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The development of reusable fire-safe polymers with a prolonged lifetime heralds the switch for a transition
towards circular economy. In this framework, we report a novel phosphonated thermoset which is composed of
networked phosphonate esters containing both P—C and P—O bonds. Employing a simple one-pot, two-step
synthetic methodology, oxirane groups of the epoxy resin were partially reacted with various amounts of reactive
bis H-phosphonate monomer, and cured with a cycloaliphatic hardener to obtain multifunctional thermosets
with up to 8% phosphorus (P) content. Though 2.5% P was adequate to achieve good flame retardancy, a
concentration > 5% P was necessary for accomplishing material reprocessability and recyclability. These
phosphonated thermosets exhibited high T (94 °C — 140 °C) and good thermal stability. Fire performance of the
thermoset with 2.5% P via cone calorimetry showed effective reduction in the peak heat release rate (pHRR,
75%) and significant inhibition of total smoke production (TSP, 72.5%), which was attributed to the gas and
condense phase actions of the phosphonate moieties. This thermoset was explored as a transparent fire-safe
coating on wood where an intumescent flame retardant mechanism was observed. The phosphonated ther-
moset with higher P content (6%) demonstrated excellent damage reparability and thermomechanical reproc-
essability driven by transesterification induced network rearrangement. This thermoset was used for
manufacturing flax fiber reinforced composite, to demonstrate its future application as a polymer matrix for
composite materials.

mechanical properties [3]. The use of thermoset materials has increased
in fire safety applications, including transportation, building and elec-

1. Introduction

Polymeric materials are ubiquitous and play an important role in
almost all aspects of modern life. Due to their easy availability, versa-
tility, and above all the unrivalled performance with low cost, they are
indispensable in textile, packaging, transportation, and construction to
consumer electronics applications [1,2]. In particular, the thermoset
polymers that adopt a permanent shape after curing, are widely used in
surface coatings, electronic encapsulation and advanced composite ap-
plications. Due to high density of covalent crosslinks in their network,
they exhibit excellent chemical resistance, adhesive, electrical and
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tronics [4]. Yet, the highly crosslinked covalent networks have intrinsic
resistance to thermal reformation, and as a consequence they are not
reprocessable nor recyclable [5,6].

From this standpoint, two major challenges in thermoset design have
attracted growing attention in the scientific community: embedded fire
safety and reprocessability/recyclability. To overcome the inherent
flammable nature of polymer materials, reactive phosphorous-based
flame retardants have been explored, and the resulting materials
demonstrated increased fire safety and favorable environmental profiles
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with lower P concentrations as compared to materials containing non-
reactive additives [7]. For example, the reactive P—H bond of DOPO
allows direct covalent linkage to the epoxy network or to imine groups
[8,9]. Nonreactive flame retardants are typically doped into the polymer
matrix, which can cause environmental concerns owing to their leaching
during usage or in landfills. Epoxy based thermosets containing phos-
phorus flame retardants are frequently employed in fire-safe applica-
tions. Currently such materials are landfilled or burned after use, leading
to loss of valuable raw materials (i.e. phosphorus flame retardants) [10].
Earth’s phosphorus is being depleted at a rapid rate and we will run out
of it in few decades [11]. Thus, new solutions addressing these vital
questions are the key to the development of new sustainable and safe
materials.

The development of recyclable polymeric material with a prolonged
useful lifetime will warrant a transition towards a more circular econ-
omy. By introducing dynamic crosslinks within the thermoset network,
we can endow the networked material with self-healability, reprocess-
ability or degradability by reversible exchange of the dynamic cross-
links, under certain external stimuli (such as heat, ultraviolet light, pH,
etc.) [5,12]. Since Leibler’s group reported the first “vitrimer” [13],
materials with covalent adaptable networks (CANs) attained great
attention in academic research and industry [14,15]. Different types of
recyclable thermosets containing a wide variety of CANs have been re-
ported [16,17], i.e. carboxylic ester [18], disulfide[19,20], siloxane
[21], imine [22,23,24,25], diketoenamine [26], Diels — Alder adduct
[27,28], dioxaborolane bonds [29] etc. The introduction of CANs en-
sures material integrity at working condition and allows stimuli-
activated bond exchange above activation temperatures, thus
rendering them recyclable.

Among the various CANs, phosphate/phosphonate ester linkages
may provide a multifaceted solution to the above mentioned problems
[30,31,32]. Normally recyclable and flame-retardant (FR) properties are
introduced in a polymer matrix by multiple functional moieties, such as
the combination of FR molecules with dynamic imine, ester or disulfide
bonds [32,33]. In case of phosphate ester-based thermosets, the
reprocessability based on transesterification [34] and fire protection
brought by phosphorus, could be achieved simultaneously [35]. Phos-
phate chemistry are industrially relevant due to availability of raw
materials which can be easily manipulated to develop reactive mono-
mers. Therefore, studies of phosphate ester-based multifunctional vit-
rimer materials draw attention [36]. However, their practical use is still
severely constrained by the relatively low thermal stability and poor
hydrolytic stability. Theoretically, replacing the phosphate esters by
phosphonates will bring more stable and non-hydrolysable P—C bonds.
Thus it will improve the chemical stability of the resulting network and
also increase the material’s thermal stability [37], avoiding phosphorus
unit leakage while maintaining the potential recyclability and flame
retardancy.

To take advantage of the feasible chemistry of phosphorous esters,
we in this work have designed and synthesized novel thermosets con-
taining phosphonate networks via a one-pot and two-step process. In the
first step, commercially available bisphenol A diglycidyl ether (DGEBA)
resin was phosphonated partially by nucleophilic ring opening reaction
with 2, 4, 8, 10-tetraoxa-3, 9-diphosphaspiro[5.5] undecane, 3, 9-diox-
ide (TDPSD), i.e. P—H bond to the oxirane ring. Subsequently an
aliphatic curing agent was used to cure the modified resin. This pro-
cedure guaranteed solvent-free and controllable reaction conditions.
The resulting P—C bonds in the phosphonated network ensure that the
phosphorus moiety is fully integrated and won’t leak into the environ-
ment during processing, use, and end-of-life treatment. By altering the
molecular ratio of TDPSD and the amine hardener, thermosets with
various P concentrations were synthesized. In addition to good flame
retardancy, TDPSD inserted associative phosphonate ester bonds (P—O0)
into the cross-linked thermoset (EP-TDPSDs) matrix, which are in charge
of material reprocessability and recyclability. We have systematically
investigated the thermal properties, self-healing capability,
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reprocessability and flame retardancy of the EP-TDPSDs thermosets. The
applications of these thermosets were explored, including their potential
use in fire-safe coating and composite fabrication.

