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Abstract: A Diels–Alder (DA) bond containing poly(tetrahydrofuran)-co-(ethyleneoxide) (PET) based
linear polyurethane (PET-DA-PU) was synthesized via a prepolymer process using PET as raw
material, DA diol as chain extender agent, and toluene-2,4-diisocyanate (TDI) as coupling agent.
The structure of PET-DA-PU was characterized by attenuated total reflectance-Fourier transform-
infrared spectroscopy (ATR-FTIR), proton nuclear magnetic resonance spectrometry (1H NMR)
and carbon nuclear magnetic resonance spectrometry (13C NMR). The thermal performance and
self-healing behavior of PET-DA-PU were investigated by differential scanning calorimetry (DSC),
polarized optical microscope, universal testing machine, scanning electron microscopy (SEM) and
NMR, respectively. The glass transition temperature of PET-DA-PU was found to be −59 ◦C. Under
the heat treatment at 100 ◦C, the crack on PET-DA-PU film completely disappeared in 9 min, and the
self-healing efficiency that was determined by the recovery of the largest tensile strength after being
damaged and healed at 100 ◦C for 20 min can reach 89.1%. SEM images revealed the micro-cracks
along with the blocky aggregated hard segments which were the important reasons for fracture. NMR
spectroscopy indicated that the efficiency of retro DA reaction of PET-DA-PU was 70% after 20 min
heating treatment at 100 ◦C. Moreover, the PET-DA-PU/Al/Na2SO4 composite was also prepared to
simulate propellant formulation and investigated by universal testing machine and SEM; its healing
efficiency was up to 87.8% under the same heat treatment process and exhibits good self-healing
ability. Therefore, PET-DA-PU may serve as a promising thermally self-healing polymeric binder for
future propellant formulations.

Keywords: thermally self-healing; PET; linear polyurethane; Diels–Alder reaction

1. Introduction

PET (poly(tetrahydrofuran)-co-(ethyleneoxide)) has attracted considerable attention
in recent investigations aimed at developing advanced propellant formulations, owing
to its excellent mechanical properties and strong compatibility with energetic materials
and nitrate plasticizers [1–3]. Therefore, PET was widely used as a polymeric binder in
propellant formulations to achieve higher energetic performance and superior mechanical
behavior [4–7]. However, micro-cracks frequently appeared when the propellant suffered
from being continuously exposed to the external environment, e.g., mechanical attack,
chemical abrasion, and UV radiation [8,9]. These cracks, which are difficult to detect and
repair, can adversely affect final properties of the propellant formulations, and even worse,
the micro-cracks may develop further into irreversible damage and significantly shorten the
service life of propellant formulations [10–12]. Smart polymeric binders with self-healing
capability are highly desirable for practical application; however, this demand has not been
met yet.

In order to produce polymeric materials with more durable security and reliable prop-
erties, various strategies were exploited from renewable resources, including encapsulation,
hollow fibers, microvascular networks, supramolecular self-assembly, reversible chemistry,
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dynamic covalent bonds, etc. [13–18]. Among them, the Diels–Alder (DA) dynamic cova-
lent bond between furan and maleimide (which needs neither additional healing agent
nor catalyst) has garnered increasing attention for synthesizing heat activated healable
systems [19,20]. The reason is that the maleimide group shows a relatively high reactivity
in the DA reaction, due to the more electron-deficient C=C bond, and the formed DA
cycloaddition also could be easily cleaved at 90~150 ◦C. Hence, the self-healing polymeric
materials based on DA reaction have high self-healing efficiency and a repeating ability to
heal the damage at the same position.

In the last decades, a variety of self-healing polymers based on DA bonds were
reported, and the majority of the research was focused on cross-linked networks, polymer
gels and thermosetting polymers [21–23]. Typically, the formation of thermally reversible
networks based on furan–maleimide DA reaction with maleimide and excess furan were
prepared to achieve a satisfying healing efficiency. However, researchers discovered that
sufficiently molecular mass polyurethanes were difficult to obtain, because the forward
DA reaction gives rise to both endo and exo stereoisomer adducts and does not play a
significant role in these macromolecular syntheses, since both participate in the chain
growth. Therefore, few teams also concentrated their attention on DA bonds containing
linear polyurethane based on furan–maleimide [24–26].

In this paper, PET based linear polyurethane with DA bonds (PET-DA-PU) was synthe-
sized using PET as the raw material, DA diol as chain extender agent, and TDI as coupling
agent, via a prepolymer process. The chemical structure and thermal performance of
polyurethane were characterized by attenuated total reflectance-Fourier transform-infrared
spectroscopy (ATR-FTIR), nuclear magnetic resonance spectrometry (NMR) and differential
scanning calorimetry (DSC). The self-healing behaviors of as-synthesized PET-DA-PU were
demonstrated by polarized optical microscope (POM), universal testing machine, scanning
electron microscopy (SEM) and NMR. Moreover, the PET-DA-PU/Al/Na2SO4 composite
was also prepared to simulate the propellant formulation and evaluated by universal testing
machine and SEM.

