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A B S T R A C T

Despite the tremendous advances in vitrimers, it is still a challenge to realize advanced vitrimers with high 
transparency, toughness, and fire safety. To achieve this performance portfolio, the closed-loop recyclable 
transesterification vitrimer (HPN1.80) with excellent transparency, toughness, and flame retardancy was prepared 
by incorporating a hydroxy-terminated hyperbranched polyester (HPN) into diglycidyl ether of bisphenol-A 
(DGEBA)/methyl tetrahydrophthalic anhydride (MeTHPA) system. HPN was easily obtained by esterification 
of triethanolamine (TEOA) and 9,10-dihydro-10-(2,3-dicarboxypropyl)-9-oxa-10-phosphaphenanthrene 10-oxide 
(DDP). Owing to the favorable compatibility of HPN with the matrix, the resulting HPN1.80 exhibited a high 
transmittance of 85.9% at 700 nm, a toughness of 2.3 MJ/m3, and an impact strength of 4.5 kJ/m2. The 
phosphorus-containing groups of HPN played an important role in the gas/condensed flame retardancy, allowing 
HPN1.80 to pass the vertical burning (UL-94) V-0 classification with a limiting oxygen index (LOI) of 32.6%. Due 
to the catalysis by hydroxyl and tertiary amines, the broken HPN1.80 can be recycled by hot-pressing at 200 ◦C for 
1 h. The regenerated HPN1.80 achieved an LOI of 31.8% and a UL-94 V-0 rating even after two physical 
reprocessing cycles. For the carbon fiber-reinforced HPN1.80 (CF/HPN1.80) composites, the non-destructive 
recycling of carbon fibers (CFs) can be achieved due to the presence of a degradable ester group within 
HPN1.80. This work offers a rational strategy for creating advanced epoxy vitrimers with recyclability, trans-
parency, toughening, and flame retardancy.

1. Introduction

Epoxy resin (EP), being a significant polymeric substance, is exten-
sively utilized as the adhesive or matrix in composite materials for 
construction, transportation, and electrical appliances because of its 
excellent adhesive, solvent resistance, and electrical insulation proper-
ties [1,2]. Although the covalently crosslinked network gives EP great 
chemical resistance and stability, their recycling has become essential 
due to the growing demand for carbon fiber-reinforced polymer (CFRP) 
composites [3,4].

Introducing dynamic covalent networks (DCNs) is a proven approach 
to manufacture recyclable thermosets and CFRP composites [5–7]. 

Dynamic covalent polymers relying on an associative mechanism are 
named as vitrimers. The vitrimers can dynamically respond to external 
stimuli (e.g., light and heat) to achieve reprocessing, but maintain a 
constant cross-link density during the process [8,9]. Leibler et al. 
remodeled thermosetting resins at 240 ◦C by introducing 10 mol% zinc 
acetate into the epoxy/anhydride system [10]. However, it is difficult to 
disperse the catalyst uniformly at high loading, which reduces the me-
chanical properties of the resin, and the catalyst may leach out during 
long-term service, causing environmental and human health hazards. 
Therefore, it is essential to develop self-catalyzed vitrimers with greater 
application potential. Previous works have shown that introducing hy-
droxyl groups, carboxyl groups, tertiary amines, and α-CF3, etc. into the 
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dynamic covalent network could achieve self-catalytic vitrimer [11–14]. 
For example, Yue et al. observed a significant relaxation process at 220 
◦C by introducing hydroxyl-rich cellulose nanocrystals (CNC) into an 
epoxy/anhydride system [15]. In particular, the abundant hydroxyl 
groups in the CNC not only catalyzed the transesterification, but were 
also covalently bonded to the matrix, allowing the CNC to be uniformly 
dispersed in the matrix.

Furthermore, the flammability of EPs is a major impediment to their 
high-tech applications [16,17]. Chen et al. incorporated phosphate ester 
and hydroxyl groups into the epoxy/anhydride system as 
flame-retardant and internal catalytic groups, respectively [18]. These 
groups allowed the resulting epoxy vitrimer to pass a UL-94 V-0 rating 
with an LOI of 37.3%, with the ability to be remolded at 180 ◦C. How-
ever, these vitrimers are typically characterized by undesirable me-
chanical properties, limiting their industrial applications. Therefore, 
developing high-tech vitrimers with favorable mechanical properties, 

flame retardancy, and availability for preparing recyclable CFRP com-
posites remains a great challenge.