2. Experimental
2.1. Material

Pyridine, diphenylphosphite, triazabicyclodecene (TBD) and 1,8-
Diazabicyclo[5.4.0]undec-7-ene (DBU) were purchased from Sigma-
Aldrich (Switzerland) and used as received. All operations involving
inert gas atmosphere or handling of air sensitive reagents and materials
during synthesis were carried out using a Schlenk line. Bisphenol A resin
(Epikote™ Resin 827) and isophorone diamine (IPDA, Epikure™ Curing
Agent 943) were supplied by Hexion Specialty Chemicals GmbH, Ger-
many. The flax fabrics purchased from Suter-Kunststoffe AG
(Switzerland), were Bcomp’s Amplitex 300 2/2 twill weaves.

2.2. Synthesis of 2,4,8,10-tetraoxa-3,9-diphosphaspiro[5.5Jundecane
3,9-dioxide (TDPSD, bis spiroH-phosphonate)

The bis spiro H-phosphonate core TDPSD was synthesized via a
transesterification/phosphonation approach reported earlier [38,39].
Typically, a double neck round bottle flask (100 mL) was charged with
pentaerythritol (3 g, 22.03 mmol) and a magnetic stir bar. The flask was
cooled down to 0 °C with an ice-bath, and connected to a dropping
funnel with pyridine (30 mL) and diphenylphosphite (9.5 mL, 49.6
mmol). The mixture was slowly dropped to the pentaerythritol powder
over a period of 20 min in a nitrogen atmosphere. The round bottom
flask was removed from the ice bath and the mixture was stirred for 2 h
at room temperature. Then 60 mL THF was injected into the flask via
syringe, and the resulting suspension was vigorously stirred for 10 min
to obtain white precipitates. The precipitate was filtered and washed
twice with THF (10 mL each) and vacuum dried at 40 °C for 6 h with
65% yield (TDPSD). The synthesis route (Figure S1) and detailed
characterization are presented in the Supporting Information (Figure S2,
Figure S3 and Table S1).

2.3. Preparation of phosphonated thermosets (EP-TDPSDs)

The detailed composition and acronyms of different thermosets
synthesized in this work are summarized in Table 1. In a typical process,
bisphenol A diglycidyl ether (DGEBA), a specific molar ratio of reactive
bis spiro H-phosphonate (TDPSD) and appropriate amount of base
(DBU) were thoroughly mixed and left at 80 °C for 2 h (Table 1). Sub-
sequently, aliphatic amine hardener (IPDA), and for EP-TDPSD-5P/6P/
8P, transesterification catalyst TBD, were added to the mixture at room
temperature and mixed vigorously for 5 min. Subsequently, the mixture
was poured into Teflon molds and cured. In order to cure the samples
properly with or without the phosphonate units [40], a stepwise curing
procedure at 100 °C for 2 h, another 2 h at 140 °C and a final curing
(160 °C/2 h) was followed.

2.4. Flax fiber reinforced EP-TDPSD-6P composites

The flax plies were dried for 24 h at 80 °C after being cut, prior to
fabricating the composites. The flax-TDPSD-6P composites were fabri-
cated with 3 plies of pre-dried flax fabric and 3 g fine powder of ground
EP-TDPSD-6P, resulting in composites with a fiber volume fraction V¢ ~
40%. A hydraulic press was pre-heated at a temperature of 190 °C.
Before pressing, a first layer of EP-TDPSD-6P vitrimer powder was
spread at the bottom of a 72 x 45 mm? steel mold, and covered with a
ply of flax fabric. This process was then repeated for all plies, with a final
layer of polymer powder being deposited at the top of the stack before
closing the mold. The mold was subsequently placed in the press and
pressed for 20 min at a temperature of 190 °C with a pressure of 3.0 +
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Table 1
Formulation of the control sample and the TDPSD cured thermosets.
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Thermosets Bisphenol A resin (DGEBA, Epikote™  Isophorendiamine (IPDA, Epikure™ Curing =~ TDPSD  DBU Triazabicyclodecene Measured P content
Resin 827) Agent 943) (TBD) (wt%)

EP-bl 1 0.5 0 0 / 0

EP-TDPSD- 1 0.45 0.1 0.005 / 1.27
1.2p°

EP-TDPSD- 1 0.40 0.2 0.01 / 2.45
2.5P

EP-TDPSD-4P 1 0.35 0.4 0.02 / 3.89

EP-TDPSD-5P 1 0.30 0.5 0.025  0.05 5.29

EP-TDPSD-6P 1 0.2 0.7 0.035  0.05 6.26

EP-TDPSD-8P 1 0.15 0.8 0.04 0.05 8.05

# all starting materials are in mol/mol ratio comparing to one equivalent of DGEBA.
b jn EP-TDPSD-xP the numeric x indicates the measured weight content of phosphorus in percentage.

0.2 MPa, before demolding the composite.

2.5. Coating on wood (medium-density fibreboard)

Following the earlier mentioned thermoset preparation procedure,
formulation EP-TDPSD-2.5P was used as thin coating on medium-
density fibreboard (MDF). Initially, DGEBA (1 equivalent) was reacted
with 0.2 equivalent of bis spiro H-phosphonate TDPSD (Table 1) at 80 °C
for 2 h. Before applying the resin on MDF, 0.4 equivalent of aliphatic
amine hardener (IPDA) was added to the mixture at room temperature
and mixed vigorously for 5 min. Utilizing a thin film applicator (BGD
218, automatic film applicator, Guiged precise instrument), the resin
mixture was applied homogenously on the surface of MDF with a paste
gap of 1 mm. The coated MDFs were cured under 100 °C for 2 h, another
2 h at 140 °C and followed by final curing at 160 °C for 2 h. Finally, the
coated MDFs were cut into 10 x 10 cm? test samples for further testing.

2.6. Characterization

1H, 13¢C and 3!P NMR spectra were recorded on a Bruker AV-III 400
spectrometer (Bruker BioSpin AG, Switzerland) using a 5 mm Cryo-
Probe™ Prodigy probe at 400.2, 100.6 and 162.0 MHz, respectively. All
NMR experiments were performed at 298 K using the Bruker standard
pulse programs and parameter sets applying 90° pulse lengths of 12.0 ps
(*H), 10.5 ps (*3C) and 10.7 ps (3'P). 'H and '>C NMR chemical shifts (5)
were calibrated to residual solvent peaks and >'P NMR chemical shifts
were referenced to an external sample with neat H3PO4 at 0.0 ppm.