2. Experimental
2.1. Materials

PET with Mn of 4000 g mol−1 and hydroxyl value of 23.1 mg KOH/g was pro-
vided from the Liming Chemical Engineering Research and Design Institute (Luoyang).
Dibutyltindilaurate (DBTDL), furfuryl alcohol and 1,1′-(methylenedi-1,4-phenylene) bis-
maleimide (BMI, 98%) were purchased from Aldrich and used as received. Toluene-2,4-
diisocyanate (TDI), N,N-dimethylformamide (DMF), sodium sulfate (Na2SO4), chloroform,
1,2-dichloroethane and ethanol were supplied by China National Medicines. Aluminium
power with the diameter of 20 µm was self-made. All solvents for the reactions were
analytical grade and were dried before use.

2.2. Synthesis of DA Diol

An amount of 2,2′-(methylenebis(4,1-phenylene))bis(4-(hydroxymethyl)-3a,4,7,7a-tetrahydro-
1H-4,7-epoxyisoindole-1,3(2H)-dione) (DA diol) was synthesized via cycloaddition reaction
using frufuryl alcohol and 1,1′-(methylenedi-1,4-phenylene) bismaleimide as the raw mate-
rials, as shown in Scheme 1. Briefly, 1,1′-(methylenedi-1,4-phenylene) bismaleimide (20 g,
55.8 mmol) was dissolved in chloroform (100 mL) in a 250 mL round-bottomed Schlenk
flask with a magnetic stirring bar; the reaction solution was heated up to reflux until a
uniform system, and then the freshly distilled frufruyl alcohol (11.3 g, 115.2 mmol) was
added dropwise into the reaction system. The reaction was allowed to proceed for 30 h.
The solution was then poured into 8 fold excess of isopropanol to precipitate the crude
product. The precipitation process recrystallization in isopropanol/DMF mixed solvent
three times, and the DA diol was obtained after drying under vacuum at 60 ◦C as a pale
yellow solid (22.3 g, yield: 72%).
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Scheme 1. Synthesis route of DA diol.

2.3. Synthesis of PET-DA-PU

PET based polyurethane with self-healing properties based on Diels–Alder reaction,
PET-DA-PU, was synthesized via the successive prepolymerization of PET using TDI as
the curing agent, and DA diol as the chain extender, which is illustrated in Scheme 2. In a
typical synthesis example, exactly anhydrous PET (20 g, 5.0 mmol) and freshly distilled
1,2-dichloroethane (30 mL) were placed in a 250 mL three-neck round-bottomed Schlenk
flask with a mechanical stirrer, condenser and thermometer under N2 atmosphere, and
then heated to 60 ◦C; TDI (3.48 g, 20 mmol) and DBTDL (20 µL) dissolved in 20 mL 1,2-
dichloroethane were added drop by drop into the reaction solution. After stirring for
2 h, DA diol (8.32 g, 15 mmol) was added into the reaction mixture, which was then
stirred at 80 ◦C for an additional 3 h. After the polymerization reaction was finished, the
reaction system was precipitated by adding to excess ethanol under vigorous stirring. The
product PET-DA-PU was finally obtained after drying under vacuum at 40 ◦C. (30.97 g,
yield: 97.4%).

Scheme 2. Synthetic route and chemical structure of PET-DA-PU.

2.4. Synthesis of PET-DA-PU/Al/Na2SO4 Composite

The PET-DA-PU/Al/Na2SO4 composite was synthesized with a weight ratio of
1/0.5/0.5. Briefly, 20 g of PET-DA-PU was dissolved in ethyl acetate (30 mL) in a 200 mL
beaker, Al power (10 g) and Na2SO4 (10 g) were added into the solution and the mix-
ture was then left under intensive stirring for 1 h. The mixture was then poured into
the Teflon-mold, and the solvent in mixture was removed under vacuum. Finally, the
PET-DA-PU/Al/Na2SO4 composite was obtained after being dried in vacuum at 40 ◦C for
24 h.

2.5. Self-Healing Property

The self-healing property of PET-DA-PU was evaluated by three means: (1) The
healing process of PET-DA-PU was observed under POM equipped with temperature
programmed heating stage. Briefly, ‘X’ crack with 0.5 mm in depth of PET-DA-PU films
was cut with a thin knife, while a sample with a crack was put on the heating stage at
100 ◦C. The photographs were taken at different time intervals during the healing process.
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(2) Evaluating the self-healing efficiency PET-DA-PU films quantitatively by tensile test. In
a typical example, the well-prepared PET-DA-PU film was cut off, and heated at 100 ◦C
for 20 min, then cooled down to 60 ◦C and kept for 48 h to obtain the healed PET-DA-
PU film. The tensile properties of pristine and healed films were tested on a universal
testing machine, and the self-healing efficiency was calculated by the recovery of the largest
tensile strength. (3) NMR spectroscopy was employed to study the thermal reversibility
of PET-DA-PU and investigate the degradation rate of DA bonds in PET-DA-PU under
heating treatment.