In our previous works, it had been demonstrated that the hyper-
branched polymers were capable of toughening and strengthening 
epoxy resins [19–21]. To solve the above difficulties, we synthesized a 
phosphorus/nitrogen/hydroxyl-rich hyperbranched polyester by a sim-
ple esterification reaction of DDP and TEOA, which was introduced into 
the EP/anhydride system to prepare a transparent, toughened, and 
flame-retardant self-catalytic vitrimer (HPN1.80). HPN1.80 can be applied 
as a matrix for the manufacture of advanced CFRP composites, where 
both matrix and CFs can be chemically recycled due to the simultaneous 
introduction of tertiary amine and hydroxyl groups into the DCNs. As a 
result, this work offers a simple and implementable method to fabricate 
high-tech epoxy vitrimers.

Fig. 1. (a) Synthetic route of HPN; (b) FTIR spectra of TEOA, DDP, and HPN; (c) 1H NMR spectra and (d) 31P NMR spectra of DDP and HPN; and (e) schematic 
diagram of the transesterification mechanism in HPNx vitrimer and comparison of the comprehensive performance for EP and HPN1.80.
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2. Materials and methods

2.1. Materials

The diglycidyl ether of bisphenol-A (DGEBA, E51) was purchased 
from Yueyang Baling Petrochemical Co, Ltd (Hunan, China). Methyl 
tetrahydrophthalic anhydride (MeTHPA), triethanolamine (TEOA), 
2,4,6-tris(dimethylaminomethyl)phenol (DMP-30), tetrahydrofuran 
(THF), and N, N-dimethylformamide (DMF) were obtained from Mack-
lin Biochemical Technology Co., Ltd. (Shanghai, China). 9,10-Dihydro- 
10-(2,3-dicarboxypropyl)-9-oxa-10-phosphaphenanthrene 10-oxide 
(DDP) was provided by Jianchu Biomedical Co., Ltd. (Hubei, China).

2.2. Synthesis of phosphorus/trialkylamine-containing hyperbranched 
polyester (HPN)

The synthesis routine of HPN is illustrated in Fig. 1a. HPN was easily 
obtained by esterification of TEOA and DDP. Briefly, DDP (10.0 g), 
TEOA (12.1 g), and DMF (100 mL) were added to a single-necked flask 
equipped with a condenser and water divider. The mixture was stirred at 
80, 120, and 140 ◦C for 2 h, respectively. Finally, HPN (a yellowish 
powder) was gathered through rotary evaporation and drying in an oven 
(Yield: 98.2%).

2.3. Preparation of HPN-containing vitrimer (HPNx) and CF/HPN1.80

The specific formulations of HPNx vitrimers are presented in 
Table S1, and x indicates the phosphorus content of the vitrimer. Taking 
HPN1.50 as an example, HPN (21.0 g) and DGEBA (42.8 g) were posi-
tioned in a flask, and they were mixed at 120 ◦C for 1 h until a trans-
parent solution was obtained. After cooling to 75 ◦C, MeTHPA (36.2 g) 
was introduced to the flask, and the resulting liquids were stirred for 
12 min. After eliminating the foam for 3 min, the mixture was placed in 
a stainless steel mold, and cured at 120 and 150 ◦C for 4 h, respectively. 
EP was manufactured in the same manner but replacing HPN with DMP- 
30.

The CF/HPN1.80 composites (CF: HPN1.80 = 6: 4, w/w) were fabri-
cated by combining hand lay-up and hot-pressing. First, the CFs were 
placed on a stainless-steel plate and saturated with the uncured HPN1.80 
mixture by hand lay-up. The above steps were repeated six times, and 
the prepreg with six layers of CFs was obtained. Finally, the CF/HPN1.80 
composite was acquired by means of hot pressing at 160 ◦C for 2 h and 
under a pressure of 5 MPa.

2.4. Characterizations

This section is presented in the Supporting Information.

