical to those of the original GFs.
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Scheme 1. Schematics of (A) synthesis of the cross-linked DGEAC/AFD networks, (B)
preparation of GF/DGEAC/AFD composites, and (C) intrinsic damage self-reporting by
GF/DGEAC/AFD composites and recycling of GFs.
2. Experimental section
2.1 Materials

Diglycidyl ester of aliphatic cyclo (DGEAC, Tianjin Jindong Chemical Factory), 4,4-
dithiodianiline (AFD, Energy Chemical), aniline (Amethyst Chemical), dithiothreitol (DTT,
Energy Chemical), and woven glass fiber (GFs) (EW250F, Nanjing Glass Fiber-Research and
Design Institute) were used as purchased, without further purification.
2.2 Synthesis of the cross-linked DGEAC/AFD and DGEAC/aniline networks

Certain amounts of AFD and DGEAC were initially mixed at 50 °C and degassed under

vacuum. Subsequently, the homogeneous viscous liquid was poured into a mold. Followed by



curing in an oven at 100 °C for 1 h, 150 °C for 4 h, and 180 °C for 2 h, the cross-linked
DGEAC/AFD networks were prepared with stoichiometric ratios of 0.5, 0.6, and 0.7 (R =
amine/epoxy groups). The reference epoxy network of DGEAC/aniline was synthesized similarly.
Initially, certain amounts of aniline and DGEAC were mixed at 70 °C and degassed under vacuum.
Subsequently, the homogeneous viscous liquid was poured into a mold followed by curing at 110
°C for 1 h, 150 °C for 4 h, and 180 °C for 2 h in an oven, thus affording the cross-linked
DGEAC/aniline networks (amine/epoxy groups = 0.5).
2.3 Preparation of GF/DGEAC/AFD composites

Initially, AFD (3.75 g, 15.08 mmol) and DGEAC (6.00 g, 20.11 mmol) were mixed at 50 °C
and degassed under vacuum to obtain a homogeneous solution. Subsequently, four slices of woven
GFs were dip-coated by the solution layer-by-layer at 70 °C, with a GF weight fraction of
approximately 71%. The coated woven fabric was then placed in a stainless mold (80 mm % 60
mm % 1 mm) and cured at 100 °C for 1 h, 150 °C for 4 h, and 180 °C for 2 h at a pressure of 10
tons.
2.4 Characterization

Rheological measurement. The rheological behavior of DGEAC/AFD blends was studied in
oscillatory mode using a Discovery HR-1 rheometer (TA Instruments) equipped with parallel
aluminum plates (diameter 25 mm). Oscillation temperature ramp measurements were performed
from 25 to 180 °C with a strain of 1%, an angular frequency of 1 Hz, and a heating rate of 5 °C/min.
One temperature point was selected according to the viscosity curve in the heating state, and then
the viscosity-time curve in the constant temperature state was measured.

Differential scanning calorimetry (DSC) test. A differential scanning calorimeter (TA-

DSC25) was used to investigate the curing behavior. Samples (~ 5 mg) were sealed in aluminum



crucibles and scanned at a heating rate of 5 °C/min to cure them. The cured samples (~ 5 mg) were
heated from 25 to 250 °C at a heating rate of 10 °C/min.

Fourier-transform infrared (FTIR) spectroscopy. The samples were scanned from 4000 to
600 cm ™! using a spectrophotometer (Bruker V70) equipped with an ATR probe.

Swelling test. The swelling ratios were measured by immersing the samples (~ 30 mg, my)
sequentially in acetonitrile, tetrahydrofuran, acetone, and ethyl acetate at room temperature. Upon
reaching equilibrium, the samples were removed from the solution. The excess solvent on the
surface was removed with filter paper, and the swollen samples were weighed (m;). The swelling
ratio was calculated using the following equation:

mj-mg

Swelling ratio (%) = —— x100% (1)

mo
Gel content test. The samples (~ 30 mg, my) were sequentially immersed in acetonitrile,
tetrahydrofuran, acetone, and ethyl acetate at room temperature for 20 h, respectively. Each sample
was then dried in a vacuum oven at 70 °C and weighed (m;). The gel content was calculated using

the following equation:
Gel content (%) = == x100%  (2)
0

Solvent resistance. The samples (10 mm % 10 mm x 1.5 mm) were sequentially immersed in
ethanol, methanol, tetrahydrofuran, acetone, toluene, chloroform, NaOH (1 M), HCI (1 M), H>SO4
(1 M), H20, and N, N-dimethylformamide (DMF) for 2 weeks to investigate the solvent resistance.