2.6. Characterization

Chemical structure: the chemical structure of PET-DA-PU was examined by ATR-FTIR
and NMR. ATR-FTIR was performed on a Bruker Tensor 27 instrument (KBr pellet) in the
range 4000–400 cm−1. NMR spectra were performed on a Bruker 500 MHz instrument
with CDCl3 as the solvent at 25 ◦C and tetramethylsilane as the internal standard. Thermal
property: the thermal property of PET-DA-PU was investigated by differential scanning
calorimetry (DSC). DSC was performed in a TA Instruments Q1000 equipment in the range
of −100~0 ◦C at a heating rate of 10 ◦C min−1 under a nitrogen flow. POM (Zeiss Axioskop
2 plus) with a heating stage was employed to observe the evolution of cracks on PET-DA-PU
film. Mechanical property: AG-X Plus universal testing machine (Shimadzu, Kyoto, Japan)
was used to measure the tensile property of PET-DA-PU films in accordance with GB/T528-
1998 with a loading rate of 500 mm min−1. The specimens were cut into dumbbell-like
with the sizes of 20 mm (neck length) × 4 mm (width) × 2 mm (thickness) and kept at
0% humidity for 7 days before measurement. Samples were conducted independently in
quintuplicate, and the results were presented with the average values. Fracture morphology
of the films which were prepared by freeze-fractured (films were frozen in the liquid
nitrogen and ruptured) and tensile-fractured were observed on a Tescan Vega 3 LMU
scanning electron microscope (Tescan, Brno, Czech Republic).

3. Result and Discussion
3.1. Preparation and Characterization of PET-DA-PU

PET-DA-PU was synthesized via a prepolymer process of PET, using DA diol which
prepared though cycloaddition reaction as chain extender, and TDI as a curing agent, as
demonstrated in Schemes 1 and 2. The chemical structure of as-synthesized PET-DA-PU
was first investigated by ATR-FTIR (as shown in Figure 1). In the ATR-FTIR of PET-DA-PU,
the shoulder peaks at 1775 and 1513 cm−1 specific were due to the characteristic absorption
of DA ring on PET-DA-PU [27]. The peak at 1107 cm−1 is ascribed to the characteristic
absorption of C–O from PET. As compared to PET, the intensity decreases in –OH peak
(3490 cm−1) of PET and the absence of adsorption peak at around 2270 cm−1 indicated that
there were no residual hydroxyl and isocyanate groups in PET-DA-PU. It is worth noting
the additional peaks at 3295, 1714 and 1540 cm−1 which were due to the –NH stretching
vibration, –C=O band and –N–H stretching bands of the urethane group on PET-DA-PU,
respectively [28]. Therefore, it could be confirmed that PET based polyurethane containing
DA bonds had been synthesized successfully.

The chemical structure of as-synthesized PET-DA-PU was also characterized by 1H
NMR and 13C NMR (as shown in Figure 2). The peaks at 1.61, 3.46 and 3.62 ppm were
assigned to the methylene protons of PET as shown in Figure 2a, and the corresponding
carbon atom signals appearing at 26.6 and 70.3 ppm in Figure 2b. Meanwhile, the peaks
at 3.04, 3.15, 5.15 and 6.54 ppm due to DA ring on the PET-DA-PU. The signals at 1.25
and 7–8 ppm were attributed to the methyl protons and hydrogen protons on the benzene
rings of TDI, respectively, and the corresponding carbon signals appeared at 16.9 ppm and
127–135 ppm [29]. All of the results above confirmed that PET-DA-PU has been synthesized
successfully via the prepolymerization of PET.
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Figure 1. ATR-FTIR spectra of PET-DA-PU and PET.

Figure 2. 1H NMR (a) and 13C NMR (b) spectra of PET-DA-PU. (‘*’ for CDCl3).

3.2. Glass Transition Temperature of PET-DA-PU

Glass transition temperature (Tg) is an important property of polymeric binders as it
determines the application temperature range. In this study, DSC was used to investigate
the Tg of PET-DA-PU, and the Tg was measured by the cooling DSC curves of the PET-
DA-PU. As shown in Figure 3, in comparison of PET prepolymer (Tg = −84 ◦C), the
PET-DA-PU showed a slightly higher Tg of −59 ◦C, which allows it to work in a low-
temperature environment. It is due to the decrease in chain flexibility of PET as to the
introduction of DA diol and TDI, and the formation of urethane group [30]. Moreover, PET-
DA-PU exhibits only one Tg, which may be attribute to the fact that PET and TDI-extended
DA diol segments are well-dispersed and blended within the films, thus the polyurethane
consists of one phase. The same phenomenon was also observed in other literature [31].
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Figure 3. DSC curves of PET-DA-PU and PET prepolymer.

3.3. Self-Healing Property of PET-DA-PU

The self-healing property of PET-DA-PU under heat treatment was firstly investigated
by observing the healing process with POM, as shown in Figure 4 [32]. The PET-DA-PU
film sample with 1 mm thickness was prepared, and an ‘X’ crack with 0.5 mm in depth was
produced by a thin knife on the film. The PET-DA-PU film sample was put on the heating
stage and heated for 100 ◦C and observed by POM.

Figure 4. The healing process of PET-DA-PU film upon heat treatment at 100 ◦C.
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As shown in Figure 4, the width of the crack in PET-DA-PU film decreased clearly with
the heat treatment time increasing, and the crack on the film had completely disappeared
in 9 min [33]. The results indicated good self-healing properties of PET-DA-PU.