Solid-State NMR (ss NMR) measurements were performed on the
same spectrometer employing a 4 mm CP MAS NMR probe. Approxi-
mately 50 mg of pulverized thermoset samples were filled into 4 mm
zirconia MAS rotors. Spectra were recorded at 10 kHz sample rotation at
room temperature applying the following parameters: 2.5 ps 90° exci-
tation pulses on H channel, 3 ms (*3c) and 2 ms (°'P) contact time
(optimized for best signal to noise) with a ramp from 100 to 50% of
power level on the proton channel, 3 s recycle delays, 100 kHz SPINAL
64 proton decoupling was applied during acquisition, and appropriate
numbers of scans (13C: up to 3072; 31p. 256) were recorded to yield
reasonable signal-to-noise ratios.

Phosphorus content of the composites was measured using the
inductively coupled plasma optical emission spectrometry method (ICP-
OES), on a 5110 ICP-OES (Agilent Switzerland AG, Basel, Switzerland)
apparatus. Sample preparation for ICP-OES consisted of mixing 100 mg
of a sample with 3 mL HNOs, followed by digestion using a microwave.

ATR-FTIR spectra were recorded with a Bruker Tensor 27 FTIR
spectrometer (Bruker Optics, Ettlingen, Germany), using a single
reflection attenuated total reflectance (ATR) accessory with 4 cm — 1
resolution, 32 scans and OPUS™ 7.2 software. In case of residues from
fire tests, samples were collected from the burnt places and mixed
properly prior to analysis.

Water resistance of the thermoset samples was carried out in 100%

relative humidity according to ASTM D2247-15 standard. The chamber
was pre-heated to 38 °C and maintained at 100% humidity. The samples
were placed in the chamber for 24 h, and the sample weights before and
after conditioning were recorded.

Thermogravimetric analysis (TGA) was performed on a NETZSCH
TG 209 F1 instrument (NETZSCH-Geratebau GmbH, Selb, Germany)
under Ny with a flow of 50 mL/minute. Temperature range from 25 to
800 °C at a ramp of 10 °C/minute was used for the analysis.

TGA-FTIR was used to analyze the gasses evolved during pyrolysis,
using TGA instrument coupled with the Fourier-transform infrared
spectrophotometer (Bruker Tensor 27). 10 mg of sample was heated
from 25 to 800 °C at a rate of 10 °C/min?, and the FTIR spectra of the
gases evolved during pyrolysis was recorded with a resolution of 4 cm™!
ranging from 4000 to 550 cm ™.

Differential scanning calorimetry (DSC) were performed on the
DSC 214 Polyma instrument (NETZSCH-Geratebau GmbH, Selb, Ger-
many) at a heating rate of 10 °C/minute (20 to 200 °C), under a N flow
(50 mL/minute) by running two repeating cycles. The glass transition
temperature (Tg) was determined by using the “tangent method” as the
meeting point of tangents to the curve, traced on the baseline and the
peak side, on the low-temperature peak side.

UL 94 vertical burning tests of the thermosets flammability were
assessed according to IEC 60695-11-10, with sample size of 13 x 125 x
3 mm®.

Cone calorimetry (Fire Testing Technology, East Grinstead, Lon-
don, UK) was performed with an irradiative heat flux of 50 kW/m? (ISO
5660 standard) on a specimen (100 x 100 x 3 mm?) placed horizontally
without any grid. Parameters such as heat release rate (HRR), peak of
heat release rate (pHRR), average specific extinction area (SEA), total
smoke release (TSR), total heat release (THR) and the final residue were
recorded.

Heat release rate (HRR) was determined using pyrolysis combus-
tion flow calorimeter (PCFC) (Fire Testing Technology Instrument,
London, UK) following ASTM D7309. ~ 7 mg of the sample was exposed
to a heating rate of 1.0 °C/s from 150 to 750 °C in the pyrolysis zone.

Direct inlet probe mass spectroscopic (DIP-MS) measurements
were carried out using a Finnigan/Thermoquest GCQ ion trap mass
spectrometer (Austin, TX, USA) equipped with a DIP module. DIP-MS
was useful to detect possible volatile products. Nearly 1 mg of a com-
posite sample taken in a quartz cup located at the tip of the probe was
inserted into the ionization chamber. Measurements were performed at
an ionization voltage of 70 eV, temperature of the ionic source of 200 °C,
<10-6 mbar pressure and probe temperature ramp 60 °C/minute from
30 to 450 °C.

Scanning electron microscope (SEM) and Energy dispersive X-
ray spectra (EDX) were recorded using a Hitachi S-4800 scanning
electron microscope (Tokyo, Japan) equipped with Inca X-sight device
from Oxford Instruments (Tokyo, Japan). During SEM measurements,
acceleration was maintained at 2 kV and with emission current of 10 pA
at a working distance of 8 mm. For EDX measurements, acceleration was
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maintained at 20 kV and with emission current of 15 mA at a working
distance of 15 mm.

Rheological tests were carried out on an Anton Paar Physica 301
MCR rotational rheometer (Austria). All tests were performed with a
parallel plate fixture (plate diameter of 25 mm and gap of 1 mm). EP-
TDPSD-6P powder was thermally processed into 1 mm plates using a
hot press at 140 °C. The plates were then dried in a vacuum oven
overnight at 80 °C prior to the measurements. Stress relaxation experi-
ments were conducted after a 10 min temperature equilibration (140,
160, 180, or 200 °C respectively), a 5% strain step was applied and the
stress was monitored over time. A constant normal force of 10 N was
applied during all the measurements to ensure a good contact of the
material with the parallel plates.

Dynamic mechanical analysis (DMA, model Q800, TA In-
struments, Inc. New Castle, DE, USA) tests were carried out for evalu-
ation of the mechanical performance changes before and after composite
fabrication. A temperature sweep from 20 °C to 170 °C using multi-
strain rate mode was performed, with a heating rate of 3 °C/minute at
a frequency of 1 Hz, an amplitude of 10 pm and a force track of 125%.
DMA test samples had a dimension around 60 mm x 12.5 mm x 1 0.4
mm.