Fig. 2. (a) UV–visible transmission spectra of EP and HPNx and the digital image of HPN1.80 film with the lotus as background (film size: 50 mm × 50 mm ×
0.2 mm); (b) XRD patterns, (c) tensile stress-strain curves, (d) toughness, (e) impact strength and (f) KIC and GIC of EP and HPNx, (g) SEM images of fractured surfaces 
for EP; and (h) SEM image and elemental mappings of fractured surface for HPN1.80.
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3. Results and discussion

3.1. Characterization of HPN

The chemical structure of HPN was identified by using Fourier 
transform infrared (FTIR), nuclear magnetic resonance (NMR), and gel 
permeation chromatography (GPC), and the corresponding results are 
demonstrated in Figs. 1b-d and S1. The FTIR spectra of TEOA, DDP, and 
HPN are presented in Fig. 1b. Regarding TEOA, the characteristic ab-
sorption peaks of N-C and -OH can be detected at 1030 and 3400 cm− 1, 
respectively [22]. DDP showed P-O, C––O, and -OH peaks at 920, 1710, 
and 3400 cm− 1, respectively [23]. After esterification of TEOA and DDP, 
the resulting HPN showed not only the characteristic peaks of P-O, N-C, 
and C––O at 920, 1030, and 1710 cm− 1, but also a significant charac-
teristic peak of the ester group at 1200 cm− 1, indicating that HPN was 
successfully synthesized. It was also noted that the mole ratio of -OH (in 
TEOA) and -COOH (in DDP) was 1.3: 1, so there were lots of hydroxyl 
groups in HPN, which could promote the transesterification of the vit-
rimer under heating.

The 1H NMR of DDP and HPN are illustrated in Fig. 1c. Evidently, the 
proton shift of -COOH at 12.5 ppm in the 1H NMR of DDP cannot be 
detected in that of HPN. In contrast, the chemical shift at 5.5 ppm in 1H 
NMR of HPN was ascribed to -OH, suggesting that the carboxyl group in 
DDP was completely reacted by the excess -OH in TEOA. In addition, the 
chemical shift of the biphenyl group in DDP shifted from 7.0–8.5 ppm to 
6.0–8.0 ppm after the esterification. In the 1H NMR of HPN, the signal of 
aliphatic hydrocarbons from the DDP part appeared at 2.0–3.8 ppm, and 
those from the TEOA part arose at 2.8–5.0 ppm. As shown in Fig. 1d, 
HPN was similar to DDP, with a single chemical shift at 31.2 ppm in its 
31P NMR, indicating that HPN was successfully synthesized. GPC results 

displayed that HPN had a relative number average molecular weight of 
3175 and its polydispersity was 1.9 (see Fig. S1), demonstrating that 
HPN was a hyperbranched polyester oligomer and its molecular weight 
distribution was relatively homogeneous. All these manifested the 
triumphant synthesis of a hyperbranched oligomer HPN by the esteri-
fication reaction between TEOA and DDP. HPN can covalently link to 
the crosslinking network as it contained lots of tertiary amine and hy-
droxyl groups, and these groups can catalyse the transesterification 
within the network at elevated temperatures. Thus, HPNx was a well- 
designed self-catalytic epoxy vitrimer (see Fig. 1e).

3.2. Optical and mechanical properties

The high transparency of materials is a prerequisite for their appli-
cations in optical devices, transportation, construction, and other fields 
[24–26]. Consequently, the development of transparent vitrimers will 
significantly enhance their potential for industrial application and make 
a substantial contribution to the progress of industrialization in relevant 
fields. The UV–visible spectra of the vitrimers are presented in Fig. 2a. It 
is evident that the transmittance of the vitrimers within the wavelength 
of 200–330 nm was nearly 0. However, EP had a higher transmittance 
(~20%) in the wavelength of 300–330 nm. It indicated that all vitrimers 
possessed more excellent UV-shielding capabilities than EP. Subse-
quently, the transmittance of all specimens showed a progressive up-
ward trend with increasing wavelength (from 400 to 900 nm). 
Furthermore, at an identical wavelength, the transmittance of the vit-
rimers diminished progressively with the augmentation of phosphorus 
content, but they remained proximate to EP. Specifically, the trans-
mittance at the wavelength of 700 nm was 85.9% and 90.3% for HPN1.80 
and EP, respectively (see Fig. S2). In addition, the image under the 

Fig. 3. (a) TG and (c) derivative TG (DTG) curves of EP and HPNx in N2 condition; and (b) TG and (d) DTG curves of EP and HPNx under airflow.
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vitrimer film can be easily observed (see Figs. 2a and S3). Thus, the 
resulting vitrimers have a high degree of transparency. The transparency 
of polymer is associated with its crystalline characteristics [27,28]. EP 
and HPNx exhibited a wide diffraction peak centered at approximately 
2θ = 18◦ (see Fig. 2b). Consequently, the hyperbranched polyester HPN 
did not have a substantial impact on the amorphous characteristics of 
DGEBA/MeTHPA, thereby the vitrimers can retain high transparency. 
The high transparency also verified that HPN was evenly dispersed in 
the cross-linked network, which was the basis for the other properties.