The healing efficiency of the PET-DA-PU was measured quantitatively by the universal
testing machine [34]. The PET-DA-PU film samples were prepared and tested according to
GB/T528-1998. The PET-DA-PU film was cut off by a thin knife, and the film was heated at
100 ◦C for 20 min, then cooled down to 60 ◦C and kept for 48 h, and the healed PET-DA-PU
film was obtained. As shown in Figure 5, compared with the PET-DA-PU (the tensile
strength was 0.92 MPa, with an elongation at 151.3%), the tensile strength of repaired
PET-DA-PU was 0.82 MPa with an elongation at 137.5%. Thus, the healing efficiency
of PET-DA-PU was 89.1%. The results reveal that the PET-DA-PU has a satisfactory
healing efficiency.

Figure 5. Mechanical property of PET-DA-PU and its damaged and healed samples.

To investigate the rupture mechanism of PET-DA-PU in the tension process, the frac-
ture morphologies of the PET-DA-PU films which were prepared by freeze-fractured and
tensile-fractured were studied by SEM. As shown in Figure 6a,b, the wrinkles are marked
by red restangular frames representative of aggregated hard segments, and the ravines are
marked by blue circle frames representative of non-homogeneous soft segments. Clearly,
the phase separation exists between the soft and hard segments and is well dispersed within
the whole vision [35–38]. However, the hard segments (marked as red rectangular frames)
in tension-fractured PET-DA-PU film display aggregated as blocky shapes in Figure 6c,d,
and the micro-cracks along with the blocky aggregated hard segments which were the
important reasons for fracture were also observed [39]. These results revealed the fracture
of hard segments and the formation of micro-cracks resulting in the fatigue fracture of
PET-DA-PU film.

3.4. Thermal Reversibility of PET-DA-PU

To study the thermal reversibility of PET-DA-PU, NMR was employed to investigate
the changes in 1H NMR spectroscopy after the heat treatment in Figure 7 [40]. It is well
known that BMI and furan prepolymer formed in the retro-DA reaction of PET-DA-PU
under heat treatment. As marked in Figure 7, the chemical shift at 3.17 ppm (labeled as a),
4.93 and 4.96 ppm (labeled as b), 6.54 ppm (labeled as c), 6.63ppm (labeled as d), 5.24 ppm
(labeled as e), 7.14 ppm (labeled as g), 7.35 ppm (labeled as f) decreased visibly, and the
new chemical shifts at 7.25 ppm (labeled as a’), 7.28 ppm (labeled as f’), 7.15 ppm (labeled
as g’) owing to BMI, and chemical shifts at 7.69 ppm (labeled as b’), 6.46 ppm (labeled as c’),
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6.54 ppm (labeled as d’), 5.09 ppm (labeled as e’) owing to furan prepolymer appeared
after heat treatment [41–44]. It is indicated that DA bonds in PET-DA-PU de-bonded under
heat treatment.

Figure 6. SEM images of freeze-fractured (a,b) and tension-fracture (c,d) surface of the PET-DA-PU
gels. (wrinkles were marked as red square frame, and ravines were marked as blue circle frame).

Figure 7. 1H NMR spectra of PET-DA-PU during the heating procedure at 100 ◦C for 20 min. (PET-DA-
PU was marked as black, and PET-DA-PU after heat treatment was marked as red, ‘*’ for DMSO-d6).
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To investigate the efficiency of retro DA reaction under heat treatment quantitatively,
the changes in 1H NMR spectroscopy of DA diol were also studied [45]. As shown in
Figure 8, the chemical shifts at 5.18 ppm (labeled as a), 4.08 and 3.77 ppm (labeled as b),
6.57 ppm (labeled as c), 5.0 ppm (labeled as d), 3.02 and 3.18 ppm (labeled as e), 7.35 ppm
(labeled as f), 7.14 ppm (labeled as g) owing to DA diol were significantly decreased
after heat treatment, and the new chemical shifts at 5.19 ppm (labeled as a’), 4.38 ppm
(labeled as b’), 6.27 and 6.38 ppm (labeled as c’), 7.57 ppm (labeled as d’) owing to frufuryl
alcohol, and 7.36 ppm (labeled as e’), 7.26 ppm (labeled as f’), 7.15 ppm (labeled as g’),
4.03 ppm (labeled as h’) owing to BMI were observed. Based on the changes in the 1H NMR
spectroscopy peak areas of DA diol after heat treatment, conversion x can be calculated
from the following formula:

x =
Ac′ + Ac′′

Ac + Ac′ + Ac′′
(1)

Ac, Ac’, Ac” integral areas of peaks c, c’, c”, respectively.

Figure 8. 1H NMR spectra of DA diol during the heating procedure at 100 ◦C for 20 min. (DA diol
was marked as black, and DA diol after heat treatment was marked as red, ‘*’ for DMSO-d6).

According to the formula, the conversion of DA diol was 70% after 20 min heating
treatment at 100 ◦C. It demonstrated that DA bonds in PET-DA-PU can degrade into
BMI and furan prepolymer in a short time via retro DA reaction, and it is good benefit
for repairing of PET-DA-PU. All of these results indicate that PET-DA-PU has a good
thermal reversibility.