Three-point bending tests were conducted according to ASTM-
D790 standards. The measurements were performed using a Water +
Bai Ag 125 kN universal testing machine, equipped with a 1 kN load cell,
using displacement control at a velocity of 5 mm/minute. The crosshead
position was recorded by the machine. The supports were made of steel
rods which are free to rotate around their axis. The span length between
the two lower supports was 51.5 mm. The measurements were per-
formed at ambient conditions (25 + 5 °C, 50 + 10% RH). In a first stage,
the crosshead was lowered until the upper rod came into contact with
the specimen. This was determined through the detection of a small
force (0.2 N for the blanks, 1 N for the composites). Once contact was
made, the crosshead was moved down by 12 mm or until fracture, when
applicable, and then positioned back to its initial position (1 mm above
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the position where contact was detected).
3. Results and discussion
3.1. Synthesis of phosphonated thermosets and their characterization

A one-pot and two-steps procedure was developed to prepare the
multifunctional transparent epoxy thermosets with varied TDPSD con-
tents (Fig. 1a). The chemical structure of the TDPSD was confirmed by
1D and 2D NMR spectroscopy (Figure S2 and S3). The flame retardant
epoxy thermosets were analyzed by elemental analysis, >C and 3'P solid
state NMR, and FTIR spectroscopy (Table 1, Figure S4, Fig. 1C, and
Fig. 1d). A single 3'P NMR resonance at 6.5 ppm is observed for TDPSD
in DMSO solution (Fig. 1b). In the solid state 31p CP MAS NMR spectrum
of the modified thermoset EP-TDPSD-4P, the resonance is shifted to
25.7 ppm (Fig. 1c¢) which is attributable to the formation of a P-CHy
group instead of the originally present P—H bond. To further charac-
terize the thermoset network, 13C CP MAS ss NMR spectroscopy was
performed on EP-bl, EP-TDPSD-2.5P and EP-TDPSD-4P samples. The 1°C
MAS NMR spectra of the three samples with broad and highly over-
lapping resonances are shown in Figure S4.

The above results demonstrated that the phosphonate P—C bonds
were successfully introduced in the thermoset network. As well studies
in the bioorganic community, the replacement of the bridging oxygen in
a phosphate ester with a CHj could introduce stability and confer
inertness to phosphatase cleavage [41]. In addition to the reprocess-
ability of thermosets with phosphoester linkages (P—O) reported in the
vitrimer field [36,31], the linkage of the phosphonate moiety via a non-
hydrolyzable P—C bond eliminates potential leaching during use and
recycling [42]. Molecular level distribution of phosphorus in the ther-
moset network can result in optimized fire performance at lower level of
P loadings compared to a non-reactive approach [35,7,8,43].

The FTIR absorption peak around 2438 cm ™! attributed to the P—H
bond in TDPSD, disappears in EP-TDPSD-2.5P and EP-TDPSD-4P

6.49

(b)
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Fig. 1. (a) Synthesis procedure of reactive TDPSD cured epoxy based EP-TDPSDs thermosets, with optical pictures of the 1 mm thick plates on “Empa” envelope. (b)
31p NMR spectrum of bis H-phosphonate TDPSD in DMSO-dg solution, (c) solid state >'P CP MAS NMR of EP-TDPSD-4P (* = spinning side bands), and (d) FTIR

spectra of the thermosets EP-bl, EP-TDPSD-2.5P, EP-TDPSD-4P and TDPSD.
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(Fig. 1d). Importantly, the formation of the P—C bond is confirmed by
the appearance of an absorption band at 1394 cm ™}, which is absent in
TDPSD and EP-bl. They illustrate the full reaction of the TDPSD with the
epoxy resin. The absorption peaks P—O—C appears at 1066 cm ™! for the
modified thermoset. The peaks around 1607 cm ™}, 1510 cm ™! and 1225
em™! correspond to the aromatic ring of the epoxy structure and P—0 of
the TDPSD phosphorus moiety. Thus, it is clear that bis-H-phosphonate
TDPSD was covalently incorporated in the epoxy matrix through the one
pot, two steps synthesis method.

3.2. Fracture morphology of the novel thermoset

The SEM images of the fractured surfaces of EP-TDPSD-2.5P and EP-
bl were investigated by scanning electron microscopy (Figure S5). The
surface of fractured EP-bl displays regular cracks, which can be attrib-
uted to its relatively poor fracture resistance [44]. Whereas, EP-TDPSD-
2.5P showed relatively homogeneous micro fracture morphology.
Unavoidably, large scale bubbles are formed in the one pot, two steps co-
curing procedure, fortunately without significant phase separation. The
uniform fractured structure of EP-TDPSD-2.5P indicates the homoge-
neity of the TDPSD cured epoxy network without obvious aggregates
[45].

3.3. Thermal properties

Highly cross-linked epoxy thermosets, have normally a softening
temperature Ty (glass transition temperature), which determines its
specific application range. T of thermosets are directly dependent on
the state of its degree of cure and crosslink density [40]. After comparing
the Tgs of EP-bl cured using the stepwise procedure (155.6 °C) and using
a non-isothermal method (155.5 °C, Figure S6), we could confirm that
the stepwise curing process could fully cure the systems we studied.

The origin of the softening via the glass transition is due to increased
free volume of chains upon heating beyond T,. Along with softening, the
materials eventually show fluidity upon further heating. Conventional
epoxy thermoset do not show fluidity upon heating because of its highly
cross-linked network structure formed from stable bonds and restricted
free chain motion [46]. As a consequence, fully cross-linked thermoset
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materials lose their recyclability due to the formation of a permanent
network structure. However, the introduction of associative dynamic
covalent P—O ester bonds in the thermoset can enable their potential
recyclability without losing thermal stability [47,48]. Given the cir-
cumstances that sufficient ester bonds (P—O) already exist in the EP-
TDPSDs epoxy thermoset, we predict that the epoxy network could
repair via transesterification reaction under external stimuli when de-
fects arise. Normally, the recycling temperature is located above the Ty
and the initial decomposition temperature (Tonser)- Therefore, we
investigated the Tgs and Topsers for determining the recycling tempera-
ture ranges at differant TDPSD loadings (Fig. 2a and 2c).

The Tgs of EP-TDPSDs were evaluated by DSC, which is generally
ascribed to the segmental motion of the polymeric networks, and Ty is
determined by the degree of freedom for the segmental motion, cross-
linking and entanglement constraints, and the packing density of the
segments [49]. As TDPSD is bifunctional, it tends to form linear mac-
romolecules, inhibits crosslinking and as a consequence promotes
segmental motion. Therefore all EP-TDPSD thermosets prepared in this
work exhibited lower Ty than EP-bl (155 °C, Fig. 2c and Table 2) [6].

The thermal stabilities of the EP-TDPSDs with varying P contents
were evaluated by TGA under Ny atmosphere (Fig. 2) and relevant data
are summarized in Table 2. The EP-TDPSD thermosets exhibited good

Table 2
Thermal analysis results obtained from DSC and TGA measurements for epoxy
thermosets with increasing amount of TDPSD under nitrogen atmosphere.