Dynamic mechanical analysis (DMA). The dynamic mechanical properties were measured
using a dynamic mechanical analyzer (TA-Q850) in the tension mode. Samples with dimensions
of 30 mm x 5 mm x 1.5 mm were scanned from 25 to 250 °C at a heating rate of 3 °C/min. The

amplitude was set at 10 um and the frequency was 1 Hz.



Thermogravimetric analysis (TGA). The thermal stability was measured using a
thermogravimetric analyzer (NETZSCH-STA449F3). The samples (~ 5 mg) were loaded into
alumina crucibles and scanned from 25 to 800 °C at a heating rate of 10 °C/min under a N»
atmosphere.

Tensile test. The tensile properties of the cross-linked DGEAC/AFD networks were measured
using an electromechanical universal testing machine (ETM504C, Hubei Wance Test Machine Co.
Ltd., China) at room temperature according to the UNE-EN-ISO 527 standard using dumbbell-
shaped specimens at a stretching speed of 2 mm/min. For the GF/DGEAC/AFD composites,
rectangular specimens with dimensions of 60 mm X 15 mm x 1 mm were used for the test at a
stretching speed of 5 mm/min. At least five samples were tested.

UV-Vis spectroscopy. The UV-shielding performance of the DGEAC/AFD film was
measured using a UV-vis spectrophotometer (G-9, Nanjing PKILES) from 200 to 1000 nm. The
UV-vis spectra of the DGEAC/AFD powder generated by scraping the film with a knife were
recorded using a spectrophotometer (UV-2600, Shimadzu).

Stress relaxation test. The stress relaxation was measured using a dynamic mechanical
analyzer (TA-Q850). A sample with dimensions of 30 mm % 5 mm X 1.5 mm was heated to the
prescribed temperature and soaked for 10 min. Subsequently, an instantaneous strain of 1% was
applied. The stress and modulus were measured for several hours until equilibrium was achieved.

Creep recovery test. The creep recovery behavior was measured using a dynamic mechanical
analyzer (DMTA-V). A sample with dimensions of 30 mm x 5 mm x 1.5 mm was heated to 200
°C and soaked for 10 min. After applying a constant force (0.5 MPa) for 1 h, the stress was

removed, and the sample was allowed to recover for another 1 h.



Electron paramagnetic resonance (EPR) spectroscopy. The EPR experiments were
performed using an EPR spectrometer (Bruker E500) at 25 °C using a microwave frequency of
9.64 GHz, microwave power of 10 mW, and modulation amplitude of 100 kHz. The g-value was
calculated according to the equation: #v = gfiB, where 4 is Planck’s constant, v is the frequency, f
is the Bohr magneton, and B is the magnetic field.

Raman spectroscopy. Raman spectra were recorded using a LabRAM HR Evolution
spectrograph using laser irradiation of 785 nm wavelength, an exposure time of 90 s, and a laser
energy of 10 mW.

X-ray 3D microscopy. An X-ray 3D microscope (Nano Voxe 12000) was used to observe the
internal structure of the GF/DGEAC/AFD composites. Samples with dimensions of 10 mm x 10
mm x 1 mm were used for the tests.

‘Hammer impact’ test. This test involved the use of a hammer that could freely fall on a
composite specimen fixed on a rectangular platform. Specifically, a specimen with dimensions of
20 mm x 20 mm x 1 mm was impacted by a hammer weighing 0.498 kg that was dropped from a
height of 120 mm (~ 0.598 J of energy per impact). This test was repeated periodically until the
composite failed. The impact energy required to change the color and damage the composites was
determined by the number of impacts. An image was captured after each impact to track the color
change and failure of the GF/DGEAC/AFD composites. Moreover, a blue color channel
contribution in these images was generated using ImageJ software for quantitative analysis. The
corresponding video was produced by stacking the images together.

Degradation test. The DGEAC/AFD matrix (~ 20 mg, mp) and GF/DGEAC/AFD composites
(~ 40 mg, my) were immersed in a DTT/DMF solution (0.02 g/mL) at 70 °C, respectively. The

samples were removed from the solution after different degradation times, then dried at 150 °C for
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24 h, and weighed (m;). At least three replicate tests were performed at each time point. The
relative weights were calculated using the following equation:

Relative weight (%) = ﬂ x100% (3)

10

The cleavage planes of the GF/DGEAC/AFD composites during degradation were observed using
scanning electron microscopy (SEM, JSM-7610F, Japan) with an accelerating potential of 5 kV.
The morphologies and chemical compositions of the recycled and virgin GFs were investigated by
SEM and SEM-EDS (EDS: energy-dispersive X-ray spectroscopy).
3. Results and discussion
3.1 Synthesis and characterization of the DGEAC/AFD networks