3.5. Healing Behavior of PET-DA-PU Based Composites

To evaluate the healing efficiency of PET-DA-PU in propellant, the PET-DA-PU/Al/Na2SO4
composite was prepared and measured by the universal testing machine. The PET-DA-
PU/Al/Na2SO4 composite was prepared in a ratio of 1/0.5/0.5, and the obtained composite
film was cut into dumbbell-shaped specimens and tested according to GB/T528-1998. The
PET-DA-PU/Al/Na2SO4 composite film was cut off and heated at 100 ◦C for 20 min, then
cooled down to 60 ◦C and kept for 48 h and the healed PET-DA-PU/Al/Na2SO4 composite
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films were obtained. As shown in Figure 9 and Table 1, in comparison with the PET-
DA-PU/Al/Na2SO4 composite (the tensile strength was 0.82 MPa, with an elongation at
138.8%), the tensile strength of repaired PET-DA-PU/Al/Na2SO4 composite was 0.72 MPa
with an elongation at 113%. Hence, the healing efficiency of PET-DA-PU/Al/Na2SO4
composite was 87.8%, which was slightly lower than PET-DA-PU. It is due to the reduction
in DA bond density in composite as to the introduction of Al and Na2SO4 and decrease
the healing efficiency of the PET-DA-PU/Al/Na2SO4 composite. However, the PET-DA-
PU/Al/Na2SO4 composite still has a high healing efficiency exceeding 85% and exhibits
outstanding self-healing performance.

Figure 9. Mechanical property of PET-DA-PU/Al/Na2SO4 composite and its damaged and
healed samples.

Table 1. Tensile testing of PET-DA-PU/Al/Na2SO4 composites before and after reparation.

Sample E Modulus/MPa Max Tensile
Strength/MPa

Elongation at Max
Stress/%

Elongation at
Break/%

PET-DA-PU/Al/Na2SO4 composite 1.72 0.82 138.8 945.8
PET-DA-PU/Al/Na2SO4 composite

after repairation 1.56 0.72 113 926.2

The fracture morphologies of the PET-DA-PU/Al/Na2SO4 composite which were
prepared by freeze-fracturing and tensile-fracturing were also observed by SEM. As shown
in Figure 10a,b, the crack surface of the composite was smooth and the interface between
the exposed particles and polymeric matrix was fuzzy, meaning that the interface adhesion
property between solid filler and matrix is strong. However, a number of exposed particles
and cracks appeared in Figure 10c,d, and voids were found between the exposed particles
and polymeric matrix, meaning that the interface adhesion property between solid fillers
and PET-DA-PU matrix became poor during the tensile process [46]. Generally, the cracks
and voids also occurred in aging stages of polymeric binder. Therefore, the PET-DA-PU
polymeric binder which can repair the micro-cracks within the matrix under heat treatment
could prolong its service life.
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Figure 10. SEM images of freeze-fractured (a,b) and tension-fracture (c,d) surface of the PET-DA-
PU/Al/Na2SO4 composite. (the cracks and voids were marked as red arrows).

4. Conclusions

A Diels–Alder bond containing PET based linear polyurethane, PET-DA-PU, was
synthesized using PET as raw material, DA diol as chain extender agent, and TDI as
coupling agent. From ATR-FTIR, 1H NMR and 13C NMR results, the PET-DA-PU was
synthesized successfully via prepolymer process. The DSC curves indicated that PET-DA-
PU had a low glass transition temperature of −59 ◦C, which allows it to work in a low
temperature environment. The evolution of cracks on PET-DA-PU was observed by POM,
and the results indicated that the cracks on PET-DA-PU film completely disappeared in 9
min under the heat treatment at 100 ◦C. A tensile test was used to determine the self-healing
efficiency by the recovery of the largest tensile strength after being damaged and healed;
the self-healing efficiency of PET-DA-PU can reach 89.1% after 20 min heating treatment at
100 ◦C. NMR spectroscopy indicated that the efficiency of retro DA reaction of PET-DA-PU
can reach up to 70% after 20 min heating treatment at 100 ◦C. SEM images were used to
investigate the fracture morphologies of the PET-DA-PU film, and the results revealed the
micro-cracks along with the blocky aggregated hard segments which were the important
reasons for fracture. Moreover, the PET-DA-PU/Al/Na2SO4 composite was also prepared
to simulate the propellant formulation, and its healing efficiency was 87.8% under the
same heat treatment. In the SEM images of tensile-fractured PET-DA-PU/Al/Na2SO4
composite, exposed particles, cracks and voids were observed, meaning poor interface
adhesion property between solid fillers and PET-DA-PU matrix. Consequently, PET may
find its application as a novel self-healing binder in propellant formulations.



Polymers 2022, 14, 3334 12 of 13

Author Contributions: Conceptualization, M.X. and N.L.; methodology, H.M.; software, X.L.; val-
idation, N.L., X.L., J.D. and B.T.; formal analysis, J.D.; investigation, M.X.; resources, B.T.; data
curation, N.L.; writing—original draft preparation, M.X.; writing—review and editing, N.L. and X.L.;
visualization, J.D. and B.T.; supervision, H.M.; project administration, N.L. All authors have read and
agreed to the published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Zhang, Q.; Liu, N.; Mo, H.; Lu, X.; Wang, Y.; Xu, M.; Shu, Y. Facile preparation and properties of crosslinked copolyether