Samples T, (°C) Tonset . (°C) Tinax ¢ CC) Residual yield at
800 °C (Wt%)
EP-bl 155.6 351.7 369.5 5.8
EP-TDPSD-1.2P° 1486 303.6 340.3 12.0
EP-TDPSD-2.5P 139.3 295.7 340.5 16.7
EP-TDPSD-4P 131.7 300.8 342.4 24.0
EP-TDPSD-5P 113.4 257.3 337.2 24.6
EP-TDPSD-6P 107.1 239.6 332.1 28.1
EP-TDPSD-8P 94.2 236.8 331.2 29.7

2 Abbreviation of the bicyclic H-phosphonate co-cured epoxy resin. ® Onset
decomposition temperature, at which the thermoset undergoes 5 wt% weight
loss. ¢ Characteristic temperature, at which maximum rate of weight loss occurs.
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Fig. 2. (a) TGA and (b) DTG data of EP-bl and EP-TDPSD thermosets under nitrogen atmosphere, at a heating rate of 10 °C/minute, (c) DSC thermograms of the EP-
TDPSDs, (d) TGA of EP-TDPSD-6P with varied amount of catalyst TBD, (e) stress relaxation curves of EP-TDPSD-6P at 10% strain under different temperatures up to
200 °C, where the stress (o) is normalized by the initial stress (6o). The dotted line indicates the point at 6/06¢ = 1/e (=0.3679), and (f) fitting of the relaxation times 7
to the Arrhenius plots as a function of inverse temperatures.
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thermal stability, the temperatures of 5% mass loss (Topset) for all sam-
ples are above 240 °C. Although Tynst decreases for the EP-TDPSD
thermosets (Table 2), compared to 351.7 °C for EP-bl. EP-bl shows a
one-step mass loss in the temperature range of 300-450 °C, while the EP-
TDPSDs exhibit apparently-two or more thermal decomposition stages
in the same range until 370 °C with an additional shoulder that extends
over a range of approx. 100 °C as shown in the TGA and DTG curves
(Fig. 2a and Fig. 2b). Additionally for EP-TDPSDs, a small decomposition
step (approx. 9 wt%) appears at 455 °C. The data obtained above indi-
cate the optimal reprocessing temperature, which lies between the glass
transition temperature and the initial decomposition temperature
(230 °C > Tre > 94 °C).

The transesterification catalyst, TBD, has negligible effect on the
thermal stability of the EP-TDPSD thermosets (Fig. 2d). Even though the
addition of TDSPC to the thermoset matrix catalyzes the decomposition
to lower temperatures, a larger amount of char residue is formed at
temperatures above 400C. In comparison of 5.8% char residue for EP-bl,
EP-TDPSD-2.5P has almost three times the char residue (16.7%,
Table 2), and EP-TDPSD-6P has significantly 5 times the char residue
(28.1%). This indicates the potential condensation phase driven flame
retardancy of EP-TDPSDs.

3.4. Recyclability and reparability

Considering sufficient associative dynamic phosphonate ester (P—O)
bonds exist in the EP-TDPSD-5P/6P/8P, transesterification reaction can
occur at elevated temperature above Ty as illustrated in Figure S7,
Supporting Information. The transesterification induced dynamic bond
exchange within the network is the driving force to obtain reprocessable
thermosets, which can be monitored by rheological stress relaxation
[48,50]. When they get heated up, the internal stresses can be released
and thus the viscosity will be reduced [51]. Among the series of epoxy
thermoset we designed, EP-TDPSD-6P revealed great stress-relaxation at
high temperatures (>140 °C), meanwhile there was negligible stress-
relaxation at room temperature. It follows a simple Arrhenius law
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with an activation energy of ~ 75 kJ/mol K as shown in Fig. 2f [52,53].

To demonstrate the healing capability of the phosphonate networked
thermoset, the surface of EP-TDPSD-6P samples was sliced twice with a
razor blade in a consequential way (Fig. S8a). When exposed to 160 °C in
a pre-heated oven for 5 min, the scratches almost disappeared, and the
damaged area became smoother. In addition, SEM analysis confirmed
the microstructure reparability of the EP-TDPSD-6P. The surface was
scratched multiple times with a point-tip tweezer to clearly reveal
damaged area. The scratched epoxy surface appeared as a coarse, frac-
tured and grainy ditch under SEM (Figure S9 a, c and e). After healing for
one hour, the deep crack with grainy surface got smoother (Figure S9 b,
d and f). To demonstrate the full healability of EP-TDPSD-6P when
exposed to external mechanical damage (Fig. 3a), a strip of EP-TDPSD-
6P was completely broken in two pieces (Fig. 3b). The broken pieces
were put together and healed in a pre-heated oven under 160 °C for 5
min. The broken parts could rejoin without additional force or treatment
(Fig. 3b), demonstrating its excellent healing capacity. Furthermore,
after their repair using such mild and convenient conditions, the
rejoined sample was able to withstand a weight of 200 g (Fig. S8b). The
above observed macroscopic flow and reparability could reveal the
intrinsic malleability and healability of the EP-TDPSD-6P, which is in
the end mediated through the rearrangement of the thermoset network
via phosphonate transesterification.

The thermomechanical recycling process is illustrated in Fig. 3c. In
order to recycle the EP-TDPSD-6P bulk plate, it was ground into an
opaque white powder via cryo ball-milling [54]. The cryo-grinded
powder showed a particle size within 100 pm (Figure S10a). Then the
fine powder is collected and evenly distributed in a rectangular-shaped
metal mold. The set of samples were hot-pressed at 150 °C and 160 °C at
a pressure of 6 MPa for 5 min. This process enabled that the powder
fused into solid transparent plates again (Fig. 3c). The P—O ester bonds
allow the dynamic exchange reaction, chain interpenetration and for-
mation of new crosslinks. Under similar re-processing conditions the
thermosets with higher P contents (more P—O bonds) could be easily
pressed into homogenous plates again (Figure S10b), which is in

(a) (b) Healability

= Transesterification catalyst, TBD
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Fig. 3. (a) Schematic and chemical structure of the dynamic covalent network with the possible way of bond exchange; (b) Optical images of a piece EP-TDPSD-6P
reconnected/healed at 160 °C for 5 min after being broken in the middle (red circle); (¢) Thermal/mechanical recyclability demonstration of the cryo-grinded EP-
TDPSD-6P fine powder using hydraulic hot pressing for 5 min at varied temperatures under a pressure of 6 MPa. (For interpretation of the references to colour in this

figure legend, the reader is referred to the web version of this article.)
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agreement with of the predicted transesterification mechanism. Recy-
cling experiments of EP-TDPSD-4P and EP-TDPSD-5P were also per-
formed. However, the lower the P contents (EP-TDPSD-5P and EP-
TDPSD-4P), the higher the temperatures were required to obtain
reprocessed sample plates. More specifically, it was enough to obtain
transparent EP-TDPSD-6P plate at 140 °C for 5 min pressing time.
Meanwhile, hot-pressing of EP-TDPSD-5P at 160 °C for 5 min resulted in
an unfused particle-like appearance. Even higher treatment temperature
(180 °C) and longer pressing time (20 min) were unable to generate
uniform plates. No plate could be obtained for EP-TDPSD-4P, even after
20 min hot-pressing at 200 °C (Figure S10).