As viscosity is an important parameter to evaluate the curing and processability of epoxy
resin, the rheological experiments of DGEAC/AFD blends at different stoichiometric ratios (R =
0.5, 0.6, and 0.7, amine/epoxy group) were performed. Fig. S1A shows the viscosity-temperature
curves with a heating rate of 5 °C/min. Initially, when the temperature is low (25 ~ 60 °C), the
curing degree is low and the physical change of viscosity is dominant, so the viscosity drops
rapidly with the rise of temperature at this stage. Subsequently, as the temperature increases
continuously, the curing reaction gradually takes place, making the viscosity achieve an
equilibrium at a low level (~ 0.04 Pa.s) within a temperature range from 60 to 150 °C. Finally, the
curing reaction intensifies in the high temperature range (> 150 °C), where the chemical change
becomes the dominant factor promoting the sharp increase of viscosity. According to these
viscosity-temperature curves, 110 °C was chosen to investigate their isothermal viscosity
behaviors. As shown in Fig. S1B, the viscosity-time curves are similar for R = 0.5, 0.6, and 0.7,
where the viscosity increases slowly at the beginning of the test, presenting a low viscosity plateau,
while an exponential rise in viscosity occurs with the extension of time as the curing degree

increases sharply. The time corresponding to the low viscosity platform (< 0.8 Pa.s) is 1618 s,
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1353 s, and 1216 s for R = 0.5, 0.6, and 0.7, respectively. The curing processes of DGEAC/AFD
blends were further investigated using DSC at a heating rate of 5 °C/min from 50 to 220 °C. In
Fig. 1A, clear exothermic peaks are observed at approximately 150 °C, and the reaction enthalpies
(AH) are 419 J/g, 371 J/g, and 331 J/g for R values of 0.5, 0.6, and 0.7, respectively. The declining
trend of AH from R = 0.5 to 0.7 indicates that the curing degree at R = 0.5 is the highest [43]. To
cover the temperature range of the curing reaction and avoid the degradation of the raw materials,
the following curing profiles were designed: 100 °C for 1 h, 150 °C for 4 h, and 180 °C for 2 h.
The cured DGEAC/AFD was transparent and mechanically strong as shown in Fig. 1B. To confirm
the formation of cross-linked networks, the FTIR spectra of monomers and cured DGEAC/AFD
were acquired (Fig. 1C, 1D). The peaks at 3056 and 905/853 cm™! were assigned to epoxy groups,
whereas the signals at 1740 and 2925/2853 cm™! belonged to ester bonds and methylene groups,
respectively, from DGEAC. For AFD, the peaks at 3417/3331 cm™ and 1624 cm™ corresponded
to amine stretching and bending vibrations, and the signals at 1587 and 1494 cm™ corresponded
to benzene ring vibrations. After curing, the epoxy peaks disappeared, and a new hydroxyl peak at
3434 cm’! emerged, with the remaining ester bonds at 1740 cm™, indicating the curing reaction
was complete. Evidence from DSC further confirmed the complete curing, as no residual curing
peak was observed (Fig. 1E). In contrast, the glass transition of the networks was clearly observed
without peaks related to melting, demonstrating the amorphous nature of the DGEAC/AFD
networks, which is in accordance with their high transparency. The gel content and swelling ratio
are two important references for characterizing the integrity of cross-linked networks, as they can
directly reflect the extent of cross-linking [44]. All DGEAC/AFD networks exhibited a high gel
content (> 99%) and low swelling ratio (Fig. 1F, Table S1), implying that the networks were

completely cross-linked. In addition, the DGEAC/AFD (R = 0.5) was selected to evaluate the
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solvent resistance. After sequentially immersing in ethanol (EtOH), methanol (MeOH),
tetrahydrofuran (THF), acetone (Act.), toluene (PhMe), chloroform (CHCI3), NaOH (1 M), HCI
(1 M), HxSO4 (1 M), H20, and N, N-dimethylformamide (DMF) for 2 weeks at room temperature,
all DGEAC/AFD pieces remained intact (Fig. 1G), indicating that DGEAC/AFD had good
resistance to organic solvents and acidic and alkaline aqueous solutions. In summary, a cross-

linked network of DGEAC/AFD was completely formed with sufficient solvent resistance.
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Fig. 1. (A) DSC curves of the DGEAC/AFD mixtures at a heating rate of 5 °C/min. (B) Digital
photos of DGEAC/AFD networks. (C, D) FTIR spectra of DGEAC, AFD, and DGEAC/AFD
networks. (E) DSC curves of DGEAC/AFD networks at a heating rate of 10 °C/min. (F) Gel
content of DGEAC/AFD networks. (G) Digital photos of DGEAC/AFD networks after immersion
in different solvents for 2 weeks at room temperature.