elastomers with 1,2,3-triazole and urethane subunit via click polymerization. Chem. Open 2019, 8, 571–579. [CrossRef] [PubMed]
2. Gong, L.; Li, Y.; Guo, Y.; Li, J.; Yang, R. Effect of morphology for ammonium dinitramide on the mechanical and combustion

properties of composite propargyl-terminated copolyether propellant. Propellants Exp. Pyro. 2020, 45, 864–870. [CrossRef]
3. Pal, Y.; Mahottamananda, S.N.; Palateerdham, S.K.; Subha, S.; Ingenito, A. Review on the regression rate-improvement techniques

and mechanical performance of hybrid rocket fuels. Fire Phys. Chem. 2021, 1, 272–282. [CrossRef]
4. Awad, S.A.; Khalaf, E.M. Improvement of the chemical, thermal, mechanical and morphological properties of polyethylene

terephthalate–graphene particle composites. Bull. Mater. Sci. 2018, 41, 67–72. [CrossRef]
5. Monti, M.; Scrivani, M.T.; Kociolek, I.; Larsen, Å.G.; Olafsen, K.; Lambertini, V. Enhanced impact strength of recycled PET/glass

fiber composites. Polymers 2021, 13, 1471. [CrossRef]
6. Mondadori, N.; Nunes, R.; Canto, L.; Zattera, A. Composites of recycled PET reinforced with short glass fiber. J. Thermoplast.

Compos. Mater. 2012, 25, 747–764. [CrossRef]
7. Cunha, B.; Mattos, E.; Rocco, J. Influence of storage time before casting on viscosities and mechanical properties of AP/HTPB/Al

solid composite propellants. Fire Phys. Chem. 2022, 2, 50–55. [CrossRef]
8. Junling, L.; Hua, F.; Duowang, T.; Fangyun, L.; Rong, C. Fracture behaviour investigation into a polymer-bonded explosive. Strain

2012, 48, 463–473. [CrossRef]
9. Liu, C.; Thompson, D.G. Crack Initiation and Growth in PBX 9502 High Explosive Subject to Compression. J. Appl. Mech. Trans.

ASME 2014, 81, 101004. [CrossRef]
10. Murphy, E.B.; Wudl, F. The world of smart healable materials. Prog. Polym. Sci. 2010, 35, 223–251. [CrossRef]
11. Xia, D.; Wang, P.; Ji, X.; Khashab, N.M.; Sessler, J.L.; Huang, F. Functional supramolecular polymeric networks: The marriage of

covalent polymers and macrocycle-based host-guest interactions. Chem. Rev. 2020, 120, 6070–6123. [CrossRef] [PubMed]
12. Sengezer, E.C.; Seidel, G.D. Real time In-situ sensing of damage evolution in nanocomposite bonded surrogate energetic materials.

In Behavior and Mechanics of Multifunctional Materials and Composites, Proceedings of the SPIE Smart Structures and Materials +
Nondestructive Evaluation and Health Monitoring, Las Vegas, NV, USA, 20–24 March 2016; SPIE: Bellingham, WA, USA, 2016; Volume
9800, pp. 1–10.

13. Scheiner, M.; Dickens, T.J.; Okoli, O. Progress towards self-healing polymers for composite structural applications. Polymer 2016,
83, 260–282. [CrossRef]

14. Zhu, D.; Rong, M.; Zhang, M. Self-healing polymeric materials based on microencapsulated healing agents: From design to
preparation. Prog. Polym. Sci. 2015, 49–50, 175–220. [CrossRef]

15. Aida, T.; Meijer, E.W.; Stupp, S.I. Functional Supramolecular Polymers. Science 2012, 335, 813–817. [CrossRef] [PubMed]
16. Huang, Z.; Chen, X.; O’Neill, S.J.K.; Wu, G.; Whitaker, D.J.; Li, J.; McCune, J.A.; Scherman, O.A. Highly compressible glass-like

supramolecular polymer networks. Nat. Mater. 2022, 21, 103. [CrossRef] [PubMed]
17. Wang, S.; Urban, M.W. Self-healing polymers. Nat. Rev. Mater. 2020, 5, 562–583. [CrossRef]
18. Chakma, P.; Konkolewicz, D. Dynamic covalent bonds in polymeric materials. Angew. Chem.-Int. Ed. 2019, 58, 9682–9695.

[CrossRef]
19. Liu, Y.; Chuo, T. Self-healing polymers based on thermally reversible Diels-Alder chemistry. Polym. Chem. 2013, 4, 2194–2205.

[CrossRef]
20. Mangialetto, J.; Gorissen, K.; Vermeersch, L.; Van Mele, B.; Van den Brande, N.; De Vleeschouwer, F. Hydrogen-bond-assisted

Diels-Alder kinetics or self-healing in reversible polymer networks? A combined experimental and theoretical study. Molecules
2022, 27, 1961. [CrossRef]