These results indicate that the reprocessability depends on the con-
centration of the phosphonate esters. As EP-TDPSD-6P was easy to fuse
together under reasonable conditions in the hot press (Fig. 3c), it was
considered an ideal candidate for further recycling and reprocessing
experiments. This sample can be straightforwardly molded into desired
shape by hot-pressing. The recycling of EP-TDPSD-6P can be repeated up
to three times without dramatic mechanical, chemical and thermal
property reduction (Figure S11). Only a slight decrease in the flexural
strength (15%) and in thermal stability (Topser from 239.6 °C to
230.4 °C), was observed after third recycling circle for this sample.

3.5. Flax fiber reinforced composites

From sport to automotive and aerospace industries, fiber reinforced
polymer composites are widely used in various fields thanks to a com-
bination of good mechanical properties and light weight [1,55]. Among
them, epoxy based thermoset composites are often preferred or even
irreplaceable when high performance is needed, which is the case in
many applications like aircraft components and wind turbine blades. To
demonstrate the potential use of the recyclable thermoset as a matrix,
compression molding was carried out to fabricate flax fiber reinforced
composites.

To achieve a good balance between reprocessing feasibility and
satisfying thermal properties, EP-TDPSD-6P was chosen to demonstrate
the application potential in fiber reinforced composites (Flax-TDPSD-
6P). The EP-TDPSD-6P comprise sufficient covalent dynamic networks,
which enable satisfying thermal stability, thermal malleability, and
promising recyclability. It showed a relatively high Ty (107 °C) and
Tonset (240 °C), and required reprocessing temperature lower than the
degradation temperature of flax fiber. Yet, with the increase of covalent
dynamic bonds the mechanical performance is reduced. This may be
related to the lower molecular weight and the bi-functionality of the
phosphorus units TDPSD [56]. EP-TDPSD-6P can be thermally activated
to trigger bond exchange, allowing the network rearrangement without
impairing their integrity. This means that composite processing by
heating and pressing should enable the grinded powder to “soften” and
impregnate the fibrous network. Thus, the fabrication of flax fiber

<« Vitrimer
powder

~ %= Flax ply

Flax-TDPSD-6P
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reinforced thermoset composites was explored to obtain flame-retardant
and recyclable materials. The composites were processed by compres-
sion molding, as presented in Fig. 4a. The composites were not fully
impregnated due to the high viscosity of the matrix at the processing
temperature, but nonetheless presented a good structural integrity.

Three point bending tests were conducted at room temperature on
the resulting composites in order to access the effects of the fiber rein-
forcement on bending strength and modulus. Comparing to the ther-
moset matrix alone, the flexural strength increases more than 6 times
from 8.7 MPa to 55.9 MPa for a fiber volume fraction of about 40%. The
bending test curves and results are presented in Fig. 4b and Table S2,
respectively. In addition, Young’s modulus (E) of the Flax-TDPSD-6P
increased from 0.6 GPa to 9.4 GPa, compared to EP-TDPSD-6P. DMA
temperature sweep exhibited a slight glass transition temperature
change from 110.7 to 115.0 °C between the polymer matrix itself and
the corresponding composite (Figure S12), which is consistent with the
DSC measurement results (107.1 °C, Table 2). These preliminary tests
demonstrated the feasibility of manufacturing flax fiber reinforced
composite driven by the intrinsic malleability of the vitrimer-like
materials.

3.6. Fire performance and potential application of the phosphonate
thermosets

Considering the P nature in flame-retardant application, we forecast
promising fire-safe application potential of the EP-TDPSDs thermosets
[43]. From the TGA experiments, it was observed that the char residuals
at 790 °C for EP-TDPSD-1.2P, EP-TDPSD-2.5P and EP-TDPSD-4P
increased significantly to 12.0%, 16.7% and 24.0%, compared to a
meagre 5.8% for EP-bl. This can be attributed to the addition of the
reactive TDPSD which can promote the char formation and decrease the
mass loss of epoxy during the main stage of thermal decomposition. In
particular the pentaerythritol component of TDSP is known to be an
excellent char former. The weight loss of the EP-TDPSD-6P at
370-470 °C is attributed to the further decomposition of char formed in
the initial stage, which is consistent with the result of few earlier reports
[57]. To gain further insight into the flame retardant mechanism of the
thermosets which is relevant for determining suitable applications,
detailed thermal analysis of EP-TDPSDs thermosets were performed.

Pyrolysis combustion flow calorimetry (PCFC) measurements were
employed to evaluate the flammability of EP-TDPSDs thermosets on the
micro- /bench-scale, and to gain information about the FR efficiency of
the EP-TDPSDs (Figure S13a, Table S4). Compared to EP-bl (black
curve), the peak heat release rate (pHRR) of EP-TDPSDs (colored curves)
is reduced significantly, along with a simultaneous reduction in total
heat release (THR) and temperature of peak heat release rate (Ty,). The
narrow HRR curves of EP-bl become broad for EP-TDPSDs, which in-
dicates the flame inhibition of TDPSD via formation of thermally stable
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Fig. 4. (a) Schematic illustration of the flax fiber reinforced composite fabrication with two representative composite pictures, and (b) 3-point bending stress — strain
curves of the EP-TDPSD-6P (grey curves) and Flax-TDPSD-6P composite with a polymer matrix volume fraction Vy, = 60% (green curves). (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)
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char from the early stage of burning. This results in a slow heat release
over a longer period of time for the EP-TDPSDs thermosets, unlike large
amount of heat released in a short time in case of EP-bl.