The dynamic mechanical properties of all specimens were examined 
through dynamic mechanical analysis (DMA). The crosslink density (ρ) 
was ascertained based on the classical theory of rubber [29,30], and the 
corresponding test results are presented in Fig. S4 and Table S2. The 
incorporation of HPN led to a significantly enhanced storage modulus 
(E’) (at 30 ◦C) of HPNx in comparison with that of EP (see Table S2), 
which was consistent with the variation in tensile modulus shown in 
Fig. 2c, indicating that the introduction of HPN improved the rigidity of 
epoxy vitrimers. The glass transition temperature (Tg) of the vitrimers 
decreased gradually with the addition of HPN, which was related to the 
decrease in ρ. Furthermore, the mechanical properties of EP and HPNx 
were examined comprehensively (see Fig. 2c-f). As shown in Fig. 2c-f, 
HPNx had significantly better mechanical properties than EP, which 
gradually improved as the loading level of HPN increased. HPN1.80 
shows the best mechanical properties among all samples, and its tensile 
strength (σ), elongation at break (δ), toughness, impact strength (αk), 
critical stress intensity factor (KIC) and critical energy release rate (GIC) 
reached 74.5 MPa, 5.9%, 2.3 MJ/m3, 4.5 kJ/m2, 1.3 MPa⋅m1/2 and 
5.4 kJ/m2, which were 28.5%, 11.3%, 43.8%, 104.5%, 18.2% and 
12.5% higher than those of EP, respectively. Hence, the hyperbranched 

polyester HPN had a promising toughening and strengthening effect 
toward epoxy thermoset, and the toughening and strengthening effect of 
HPN was primarily attributed to the abundance of hydroxyl groups in its 
structure and its strong covalent interaction with the EP matrix.

The morphology of the fracture surface for EP and HPN1.80 speci-
mens was analyzed by scanning electron microscopy (SEM) to investi-
gate the toughening and strengthening mode-of-action for HPN. Their 
cross-sectional micrographs after Izod impact tests are depicted in 
Fig. 2g-h. EP exhibited smooth fracture surfaces, which indicated its 
brittle fracture behavior. In contrast, the cross-section of HPN1.80 was 
coarse due to the existence of HPN. Moreover, a large number of shear 
bands can be observed within the fractured surface of HPN1.80. Addi-
tionally, both nitrogen and phosphorus atoms were uniformly distrib-
uted in the fractured surface of HPN1.80 (see Fig. 2h), which aligned with 
the optical results and further validated a favorable compatibility be-
tween EP and HPN. The covalent interaction of HPN with the matrix 
inhibited further crack propagation and dissipated numerous energies 
when the matrix was exposed to external forces [31–33]. To sum up, the 
hyperbranched polyester HPN successfully enhanced the toughness and 
strength of EP by regulating the cross-link density and forming a cova-
lent interaction with the EP matrix.

3.3. Thermal performances

Thermogravimetric analysis (TGA) of EP and HPNx was carried out 
in N2 and air, and the characteristic results are presented in Fig. 3 and 
Table S3. The temperature at 5% weight loss (T5%) of HPNx was lower 
than that of EP in both N2 and air, which was related to the catalytic 
degradation of phosphorus-containing groups towards the matrix [34, 

Fig. 4. (a) LOI and UL-94 results; (b) heat release rate curves; (c) total heat release plots; (d) mass loss curves; (e) AEHC of EP and HPNx; (f) flame inhibition effect 
and charring effect of HPNx; and digital images of (g) EP and (h) HPN1.80 chars after cone calorimetry tests.
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35]. In addition, the maximum weight loss rate (Rmax) of HPNx was 
lower than that of EP in both nitrogen and air, suggesting that HPN was 
able to suppress the matrix degradation at high temperatures. The char 
yield at 800 ◦C (CY) of HPNx was significantly higher than that of EP in 
nitrogen, indicating that the introduction of HPN was beneficial to 
promoting residual char formation. As illustrated in Fig. 3b and d, the 
thermal decomposition of the matrix in air was divided into two stages. 
The first stage was associated with the fragmentation of the crosslinking 
network and the formation of chars, and the second stage was the 
thermal oxidative decomposition of the char formed in the first stage 
[33]. The temperature at maximum weight loss rate (Tmax) was associ-
ated with these two stages. Evidently, with the addition of HPN, the 
Tmax2 of HPNx increased progressively. It implied that the residual char 
generated by HPNx at elevated temperatures had enhanced thermal 
stability, which might be associated with the existence of 
phosphorus-containing groups [36,37]. Overall, the addition of HPN 
was capable of effectively facilitating the generation of residual char and 
considerably augmenting its thermal stability.