3.2 Thermal, mechanical, and UV-shielding properties of DGEAC/AFD networks
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The dynamic mechanical properties of the DGEAC/AFD networks are presented in Fig. 2A
and Table 1. All transitions from the glassy state to the rubbery state occur at temperatures higher
than 180 °C, with storage modulus at 30 °C 0f 4859, 3616, and 3436 MPa for R values of 0.5, 0.6,
and 0.7, respectively, demonstrating the good rigidity of the DGEAC/AFD networks. The tan o0
peaks at 212, 209, and 206 °C are assigned to the corresponding 7, values, and indicate that 7,
slightly decreases from R values of 0.5 to 0.7. In general, the 7, of cross-linked polymers is
determined by the cross-linking density and rigidity of the chain segments [45]. According to
Flory’s rubber elasticity theory, the cross-linking density (v.) of the DGEAC/AFD networks was
calculated using equation (4) [46, 47]:

E=3v,RT (4

where E' is the storage modulus in the rubbery state at 7 + 30 °C, R is the gas constant, and T is
the Kelvin temperature of 7, + 30 °C. As shown in Table 1, although the stiffness of the
DGEAC/AFD network increases from R values of 0.5 to 0.7, the corresponding v. decreases from
3097 to 2395 and 1732 mol/m?, respectively. Consequently, this equilibrium leads to a slight
decrease in 7,. The 7, values measured using DSC in Fig. 1E show a similar trend. In addition,
DGEAC/AFD networks exhibit good damping performance, with a higher tan 6 (> 0.7) and better
damping property.

The thermal stabilities of the networks were characterised using TGA, where the temperatures
at 5% weight loss (7use;) were 282, 277, and 270 °C for R values of 0.5, 0.6, and 0.7, respectively
(Fig. 2B, Table 1). The statistical heat-resistance temperature (75) was calculated using the
following equation [48]:

Ty = 0.49[Tys50, + 0.6(Ty300-Tgs0.)]  (5)
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where Tyso; and Ty300, represent the temperatures at 5% and 30% weight loss, respectively. As
shown in Table S2, T values of 151, 152, and 153 °C are obtained for these three networks,
revealing similar thermal stabilities. Moreover, the DGEAC/AFD networks exhibit three stages of
weight loss (Fig. 2C). Because the bond energies of the disulfide bonds are lower than those of C-
C, C-0, and C-N bonds, the thermal decomposition of disulfide bonds occurs between 250 and
300 °C in the first stage [49], where the weight losses are 9.91%, 11.03%, and 12.02% for R values
0f 0.5, 0.6, and 0.7, respectively, similar to the theoretically calculated weights of disulfide bonds.
The weight loss in the second stage (approximately 40%) mainly involves the thermal degradation
of fatty chains in the networks, which occurs in the temperature range of 340-360 °C. The last
weight loss stage at 410500 °C is caused by the thermal degradation of aromatic rings [50]. All
the above results suggest that the DGEAC/AFD networks possess good thermal stability for

potential applications.
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Fig. 2. (A) Storage modulus (G”) and tan 6 of DGEAC/AFD networks at a heating rate of 3 °C/min.
(B) TGA and (C) the corresponding DTG curves of DGEAC/AFD networks at a heating rate of 10
°C/min. (D) Tensile stress-strain curves and (E) corresponding modulus of DGEAC/AFD
networks. (F) Transmittance spectra of DGEAC/AFD networks in the wavelength range of 200-
1000 nm. (G) Digital photos of the anti-counterfeiting logo covered by the DGEAC/AFD film (R
= 0.5) under UV light at 365 nm. (H) Comparison of the comprehensive performance of
DGEAC/AFD networks with those of other reported epoxy thermosets containing dynamic
covalent bonds.

As an important indicator of thermoset matrices, the mechanical properties of the
DGEAC/AFD networks were investigated by tensile stress-strain experiments. In Fig. 2D, all the
networks exhibit rigid tensile behaviour without a yield point, and their mechanical properties can
be adjusted by changing the AFD content in the networks. The tensile strength of the DGEAC/AFD
network (R = 0.5) was the highest at 70.7 MPa, followed by values of 58.9 and 55.4 MPa for R
values of 0.6 and 0.7, respectively. Correspondingly, the Young's modulus for R = 0.5 (1.61 GPa)
was also higher than that for R = 0.6 and 0.7 (Fig. 2E, Table 1), consistent with the varying trend
of tensile strength.