Cone calorimeter tests (Figure S13b) showed that after ignition the
heat release rate (pHRR) of EP-bl quickly increases to the peak value of
915 + 20 kW/m? (pHRR). Whereas, pHRR values of EP-TDPSD-2.5P
were only 230 + 10 kW/m?, which is reduced around 75%. The pres-
ence of TDPSD has also a strong influence in reducing the HRC (the
maximum rate of heat release divided by the heating rate) by 36%, 42%,
and 48% for EP-TDPSD-1.2P, EP-TDPSD-2.5P and EP-TDPSD-4P ther-
mosets, respectively. The total heat release (THR) reduced from 120.4
MJ/m? to 31.6 MJ/m? (Figure S13c). In terms of the total smoke pro-
duction (TSP), EP-TDPSD-2.5P showed a more significant TSP reduction
of 9.2 m? (Figure S13d) than that of EP-bl (33.5 m?), including CO5 and
NO gas reduction (Figure S13e and f). Significantly decrease of the TSP
(72.5%), and effective inhibition of the peak heat release rate (57.3%)
were noted.

The epoxy thermosets with and without reactive spirocyclic phos-
phonate TDPSD were subjected to a vertical flame spread test (UL 94) to
assess their flammability. The results of the flammability tests are
summarized in Table S4 and the digital photos of the UL94 tests and
residues left after the fire tests are presented in Figure S14 and the
supplementary videos. Epoxy thermoset with 2.5% of P content (EP-
TDPSD-2.5P) achieved a UL 94-VO0 classification (Figure S14). The right
concentration of TDPSD in the epoxy thermosets matrix is crucial for
achieving UL 94-VO classification, as EP-TDPSD-1.2P containing only
1.2 wt% P burns partially and does not achieve any classification.
Continuous burning, dripping and cotton ignition are observed after first
ignition of the EP-bl. In contrast, the flame of EP-TDPSD-2.5P extin-
guishes within 3 s after two ignitions. The UL94 vertical flammability
test and limiting oxygen index (LOI) test not only allow the evaluation of
the flammability of the obtained formulations, but also provide infor-
mation regarding the fire retardant mechanism of the investigated FR
additives in epoxy. The reduced smoke evolution and the intumescent
char formed during the burning process could contribute to the fire
extinction.

We have compared certain properties of our work, i.e. fire perfor-
mance and recyclability of the materials, with other phosphate ester- or
carboxylic ester-based recyclable FR thermosets. As shown in the radar
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chart Fig. 5, the material characteristics including P contents, thermal
properties (Tonser and Ty), and FR properties (UL94 rating and HRR)
were compared. Meanwhile, recycling relevant features including the
activation energy (E,), recycling/reprocessing temperature and duration
are also presented in the chart. Compared to the reference materials, the
thermoset matrix developed in this work could achieve the lowest HRR
(230 kW/m?) with a low P (2.5%) content. Furthermore, the material
requires relatively low recycling/reprocessing temperature and duration
(i.e. 160 °C and 5 min).

3.7. Coating application on medium-density fibreboard (MDF)

Conventional epoxy thermoset coating materials have excellent
water resistance. However, the introduction of polar phosphonate ester
groups will affect the water resistant property of the materials. A
simplified water resistance test was carried out to evaluate the water
absorbance of the phosphonated thermosets. As shown in Table S5, the
higher the P content of the matrix, the more water it gains after the test.
The coating material EP-TDPSD-2.5P showed only 0.7% water gain,
which is much lower than other EP-TDPSDs. Thus EP-TDPSD-2.5P can
be considered as a suitable coating material for an outdoor application.

The demonstrated exceptional fire-resistance make them a good
candidate for inflammable material protection, especially in trans-
portation and building industries [61,62]. Based on the excellent fire
inhibition and char forming property in the small scale fire test discussed
earlier, we applied 1 mm thickness EP-TDPSD-2.5P coating on the sur-
face of MDF samples (Figure S15), and investigated their fire resistance
and heat isolation properties, as demonstrated in Fig. 6.

After five minutes of continuous ignition with Bunsen burner (flame
temperature>1100 °C), the EP-TDPSD-2.5P coated MDF plate did not
catch fire on the wood matrix, with its backside temperature reaching a
maximum value of 106 °C (Fig. 6b and d), while the MDF blank burned
completely with backside temperature reaching almost 550 °C (Fig. 6a
and c). Very intumescent char was formed during the continuous igni-
tion. After removal of the intumescent char, the underlying MDF matrix
was found to retain its integrity (Fig. 6e). It could be concluded that EP-
TDPSDs has a future perspective on flame-retardant surface treatments,
including the potential for industrial implementation of this material. As
summarized in Table S6, the weight loss of the MDF blank is about 74%,
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Fig. 5. Comparison of essential properties of reference materials (phosphate ester based thermosets [30,36,58,59], and carboxylic ester thermosets [53,60]) with the
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Fig. 6. (a) blank MDF samples and (b) EP-TDPSD-2.5P coated MDF sample were measured with 5 min continuous ignition using Bunsen burner (butane gas), with the
maximal back temperature of the wood plate measured by IR camera, optical images of (c) the untreated and (d) the coated MDF samples after 5 min ignition, (e)
surface and (e) cross section of the EP-TDPSD-2.5P coated MDF plate after burning test. All samples were located with distance to the blue flame ~ 50 mm (flame
temperature ~ 1100 °C). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

in contrast, only 6.8% was observed for the EP-TDPSD-2.5P coated MDF
plate.

3.8. Fire inhibition mechanism

The thermal decomposition mechanism of the composites were
investigated in detail by means of TGA-IR and DIP-MS analyses. FTIR
spectra of volatile products formed in TGA at different temperatures is
presented in Fig. 7. It can be observed that EP-TDPSD-2.5P produces
significantly less volatile products than EP-bl. The volatile products of
EP-bl increase with temperature, while EP-TDPSD-2.5P produces the
most volatile products at 340 °C (Tyas) and then decreases gradually

(a)

40}]03600 ZOlDU ' 1 0'00
Wavenumber (cm™)

after 400 °C.