3.4. Flame-retardant performances and modes-of-action

Due to the high content of H, C, and O in polymers, they frequently 
possess intrinsic flammability [38–40]. The fire safety is of paramount 
importance for polymers [41]. First, LOI and UL-94 tests were carried 
out on EP and HPNx, and the relevant data are shown in Fig. 4a. The EP 
exhibited high flammability, as demonstrated by a relatively low LOI 
value of 19.2%, and it failed the UL-94 test. With the addition of HPN, 
the LOI and UL-94 ratings were remarkably enhanced. Specifically, the 
HPN1.50 attained an LOI of 28.0% and a UL-94 V-1 rating. When the 
phosphorus content was further increased to 1.80 wt%, the HPN1.80 
passed a UL-94 V-0 rating with a high LOI of 32.6%. It also indicated that 
HPN1.80 was a self-extinguishing material.

To investigate the combustion behaviors of EP and HPNx, the cone 

calorimetry test (CCT) was performed, and the results are depicted in 
Fig. 4b-e and Table S4. Initially, the time to ignition (TTI) of HPNx 
samples was shorter than that of EP (see Table S4) due to the pyrolysis of 
phosphorus-containing groups at relatively low temperatures, which 
was in line with the TGA results [42,43]. With the addition of HPN, the 
heat release of HPNx was significantly reduced. Specifically, the peak 
heat release rate (PHRR) and total heat release (THR) of HPN1.80 
reduced to 488.3 kW/m2 and 55.0 MJ/m2, with 38.0% and 33.9% 
decrease relative to those of EP. The average effective heat of combus-
tion (AEHC) is employed to assess the combustion intensity of gas-phase 
volatiles [44,45]. The AEHC of HPN1.80 decreased from 20.9 MJ/kg of 
EP to 15.2 MJ/kg, representing a 27.3% reduction (see Fig. 4e). 
Apparently, the radical-quenching effect of P-containing decomposition 
fragments derived from HPN accounted for the diminished gas-phase 
combustion of the matrix. Moreover, the HPNx vitrimer exhibited a 
substantially enhanced residual weight at flameout (RWF) compared to 
EP (see Table S4). The RWF of HPN1.80 raised from 4.6% of EP to 8.8%, 
with a 91.3% increment. Thus, HPN promoted the charring of the EP 
matrix during combustion, and such promoting effect can also be 
confirmed by the digital images of char residues in Fig. 4g and h. At the 
same time, the denseness and expansion degree of the HPN1.80 char were 
considerably improved relative to those of the EP char (see Fig. 4g and 
h). In terms of char thickness, the HPN1.80 showed a residual char 
thickness of 17 mm, with an improvement of 240% relative to EP char 
thickness (5 mm). Based on the work of Schartel et al., the flame inhi-
bition effect (FIE) and charring effect (CE) are positively correlated with 
gaseous- and condensed-phase flame retardancy, respectively [46]. With 
the addition of HPN, the FIE and CE of HPNx were gradually increased. 
The FIE for HPN1.80 increased to 30.8%, and the CE for HPN1.80 reached 
4.4%. In conclusion, HPN functioned in both gas and condensed phases 
by means of flame inhibition and barrier/protective modes-of-action to 
restrain combustion, thereby improving flame retardancy.