In fields such as the aerospace industry and microelectronic packaging, insufficient UV-
shielding is a hindrance for long-term use, especially in the pursuit of visible-light transparency.
Therefore, it is imperative to build transparent thermoset matrices with UV-shielding capabilities.
As shown in Fig. 2F, the transmittance of the DGEAC/AFD networks is nearly 0% from 200 to
500 nm, revealing a blocking ability over the full wavelength range of UV light. This result is
intuitively verified in Fig. 2G. The anti-counterfeiting logo on the surface of the 50-yuan CNY

fluoresces upon irradiation by a UV lamp but no longer fluoresces once covered by a
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DGEAC/AFD film, which implies that DGEAC/AFD networks can be used in UV-shielding to
prevent UV-caused ageing. Based on the tensile strength, 75, and UV-shielding properties, we
compared the DGEAC/AFD networks with other reported epoxy thermosets containing dynamic
covalent bonds. As illustrated in Fig. 2H and Table S3, the comprehensive performance of the
DGEAC/AFD networks is better than that reported in other studies.

Table 1 Composition, thermal, and mechanical properties of DGEAC/AFD networks.

Young's Tensile Elongation

T E' Ve Tases

Sample? modulus strength at break
(°C)®  (MPa)* (molm3)¢ (°C)°

(GPa)f (MPa)f (%)f

R=0.5 212 39.88 3097 282 1.61+£0.12  70.7£1.5 75+14

R=0.6 209 30.65 2395 277 1.51+£0.09  58.9+£2.7 5.8+0.6

R=0.7 206 22.08 1732 270 1.40+£0.12  55.4+22 56+1.1

%R represents the stoichiometric ratio of amine/epoxy groups. °7, value was decided from tan J in
Fig. 2A. °E’ was obtained from storage modulus at temperature (Tq + 30°C) in Fig. 2A. %, was
calculated by equation (4). ®Tase Was obtained from TGA cures in Fig. 2B. "Young's modulus,

tensile strength, and elongation at break were obtained from Fig 2D.

3.3 Dynamic bond exchange and degradation of DGEAC/AFD networks

From a structural point of view, in addition to the exchange of disulfide bonds, the f-
hydroxyesters and tertiary amines present in the DGEAC/AFD networks, which can accelerate the
dynamic transesterification reactions (TERs). To validate this TERs, a reference epoxy resin
networks, named as DGEAC/aniline, was synthesized by curing DGEAC with aniline
(amine/epoxy group = 0.5, Fig. S2A). The DSC curve in Fig. S2B shows that there is a clear

exothermic peak around 150 °C, which indicates that amino groups in aniline react well with the
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epoxy groups. In order to ensure the complete curing of the DGEAC/aniline networks, the
following curing process was designed: 110 °C for 1 h, 150 °C for 4 h, and 180 °C for 2 h. The
cured DGEAC/aniline was transparent and mechanically strong as shown in Fig. S2C. Evidence
from DSC in Fig. S2D confirmed the complete curing, as no residual curing peak appeared. In
contrast, the glass transition plateau of the DGEAC/aniline networks was observed clearly (7, =
136 °C). In addition, the stress relaxation characteristic of the DGEAC/aniline networks was
investigated by using DMA in Fig. S2E, where the relaxation time (t*), defined as the time when
the modulus relaxes to 1/e of the original, decreased to 406 s from 809 s when the temperature
rose from 200 to 220 °C, revealing a rapid relaxation rate of the DGEAC/aniline networks.
According to these results and the reports in other works [64-66], it was proposed that tertiary
amines and the adjacent hydroxyl groups would like to form a five-membered cyclic intermediate
through intramolecular hydrogen bonds, which increased the nucleophilicity of hydroxyl groups
and promoted the TERs, thus achieving the dynamic topological rearrangements (Fig. S2F).

For the DGEAC/AFD networks (R = 0.5), the stress relaxation property was evaluated at
different temperatures for verifying the transesterification and disulfide exchange reactions (Fig.
S3). The t* was determined to be 462 s at 180 °C, 320 s at 190 °C, 156 s at 200 °C, and 28 s at
230 °C (Fig. 3A). Accordingly, the activation energy (E,) of the bond exchange reaction can be

calculated using the Arrhenius equation [44]:
* & _
Int = o7 In4  (6)
where R is the gas constant, 7 is the experimental temperature, and A4 is the Arrhenius prefactor.
Fig. 3B shows the Arrhenius analysis of 7* versus 1000/T. The calculated E, of the DGEAC/AFD

networks (R = 0.5) is 109 kJ mol™! according to the slope of the Arrhenius plot. Meanwhile, the