At 350 °C the infrared absorption peaks at 885 cm™! and 931 cm ™
representing light alkenes and 966 cm™! representing NHj; were
observed for EP-bl. Significantly lower intensity of these peaks were
observed for EP-TDPSD-2.5P. Instead new peaks at 746 cm ™! and 1056
em™! corresponding to P—O containing species were observed for this
sample. Peaks around 1343 cm™! attributing to P—C containing species
were also observed. With increased temperature, the sharp peaks around
1510 cm™! corresponding to aromatics and aliphatic volatile compo-
nents (3000-2840 cm™!) in EP-bl are significantly suppressed for EP-
PTODP-2.5P. In contrast carbonyl peaks (1790-1680 cm_l) observed
for EP-bl generally disappeared for EP-TDPSD-2.5P after 400 °C.
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Fig. 7. TGA-FTIR spectra of the pyrolysis products from 10 mg of (a) EP-bl and (b) EP-TDPSD-2.5P at different temperatures.
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Furthermore, all nitrogen containing volatile species (peaks at 1605
cm_l, 1363 cm ! and 7757 ! assigned to N—O species, 1440_1, 1458_1,
2090~! and 2246 cm ! assigned to C—N containing highly toxic spe-
cies) are minor or disappear for EP-TDPSD-2.5P. At the same time, for
EP-TDPSD-2.5P peaks corresponding to H;O are inconspicuous
throughout the decomposition process (broad peaks around 3750-3500
em ! and 2000-1200 ecm ™).

Simultaneously, DIP-MS analysis indicates that the decomposition of
the EP-TDPSD-2.5P produces a large amount of phosphorous species
from 200 to 400 °C, whereas lower relative abundance of the volatile
compounds were observed for the EP-bl (Figure S16). The formation of
major fragments like PO radical (m/z 47) and 3-methyloxetane radical
(m/z 71) initiates after 200 °C, while the HPO, radical (m/z 64) and
other P-containing fragments evolve after 300 °C. The formation of these
radicals confirm the strong flame inhibition action of TDPSD at an early
stage. In air PO radicals can combine high energy He and OHe species to
form water [43], interrupting the combustion chain reaction which
leads to flame inhibition. The above results of pyrolysis are consistent
with the TGA-IR results to confirm a very effective gas-phase action of
the phosphonate moieties.

3.9. Analysis of the char residue

It is widely recognized that phosphorus-based flame retardants play
a very critical role in the condensed phase [61,63], and therefore,
exploring the structure, morphology, and chemical composition of the
char residue after the fire tests can contribute to the understanding of
how TDPSD works. The surface morphology and elemental composition
of EP-TDPSD-1.2P after combustion was characterized using scanning
electron microscopy (SEM, Fig. 8) and energy dispersive X-ray spec-
trometry (EDS) mapping (Figure S17).

Compared to the compacted and fissured char residue of EP-bl
(Fig. 8a, b and c), EP-TDPSD-2.5P left a distinct char with differences
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in the inner and outer layer. The residual outer layer (Fig. 8d, e and f)
exhibited a coherent and sealed appearance, while the inner structure
(Fig. 8g, h and j) was intumescent and porous. The closed outer layer
could act as an effective physical barrier and lower gas flow. Besides,
this porous char structure would prevent the heat transfer and the
escape of volatiles. Therefore, we could anticipate that the inner layer is
efficiently isolating heat and outer layer is blocking oxygen when EP-
TDPSDs catch fire. EDX analysis showed a unified P distribution on
the char residue (Figure S18), which also confirms that the covalent
incorporation of TDPSD with epoxy was homogenous. These results
together with the char yields in TGA experiments confirmed that the
covalent incorporation of TDPSD phosphonate units in EP-TDPSDs play
a major role in the formation of char during thermal degradation.

The chemistry of the char residues of EP-bl and EP-TDPSD-2.5P after
fire tests were also characterized by FTIR (Figure S18). The broad ab-
sorption band at around 1592 cm’l, 1486 crn’l, and 1447 cm !
represent C—C stretching vibration of polyaromatic carbons. This strong
absorption band indicates that the incorporation of TDPSD into the
epoxy thermoset enabled formation of sufficient aromatic component in
the char. Peaks observed at 1202 cm ! and 1168 cm ™! was attributed to
P=0, at 1088 cm !, 992 cm ™! and 901 em™! of P—O vibration. The
absorption peak appearing at 973 cm™! was attributed to -P(=0)-O-. It
indicates that the condensed phase of EP-TDPSDs contained significant
residue rich in phosphorus.

These results demonstrated that the flame retardancy of TDPSD
modified epoxy thermosets was not due to one single mechanism but
rather a complex combination of mechanisms, including the gas phase
mechanism and the condensed phase mechanism (Fig. 9) both caused by
the covalent incorporated phosphonate units.

4. Conclusions and outlook

In this work we have developed novel phosphonated thermosets with

Fig. 8. SEM images of the residual chars for EP- bl outer surface (a, b, and c), flame-retardant thermosets EP-TDPSD-1.2P outer surface (d, e, and f), and EP-TDPSD-
1.2P inner surface (g, h, and j) at difference magnification obtained from the UL-94 tests.
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Fig. 9. Proposed decomposition mechanism of EP-TDPSDs (according to DIP-MS and TG-FTIR) via both gas phase and char forming actions.

inherent flame retardancy and good reprocessability and recyclability,
which are introduced by the phosphonate moieties. A one-pot and two-
step process, using varied ratios of DGEBA resin, reactive TDPSD and a
cycloaliphatic hardener, has been evaluated to synthesize transparent
multifunctional thermosets. The phosphonate ester CANs brought by the
covalently networked TDPSD enable not only enhanced fire protection
but also render the thermoset recyclable. A concentration of 2.5% P was
adequate to achieve high flame retardancy, whereas 6% P was necessary
for damage reparability after scratching, reprocessability and also
recyclability.

For thermoset with 2.5% P, cone calorimetry investigations showed
reduced peak heat release rate (up to 75%) during combustion and less
smoke toxicity, which were attributed to the combination of gas and
condensation phase actions of the phosphonate moieties. Flame retar-
dant coating of this formulation on MDF exhibited excellent fire pro-
tection and heat isolation which was demonstrated by higher weight
retention (93%) compared to the blank MDF (26%), owing to the
outstanding intumescent nature of the char formed during fire test. The
flame retardant polymer (EP-TDPSD-2.5P) has a potential in fire-safe
transportation and electronic applications.

The reprocessability of the vitrimer-like EP-TDPSD-6P thermoset was
investigated using thermomechanical recycling method. The presence of
sufficient dynamic P—O ester bonds enabled transesterification based
topological rearrangement during repairing and recycling, while
retaining networked structure at room temperature. As an exploration
for future application, flax fiber reinforced thermoset composites were
fabricated via compression molding, which exhibited improved flexural
strength (~6 time) compared to thermoset matrix. The utilization of
these thermosets in fabricating fibers reinforced composites (such as
carbon fiber, glass fiber, and natural fibers), as well as their chemical
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recyclability will be further examined in our future research. Our future
work will also focus on the section of other phosphorus raw materials
and adapting the manufacturing processes to improve the mechanical
properties of these phosphonated thermosets.
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