The condensed-phase flame-retardant mode-of-action was first 

Fig. 5. (a) Raman spectra of residual chars for EP and HPNx; (b) XPS full-scan spectra of residual chars for EP and HPN1.80; high-resolution XPS (c) P2p, (d) C1s, (e) 
N1s, and (f) O1s spectra of residual char for HPN1.80.
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verified by Raman spectroscopy. The D and G bands at 1360 and 
1605 cm− 1 can be found in the Raman spectra of residual chars, corre-
sponding to the amorphous carbon and graphite structures, respectively 
(see Fig. 5a). The integrated area ratio of the D band to G band (ID/IG) is 
negatively correlated with the degree of graphitization of char. As the 
phosphorus content increased, the ID/IG value of residual chars 
decreased in a monotonous way, which suggested a higher degree of 
graphitization. Therefore, the decomposition products of HPN acceler-
ated the charring of the vitrimers and enhanced the degree of graphi-
tization for residual chars during burning. This in turn suppressed the 
heat release and oxygen transfer, leading to enhanced flame retardancy.

X-ray photoelectron spectroscopy (XPS) test was performed to 
analyze the chemical composition and bonding state of the vitrimer char 
obtained from CCT, with the spectra presented in Figs. 5 and S5. Three 
deconvolution peaks corresponding to C––O, C-O/C-N, and C-C/C-H 
were identified in the C1s spectra of HPN1.80 and EP chars (see Figs. 5d 
and S5a). The N-C peak appeared in the N1s spectra (see Figs. 5e and 
S5b). In the O1s spectrum of HPN1.80 char, two deconvolution peaks 
which were attributed to O-C and O––C/P can be observed (see Fig. 5f) 
[47]. The O content of HPN1.80 char rose from 19.39 wt% of EP char to 
29.11 wt% (see Table S5). This indicated that the decomposition prod-
ucts of P-containing groups in HPN had interacted with the oxygen atom 
from the matrix during burning, thereby resulting in an augmented O 

content. In addition, the P=O peak can be easily observed at 133.4 eV in 
the XPS P2p spectrum of HPN1.80 char (see Fig. 5c). Furthermore, the 
HPN1.80 contained up to 7.03 wt% of phosphorus (see Table S5). Thus, 
HPN pyrolyzed into phosphate derivatives during combustion, which 
promoted the formation of a more stable char layer on the matrix surface 
to inhibit heat-oxygen exchange and enhance flame retardancy.

The gas-phase mode-of-action was probed by thermogravimetric 
analysis-infrared spectrometry (TG-IR) and pyrolysis-gas chromatog-
raphy/mass spectrometry (Py-GC/MS) tests. Firstly, the incorporation of 
HPN led to a significant reduction in the Rmax (see Figs. 6a and 6b). The 
decomposition products of EP and HPN1.80 were similar, and they pri-
marily consisted of ethers (1175 cm− 1), aromatic compounds 
(1510 cm− 1), carbonyl compounds (1805 cm− 1), carbon dioxide 
(2365 cm− 1), hydrocarbons (2975 cm− 1), and water (3650 cm− 1) (see 
Fig. 6c) [48,49]. Notably, the absorption intensities of the majority of 
HPN1.80 fragments were inferior to those of EP (see Fig. 6d-g). Therefore, 
during combustion, the decomposition products of HPN significantly 
inhibited the thermal decomposition of the matrix and promoted the 
charring. In addition, the total ion chromatogram and the main pyrolysis 
products of HPN are summarised in Fig. 6h and Table S6. The main 
pyrolysis products of HPN were aromatic derivatives, 
nitrogen-containing derivatives, and phosphorus-containing fragments. 
There were lots of aromatic compounds released at the retention time of 

Fig. 6. 3D FTIR spectra of decomposition products for (a) EP and (b) HPN1.80; (c) FTIR spectra of decomposition products for EP and HPN1.80 at Tmax; absorption vs. 
time curves of the characteristic peaks at (d) 1175, (e) 1510, (f) 1805, and (g) 2975 cm− 1 for EP and HPN1.80; and (h) total ion chromatogram of HPN.
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2.1, 3.0, 13.9, 16.2, 17.2, and 20.1 min, which was related to the high 
content of aromatic compounds in HPN. Moreover, at the retention time 
of 3.25 min, HPN released some nitrogen-containing derivatives which 
can dilute the concentration of combustible gases during combustion 
and inhibit the combustion reaction. At the retention time of 25.8 min, 
HPN releases numerous phosphorus-containing fragments which can be 
further decomposed into P-containing radicals to inhibit gas-phase 
combustion by quenching active radicals generated by the EP matrix. 
In summary, HPN retarded the gas-phase combustion reaction by 
releasing phosphorus-containing radicals and inert gases during com-
bustion. Consequently, the excellent flame retardancy of HPNx vitrimers 
was attributed to the bi-phase modes of action for HPN.