topology freezing transition temperature (7)) was determined to be 114 °C using the Maxwell’s
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equation (Fig. S4). Note that the bond exchange reactions in the DGEAC/AFD networks were also
affected by the segment mobility (related to 7%), considering that 7, was lower than 7. That is to
say, the exchange reactions can occur and cause stress relaxation even if the motion of polymer
chains was slow. When the temperature was above Ty, its stress relaxation became fast (7* =28 s,
230 °C). Furthermore, the creep recovery behavior of the DGEAC/AFD networks is shown in Fig.
3C. After an initial elastic response at 200 °C, the networks flowed, driven by the disulfide bonds
exchange and TERs, and the strain increased to 9.3% until the stress was revoked after 60 min,
followed by a slight decrease and retention of elongation of 8.0% in the remaining time.

Owing to its intrinsic dynamic nature, the cross-linked network of DGEAC/AFD can react
with molecules such as DTT to produce broken chain segments, degrading the networks. Herein,
the degradation kinetics of the DGEAC/AFD networks (R = 0.5) were investigated in a DMF
solution of DTT at 70 °C by monitoring the residual weight of the sample. As shown in Fig. 3D,
after a swelling period for the first 6 h, the block begins to degrade, and disappears completely
after 20 h. The degradation rate is dominated by the following processes: 1) DTT molecules diffuse
into the polymer networks, 2) polymer chains was broken into segments due to the thiol-disulfide
reaction and the transesterification reactions, and 3) the broken segments diffuse into the DMF
solvent (Fig. 3F). Because of the high cross-linking density and rigid networks, the diffusion rate
of DTT into the DGEAC/AFD networks was low, and the total degradation time reached up to 20

h.
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Fig. 3. (A) Stress relaxation curves of DGEAC/AFD networks (R = 0.5) at different temperatures.

(B) Linear fitting curve of the relaxation times (7*) derived from (A) to an Arrhenius-type equation.

(C) Creep recovery behavior of DGEAC/AFD networks (R = 0.5) at 200 °C. (D) Degradation

kinetics of DGEAC/AFD networks (R =0.5) in DTT/DMF solution at 70 °C. Inset image showed

the sample before and after degradation. (E) Proposed degradation mechanism of DGEAC/AFD

networks in the presence of DTT molecules.
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3.4 Mechanochromic properties of DGEAC/AFD networks

Fig. 4A shows the mechanochromic behavior of the DGEAC/AFD networks. When the
DGEAC/AFD networks was carved with a knife, the location color immediately changed to green,
which could be clearly observed by the naked eye. After placing the carved powder at room
temperature for 24 h, the color changed back to the original (Fig. 4B). It is worth noting that there
was no apparent color change on the fracture surface of the resin after tensile and flexural fracture
(Fig. S5). To investigate this behavior in detail, the EPR spectrum of the green DGEAC/AFD
powder was first studied (Fig. 4C). The three anisotropic EPR signals at g1 = 2.0032, g>=2.0197,
and g3=2.0407 belong to the sulfenyl radicals generated from the cleavage of disulfide bonds [67].
The Raman spectra are shown in Fig. 4D. Compared with the intact DGEAC/AFD networks
exhibiting peaks at 472 and 640 cm! for the S-S and C-S bonds, respectively, a new peak appears
at 600 cm™! for the green DGEAC/AFD powder, which should be assigned to sulfenyl radicals
[68]. Such radicals, being ‘frozen’ in the polymer networks with a high T, survive for some time
before pairing up to form disulfide bonds, which could explain the progressive disappearance of
the green color after several hours.

To further evaluate the stability of such radicals, the duration of retention of the green color
at different temperatures was quantified by UV-vis spectroscopy in the solid state. As shown in
Fig. 4E, a peak at 652 nm corresponding to the green color is observed, the intensity of which
progressively decreases to zero within 20 h at 25 °C due to the recombination of sulfenyl radicals
to form disulfide bonds. In contrast, upon storing the green powder at 70 °C and 100 °C, the
absorption peak at 652 nm decreases more rapidly (Fig. S6). Here, the time is defined as the
duration of color retention (¢;2) when the absorbance intensity (4,) is 1/2 of the initial intensity

(4o) at 652 nm. As shown in Fig. 4F, the 7;> values are 180, 28, and 5 min for the green
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DGEAC/AFD powder at 25 °C, 70 °C, and 100 °C, respectively. This can be explained by the high
mobility of polymer segments at high temperatures, resulting in the fast pairing of radical species.
Notably, despite being reactive, these sulfenyl radicals can be ‘frozen’ and survive for a while
when the temperature is far below 7g, providing sufficient time for self-reporting and analyzing

damage in the matrix and composites.
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Fig. 4. (A) Mechanochromic behavior of DGEAC/AFD networks (R = 0.5) upon carving and (B)
recovery from green to the original color after standing at room temperature for 24 h. (C) EPR
spectrum of the green DGEAC/AFD powder (R = 0.5). (D) Raman spectrum of the DGEAC/AFD
networks (R = 0.5) and the carved green DGEAC/AFD powder (R = 0.5). (E) Time-dependent

UV-vis spectra of the green DGEAC/AFD powder (R = 0.5) at 25 °C. (F) Normalized time-
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dependent UV-vis spectra of the green DGEAC/AFD powder (R = 0.5) at different temperatures.