21. Krishnakumar, B.; Sanka, R.V.S.P.; Binder, W.H.; Parthasarthy, V.; Rana, S.; Karak, N. Vitrimers: Associative dynamic covalent
adaptive networks in thermoset polymers. Chem. Eng. J. 2020, 385, 123820. [CrossRef]

http://doi.org/10.1002/open.201900065
http://www.ncbi.nlm.nih.gov/pubmed/31065507
http://doi.org/10.1002/prep.201900348
http://doi.org/10.1016/j.fpc.2021.11.016
http://doi.org/10.1007/s12034-018-1587-1
http://doi.org/10.3390/polym13091471
http://doi.org/10.1177/0892705711412816
http://doi.org/10.1016/j.fpc.2022.03.008
http://doi.org/10.1111/j.1475-1305.2012.00842.x
http://doi.org/10.1115/1.4028087
http://doi.org/10.1016/j.progpolymsci.2009.10.006
http://doi.org/10.1021/acs.chemrev.9b00839
http://www.ncbi.nlm.nih.gov/pubmed/32426970
http://doi.org/10.1016/j.polymer.2015.11.008
http://doi.org/10.1016/j.progpolymsci.2015.07.002
http://doi.org/10.1126/science.1205962
http://www.ncbi.nlm.nih.gov/pubmed/22344437
http://doi.org/10.1038/s41563-021-01124-x
http://www.ncbi.nlm.nih.gov/pubmed/34819661
http://doi.org/10.1038/s41578-020-0202-4
http://doi.org/10.1002/anie.201813525
http://doi.org/10.1039/c2py20957h
http://doi.org/10.3390/molecules27061961
http://doi.org/10.1016/j.cej.2019.123820


Polymers 2022, 14, 3334 13 of 13

22. Lu, C.; Guo, X.; Wang, C.; Wang, J.; Chu, F. Integration of metal-free ATRP and Diels-Alder reaction toward sustainable and
recyclable cellulose-based thermoset elastomers. Carbohydr. Polym. 2020, 242, 116404. [CrossRef] [PubMed]

23. Kim, S.Y.; Lee, T.H.; Park, Y.I.; Nam, J.H.; Noh, S.M.; Cheong, I.W.; Kim, J.C. Influence of material properties on scratch-
healing performance of polyacrylate-graft-polyurethane network that undergo thermally reversible crosslinking. Polymer 2017,
128, 135–146. [CrossRef]

24. Liu, X.; Du, P.; Liu, L.; Zheng, Z.; Wang, X.; Joncheray, T.; Zhang, Y. Kinetic study of Diels-Alder reaction involving in maleimide-
furan compounds and linear polyurethane. Polym. Bull. 2013, 70, 2319–2335. [CrossRef]

25. Li, Y.; Li, G.; Li, J.; Luo, Y. Preparation and properties of semi-interpenetrating networks combined by thermoplastic polyurethane
and a thermosetting elastomer. New J. Chem. 2018, 42, 3087–3096. [CrossRef]

26. Du, P.; Liu, X.; Zheng, Z.; Wang, X.; Joncheray, T.; Zhang, Y. Synthesis and characterization of linear self-healing polyurethane
based on thermally reversible Diels-Alder reaction. Rsc. Adv. 2013, 3, 15475–15482. [CrossRef]

27. Buonerba, A.; Speranza, V.; Capacchione, C.; Milione, S.; Grassi, A. Improvement of tensile properties, self-healing and recycle
of thermoset styrene/2-vinylfuran copolymers via thermal triggered rearrangement of covalent crosslink. Eur. Polym. J. 2018,
99, 368–377. [CrossRef]

28. Sugane, K.; Yoshioka, Y.; Shimasaki, T.; Teramoto, N.; Shibata, M. Self-healing 8-armed star-shaped epsilon-caprolactone oligomers
dually crosslinked by the Diels-Alder and urethanization reactions. Polymer 2018, 144, 92–102. [CrossRef]

29. Xu, M.; Lu, X.; Liu, N.; Zhang, Q.; Mo, H.; Ge, Z. Fluoropolymer/Glycidyl Azide Polymer (GAP) Block Copolyurethane as New
Energetic Binders: Synthesis, Mechanical Properties, and Thermal Performance. Polymers 2021, 13, 2706. [CrossRef]

30. Xu, M.; Yang, W.; Lu, X.; Mo, H.; Ge, Z. Cryogenic Mechanical Properties of GAP/PET Block Thermoplastic Elastomers. Chin. J.
Explos. Propellants 2022, 45, 67–72.

31. Zhang, W.; Li, J.; Luo, Y. Morphology and properties of novel thermoplastic polyurethane elastomer. Chin. J. Explos. Propellants
2010, 6, 39–42.

32. Lee, H.-Y.; Cha, S.-H. Enhancement of self-healing property by introducing ethylene glycol group into thermally reversible
Diels-Alder reaction based self-healable materials. Macromol. Res. 2017, 25, 640–647. [CrossRef]

33. Jung, S.; Liu, J.T.; Hong, S.H.; Arunbabu, D.; Noh, S.M.; Oh, J.K. A new reactive polymethacrylate bearing pendant furfuryl
groups: Synthesis, thermoreversible reactions, and self-healing. Polymer 2017, 109, 58–65. [CrossRef]

34. Appuhamillage, G.A.; Reagan, J.C.; Khorsandi, S.; Davidson, J.R.; Voit, W.; Smaldone, R.A. 3D printed remendable polylactic acid
blends with uniform mechanical strength enabled by a dynamic Diels-Alder reaction. Polym. Chem. 2017, 8, 2087–2092. [CrossRef]