3.5. Physical and chemical recovery

Dynamic exchange reactions in vitrimer are commonly studied via 
stress relaxation measurements [50,51]. The stress relaxation curves of 
HPN1.80 at different temperatures are shown in Fig. 7a. The relaxation 
time (τ*) represents the time needed for the stress to decline to 1/e of its 
initial value. As shown in Fig. 7a, the relaxation time shortened as the 
temperature increased, suggesting that higher temperature facilitated 
transesterification. The activation energy (Ea) was calculated by fitting 
the τ* of HPN1.80 to the Arrhenius equation: ln τ* = Ea/RT – ln A [52, 
53]. The obtained linear fit curve presented an activation energy of 
150.5 kJ/mol (see Fig. 7b). It showed that HPN1.80 had favorable sta-
bility at high temperatures. To further confirm the recyclability of 

HPN1.80, we recovered the sheared HPN1.80 by hot pressing at 200 ◦C for 
1 h, and the resulting sample was noted as HPN1.80-Ry, where y repre-
sented the recovery times. The LOI and UL-94 results of HPN1.80 and 
HPN1.80-Ry are compared in Fig. 7c, and the LOI of HPN1.80-R2 was 
97.5% of that of HPN1.80, and it still achieved a UL-94 V-0 rating. 
Therefore, it can be concluded that HPN1.80 vitrimer can be reused 
sustainably as flame retardant material.

Fabricating CFRP composites constitutes a crucial utilization of 
thermoset resins [54,55]. However, it is challenging to recycle CF from 
carbon fiber-reinforced thermoset composites. The dilemma can be 
solved with vitrimer. The fracture of the ester group can be carried out 
under alkaline conditions. Thus, CFs can be chemically recovered from 
CF/HPN1.80 composites. The well-prepared CF/HPN1.80 composite was 
immersed in THF/NaOH solution (8: 2, v/v) at 50 ◦C for 3 d, and the 
vitrimer was dissolved in the solution (see Fig. 7d). The recovered CFs 
were cleaned by DMF and dried in an oven. The surface morphology and 
ID/IG of the recovered CFs were examined, and the outcomes are pre-
sented in Fig. 7e-g. The recovered CFs showed a clean surface, which 
was close to that of the original CFs, suggesting that the HPN1.80 was 
entirely detached from the CFs. Moreover, the ID/IG of the recycled CFs 
was 4.52, which was close to 4.38 of the original CFs (see Fig. 7g). The 
recovered CFs showed a similar degree of graphitization as before re-
covery, indicating that the CFs were recovered in a non-destructive 
manner. Thus, the HPN1.80 vitrimer holds significant potential for uti-
lization in the fabrication of high-tech recyclable CFRP composites.

Fig. 7. (a) Normalized stress relaxation curves of HPN1.80 at different temperatures; (b) linear fitting to the Arrhenius equation; (c) UL-94 and LOI results of HPN1.80 
and recycled HPN1.80 (by hot-pressing at 200 ◦C for 1 h); (d) illustration of the recycling process for CF/HPN1.80 composite (composites surface area: approx. 8 cm ×
8 cm); SEM of (e) original and (f) recycled CFs; and (g) Raman spectra of original and recycled CFs.
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4. Conclusions

In this study, a transparent, toughened, and flame-retardant HPN1.80 
vitrimer was developed based on a rationally designed phosphorus/ 
tertiary amine/polyhydroxy hyperbranched polyester (HPN). HPN1.80 
had favorable transparency and toughness due to the good compatibility 
and covalent interaction between HPN and the matrix. The HPN1.80 
vitrimer featured self-extinguishing properties (LOI: 32.6% and UL-94 
V-0) due to the flame-retardant effect of phosphorus and nitrogen in 
the gas/condensed phases. Importantly, HPN1.80 can be remodeled due 
to the co-catalysis of the tertiary amine and hydroxyl groups, and its LOI 
and UL-94 rating remained essentially unchanged after two physical 
reprocessings. In addition, the CFs in the carbon fiber-reinforced 
HPN1.80 composites can be recovered without damage. In this study, 
we provide a simple and effective strategy for the preparation of closed- 
loop recyclable vitrimers with excellent transparency, toughness, and 
flame retardancy, which is expected to accelerate the practical appli-
cation of vitrimers in the fields of construction, transportation, and 
electronics.
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