Ao is the initial absorbance intensity at 652 nm and A4, is the absorbance intensity at the test time.

3.5 Preparation and periodic impact test of GF/DGEAC/AFD composites

DGEAC/AFD networks (R = 0.5) were selected as the matrix and GFs (EW250F) as the
reinforcing fibers, and the GF/DGEAC/AFD composites were prepared by dip-coating (Scheme
1B). The cured composite laminates are shown in Fig. 5A, where the mass fraction of GFs is
approximately 71%. An X-ray 3D microscope was used to study internal structures of dimensions
10 mm x 10 mm % 1 mm. The satin structures of the woven GFs could be captured in the integral
and cross-sectional images (Fig. 5B, SD). The cross-sectional XY and XZ micrographs (Fig. 5C,
5E) showed no signs of delamination or porosity between the GFs and polymer matrix, revealing
the good interfacial properties of the composites. Moreover, the SEM results showed that after
merging with the DGEAC/AFD matrix, a robust interface between the matrix and GFs was formed,
where the GFs were tightly enclosed by the matrix (Fig. SF). In addition, tensile and flexural tests
were performed to investigate the mechanical properties of the GF/DGEAC/AFD composites. The
tensile strength and Young's modulus were 470.5 MPa and 13.0 GPa (Fig. 5G, 5I), while the
flexural strength and corresponding modulus were 726.4 MPa and 12.2 GPa (Fig. SH, 5I). To
intuitively illustrate the high performance of the GF/DGEAC/AFD composites, a comparison of
the tensile strengths of GF/DGEAC/AFD and other reported epoxy-based GFRCs is provided in

Table S4; the GF/DGEAC/AFD composites show a higher mechanical strength.
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Fig. 5. (A) Optical photograph of GF/DGEAC/AFD composites. X-ray 3D microscopic (B)
integral, (C) XY, (D) YZ, and (E) XZ cross-profile images of the GF/DGEAC/AFD composites.
(F) SEM image of the plane surface of GF/DGEAC/AFD composites. (G) Tensile and (H) flexural
stress-strain curves of GF/DGEAC/AFD composites, and (I) corresponding stress and modulus

values.

Benefiting from the mechanochromic features of the DGEAC/AFD matrix, the intrinsic
damage self-reporting property of the GF/DGEAC/AFD composites was evaluated using a custom
‘hammer impact’ test (Fig. S7), which yielded an impact energy of ~0.598 J for each hit. To track
the color change and failure of the GF/DGEAC/AFD composites, images were captured after each
impact. As shown in Fig. 6A, with increasing impact number, the green color on the impact
location gradually intensifies. A color change visible to the naked eye is seen at the 4th impact

(image 4), while the cracks in the composites do not appear until the 70th impact (image 70), where
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the fiber fractures on the surface and inside of the composite are observed in SEM (Fig. 6B) and
X-ray 3D images (Fig. S8). In other words, a color change appears before the composites fail,
revealing the intrinsic damage self-reporting capability of the GF/DGEAC/AFD composites. To
precisely quantify the color change, the average brightness of the blue channel at the impact
location was tracked using ImageJ software. The accumulated impact energy corresponding to the
impact numbers is plotted against the blue color contribution (Fig. 6C, Movie S1), with a standard
blue scale bar as a reference. For the first two impacts, the color development is slight, whereas
from the 2nd to 4th impacts, a distinct color change is observed (2.39 J). With the progress of the
periodic impact test, the color change progresses steadily until the material fails at the 70th impact
point (41.86 J). Obviously, the GF/DGEAC/AFD composites exhibit notable color development
before severe material damage. Similar to neat resin, no color change of the GF/DGEAC/AFD
composites was observed after tensile fracture, while only a slight color change at the stress point
in flexural test (Fig. S9), which might be probably because the fracture of disulfide bonds requires
a specific type of stress, such as knife carving, impact, etc., to generate enough free radicals for

visualization.
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Fig. 6. (A) Periodic ‘hammer impact’ of GF/DGEAC/AFD composites. The number in each image
represents the impact numbers. Images were captured immediately after each impact. (B) SEM
image of the impact surface of the GF/DGEAC/AFD composites at the 70th impact. (C)

Quantitative analysis of the color changes and accumulated energy after periodic impacts.