35. Lin, C.; Sheng, D.; Liu, X.; Xu, S.; Ji, F.; Dong, L.; Zhou, Y.; Yang, Y. NIR induced self-healing electrical conductivity
polyurethane/graphene nanocomposites based on Diels-Alder reaction. Polymer 2018, 140, 150–157. [CrossRef]

36. Zhao, X.; Guo, S.; Li, H.; Liu, J.; Su, C.; Song, H. One-pot synthesis of self-healable and recyclable ionogels based on polyami-
doamine (PAMAM) dendrimers via Schiff base reaction. RSC Adv. 2017, 7, 38765–38772. [CrossRef]

37. Lee, W.J.; Cha, S.H. Improvement of mechanical and self-healing properties for polymethacrylate derivatives containing maleimide
modified graphene oxide. Polymers 2020, 12, 603. [CrossRef]

38. Zirnstein, B.; Schulze, D.; Schartel, B. Mechanical and fire properties of multicomponent flame retardant EPDM rubbers using
aluminum trihydroxide, ammonium polyphosphate, and polyaniline. Materials 2019, 12, 1932. [CrossRef]

39. Xiao, C.; Zhu, Y.; Chen, J.; Zhang, S. Synthesis of emulsion-templated macroporous materials via Diels-Alder polymerization.
Polymer 2017, 110, 74–79. [CrossRef]

40. Stirn, Z.; Rucigaj, A.; Krajnc, M. Innovative approach using aminomaleimide for unlocking phenolic diversity in high-performance
maleimidobenzoxazine resins. Polymer 2017, 120, 129–140. [CrossRef]

41. Zhong, Y.; Wang, X.; Zheng, Z.; Du, P. Polyether-maleimide-based crosslinked self- healing polyurethane with Diels-Alder bonds.
J. Appl. Polym. Sci. 2015, 132, 41944–41952. [CrossRef]

42. Luo, K.; Li, J.; Duan, G.; Wang, Y.; Yu, J.; Zhu, J.; Hu, Z. Comb-shaped aromatic polyamide cross-linked by Diels-Alder chemistry:
Towards recyclable and high-performance thermosets. Polymer 2018, 142, 33–42. [CrossRef]

43. Sannikov, O.; Hanson, S.; Saunders, P.; Branch, K.L.; Merbouh, N. Introducing complex NMR mixtures at the undergraduate
level: Analysis of the diels-alder reaction between methylcyclopentadiene and maleic anhydride (Part I). J. Lab. Chem. Educ. 2019,
7, 8–18.

44. Moura, O.; Castro, T.; Franca, D.; Tavares, O.; Silva, C.; Pereira, M.; Grarcia, A. Spectroscopic techniques combined with
chemometrics to study organic matter in tropical soils with different degrees of pedogenetic evolution. Química. Nova. 2021,
45, 40–47. [CrossRef]

45. Nasresfahani, A.; Zelisko, P.M. Synthesis of a self-healing siloxane-based elastomer cross-linked via a furan-modified polyhedral
oligomeric silsesquioxane: Investigation of a thermally reversible silicon-based cross-link. Polym. Chem. 2017, 8, 2942–2952.
[CrossRef]

46. Bode, S.; Enke, M.; Hernandez, M.; Bose, R.K.; Grande, A.M.; van der Zwaag, S.; Schubert, U.S.; Garcia, S.J.; Hager, M.D.
Characterization of self-healing polymers: From macroscopic healing tests to the molecular mechanism. Self Health Mater. 2016,
273, 113–142.

http://doi.org/10.1016/j.carbpol.2020.116404
http://www.ncbi.nlm.nih.gov/pubmed/32564832
http://doi.org/10.1016/j.polymer.2017.09.021
http://doi.org/10.1007/s00289-013-0954-8
http://doi.org/10.1039/C7NJ03841K
http://doi.org/10.1039/c3ra42278j
http://doi.org/10.1016/j.eurpolymj.2017.12.040
http://doi.org/10.1016/j.polymer.2018.04.045
http://doi.org/10.3390/polym13162706
http://doi.org/10.1007/s13233-017-5120-y
http://doi.org/10.1016/j.polymer.2016.12.029
http://doi.org/10.1039/C7PY00310B
http://doi.org/10.1016/j.polymer.2018.02.036
http://doi.org/10.1039/C7RA06916B
http://doi.org/10.3390/polym12030603
http://doi.org/10.3390/ma12121932
http://doi.org/10.1016/j.polymer.2016.12.074
http://doi.org/10.1016/j.polymer.2017.05.061
http://doi.org/10.1002/app.41944
http://doi.org/10.1016/j.polymer.2018.03.026
http://doi.org/10.21577/0100-4042.20170802
http://doi.org/10.1039/C7PY00215G

	Introduction 
	Experimental 
	Materials 
	Synthesis of DA Diol 
	Synthesis of PET-DA-PU 
	Synthesis of PET-DA-PU/Al/Na2SO4 Composite 
	Self-Healing Property 
	Characterization 

	Result and Discussion 
	Preparation and Characterization of PET-DA-PU 
	Glass Transition Temperature of PET-DA-PU 
	Self-Healing Property of PET-DA-PU 
	Thermal Reversibility of PET-DA-PU 
	Healing Behavior of PET-DA-PU Based Composites 

	Conclusions 
	References