3.6 Recycling of GF/DGEAC/AFD composites

Based on the bond exchange reaction between thiol and disulfide, as well as the
transesterification reactions catalyzed by internal tertiary amines, DTT was chosen as the
degradation agent for the GF/DGEAC/AFD composites in the DMF solution at 70 °C. The digital
photos in Fig. 7A provide indirect evidence of the recycling process. The solution color deepens

as the incubation time increases with the separation of GF layers, and the matrix of DGEAC/AFD
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is completely removed after 40 h, affording recycled GFs. The degradation kinetics were
investigated by measuring the residual weight at different degradation times. As shown in Fig. 7B,
the weight decreases to 88% in the first 9 h, reaches 78% at 20 h, and finally decreases to 70% at
40 h, approaching the actual weight of the GF/DGEAC/AFD composites (71%). SEM images were
acquired to further monitor the degradation process (Fig. 7C). At 0 h, there is a robust interface
between the DGEAC/AFD matrix and GFs; after 9 h, only a small part of the matrix is degraded;
after 24 h, a large amount of the matrix depolymerises, causing more GFs to be exposed.
Consequently, all matrices are removed from the GFs after 40 h. Note that because of the good
interface combination between the GFs and matrix, a long soaking time was required to allow
sufficient DTT molecules to enter the composite interior. The SEM images in Fig. S10 reveal that
the recycled GFs exhibit a clean and smooth surface, identical to that of the virgin GFs. In addition,
the SEM-EDS results indicate that the recycled GFs have a similar composition as that of the virgin
GFs (Fig. S11, Table S5). This implies that the degradation process hardly affects the properties
of recycled GFs. Given above, degradation process is shown in Fig. 7D. Initially, the
DGEAC/AFD matrix swells with the introduction of DTT into the cross-linked network (1).
Subsequently, the thiol groups and hydroxyl groups of DTT participate in the exchange reactions
at 70 °C, leading to the partial degradation of the DGEAC/AFD networks (i1). Finally, all disulfide

bonds and ester bonds in the networks are degraded by DTT, affording clean recycled GFs (ii1).
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Fig. 7. (A) Digital photos and (B) degradation kinetics of GF/DGEAC/AFD composites in a
DTT/DMF solution at 70 °C. (C) SEM images of the cleavage plane of GF/DGEAC/AFD
composites degradation times of 0, 9, 24, and 40 h. (D) Proposed degradation process of
GF/DGEAC/AFD composites: (i) the matrix swells in a DTT/DMF solution at 70 °C; (ii) the
matrix partially degrades due to the thiol groups and hydroxyl groups of DTT participate in the

exchange reactions at 70 °C; (iii) the matrix completely degrades and is removed from the GFs.

4. Conclusions

Disulfide bond-tailored epoxy networks with different stoichiometric ratios of amine/epoxy
groups were prepared from DGEAC and AFD. These networks exhibited sufficient solvent
resistance, good thermal and mechanical properties (Tg > 206° C, Tase > 270 °C, tensile strength

~ 70 MPa, and Young's modulus = 1.61 GPa), and UV-shielding ability. Because of the exchange
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reaction of disulfide bonds and dynamic transesterification reactions catalyzed by internal tertiary
amines, the DGEAC/AFD networks could rearrange at 200 °C with a short stress relaxation time
of 156 s and E, of 109 kJ mol™!, undergo creep at 200 °C, and easily degrade in a DTT solution.
More importantly, the DGEAC/AFD networks showed intrinsic mechanochromic properties
because of the generation of sulfenyl radicals in the damage location, where the color immediately
changed to green, as observed by the naked eye. Owing to the good comprehensive performance
of the DGEAC/AFD matrix, the GF/DGEAC/AFD composites exhibited outstanding mechanical
properties (tensile strength of ~470 MPa, Young's modulus of 13.0 GPa, flexural strength of ~726
MPa, and corresponding modulus of 12.2 GPa). Remarkably, the GF/DGEAC/AFD composites
could self-report damage over time with the appearance of a green color owing to the intrinsic
mechanochromic properties of the epoxy matrix. Thus, the degree of damage caused by impact
could be accurately evaluated to indicate material failure. Finally, the GFs could be completely
recycled in a non-destructive manner by immersing the GF/DGEAC/AFD composites in a DTT
solution. This research provides an alternative strategy to fabricate high-performance, damage-

indicative, UV-shielding, and fully recyclable GFRCs.
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