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Abstract: Unsaturated polyester resin (UPR) with excellent flame retardant is mainly obtained by
adding large amounts of flame retardants, usually at the expense of mechanical properties. In this
work, a reactive flame retardant containing phosphorus and nitrogen (DOPO-N) was successfully
synthesized and incorporated in UPR as a crosslinker. The mechanical and flame-retardant properties
of UPR composites were enhanced. UPR/30DOPO-N passed a UL-94 V-1 rating with a limiting
oxygen index (LOI) of 30.8%. The tensile strength of UPR/30DOPO-N increased by 24.4%. On this
basis, a small amount of modified HNTs (VHNTs) was added to further improve the flame-retardant
properties of the composite. With the introduction of 3 wt% VHNTs, the composite passed the UL-94
V-0 rating. The peak of heat release rate (PHRR) and total heat release (THR) of it decreased by 60.7%
and 48.3%, respectively. Moreover, the detailed flame-retarding mechanism of DOPO-N and VHNTs
was investigated by thermogravimetric infrared spectroscopy (TG-IR), Raman spectra, and X-ray
photoelectron spectroscopy (XPS). It was found that DOPO-N played a role in quenching the flame in
the gas phase and cooperated with VHNTs to enhance the barrier effect in the condensed phase.

Keywords: unsaturated polyester resin; flame retardants; DOPO; halloysite nanotube

1. Introduction

Unsaturated polyester resin (UPR) is widely used in multiple areas such as chemi-
cal engineering, construction, transportation, and aerospace due to its low cost, ease of
processing, excellent mechanical properties, chemical corrosion resistance, and weather
resistance [1–4]. However, pure UPR composed of a large number of hydrocarbons is the
most flammable among common thermosetting resin materials [5]. Once burned, it releases
a large amount of heat and smoke, posing a serious threat to human life, which seriously
limits its application in certain fields [6]. For this reason, a number of flame retardants have
been prepared to improve the flame retardancy and thermal stability of UPR [7–12].

According to whether the added flame retardants react with unsaturated groups, they
are divided into blended flame retardants and reactive flame retardants. Various types of
blended flame retardants have been prepared, such as organic flame retardants [13–15],
inorganic flame retardants [16,17], and metal flame retardants [18–20]. In order to achieve
the desired flame-retardant performance and thermal stability, we can also choose two of
them to be used in combination and adjust their addition ratio [17,21,22]. However, when a
large number of inorganic flame retardants or metal flame retardants are added to the sub-
strate to achieve a better flame-retardant effect, the interface compatibility between flame
retardant and the matrix will become worse because of the viscosity of the system. Then, the
mechanical properties of composite materials will deteriorate [23–25]. The reactive flame
retardants participate in the UPR three-dimensional network structure by crosslinking with
the matrix [26]. In this way, the problem of poor compatibility can be avoided, and even the
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mechanical properties of composite materials will be improved [27]. Most reactive flame
retardants for UPR are designed to contain C=C structures with phosphorous or nitro-
gen [27,28]. Organic phosphorous compounds that are suitable for modification as reactive
flame retardants include phosphate esters, ammonium polyphosphate (APP), phosphine
oxide, and 9-10-dihydro-9-oxygen-10-phosphate-10-oxide (DOPO) [29–34]. Among them,
DOPO and its derivatives not only have a high flame retardant effect but also can be easily
modified to introduce other elements or functional groups [35,36]. Yuan Cao et al. modified
DOPO derivatives and introduced C=C structures to prepare TDCAA-DOPO reactive flame
retardants with symmetric structure. The results showed that UPR20 (TDCAA-DOPO con-
tent: 20 wt%) achieved an LOI value of 27.2%, and the compatibility between the original
phosphorus-containing flame retardant and the matrix was enhanced [37]. Fukai Chu
et al. successfully prepared three different polymer flame retardants by modifying DOPO
with different monomers (PCH3PG, PBPG, and POPG), introducing phosphorus elements
and different functional groups to improve flame retardancy and compatibility. The UPR
composites were able to reach a V-0 rating of 30% of LOI with 20 wt% of PCH3PG, while
the mechanical properties of flame retardant composite were decreased [38]. According
to previous studies, the onset degradation temperature (T5%) of some UPR composite
containing phosphorous organic flame retardants was reduced. This was because the P-O
structures in composite were unstable and would degrade earlier than the matrix during
the heating process [39,40]. Furthermore, the amount of smoke released might increase
because of the existence of most organic compounds. Therefore, reactive flame retardants
combined with inorganic nanoparticles are a good strategy to improve the thermal stability
of composite materials.

Herein, a novel reactive liquid flame retardant containing phosphorus, nitrogen, and
C=C structure (DOPO-N) was synthesized by Atherton-Todd reaction, which can be used
as a crosslinking point in UPR to improve the mechanical properties and flame retardancy
of composite materials. On this basis, the halloysite nanotubes modified by vinyl silane
coupling agent (VHNTs) was introduced into the system to reduce the effect of phosphorous
flame retardants on the thermal stability of the composites. Due to the combined effect
of DOPO-N and VHNTs, the peak of heat release rate of the composite was significantly
reduced, and the smoke release was suppressed.

2. Experimental
2.1. Materials

The unsaturated polyester resin (UPR, type 196) was provided by Jining Huakai
Resin Co., Ltd. (Jining, China). The 9,10-dihydro-9-oxa-10-phosphaphenanthrene-10-
oxide (DOPO), carbon tetrachloride (CCl4), and vinyltrimethoxysilane (VTMS) were pro-
cured from Shanghai Maclin Biochemical Technology Co., Ltd. (Shanghai, China). N-(2-
Hydroxyethyl)acrylamide (HEAA), triethylamine (Et3N), and benzoyl peroxide were pur-
chased from Shanghai Aladdin Biochemical Technology Co., Ltd. (Shanghai, China). HNTs
were procured from Guangzhou Runwo Material Technology Co., Ltd. (Guangzhou, China).
Dichloromethane (DCM), ethanol, sodium sulfate anhydrous (Na2SO4), and sodium chlo-
ride (NaCl) were provided by Tianjin Xinbote Chemical Co., Ltd. (Tianjin, China).

2.2. Synthesis of DOPO-N

The synthesis reaction of DOPO-N is shown in Scheme 1a. DCM (50 mL), DOPO
(10 mmol), and Et3N (11 mmol) were added in that order while being stirred into a flask.
HEAA (11 mmol) was added to the mixture after the DOPO completely dissolved, and
then the mixture was cooled to 0 ◦C in an ice bath. After that, CCl4 (11 mmol) was added
drop by drop to the mixture and reacted at room temperature for 12 h. The mixture was
diluted with DCM and extracted with distilled water and saturated salt water. The organic
layer was dried with Na2SO4 and filtered. After the solvent was removed, the yellow liquid
DOPO-N was obtained.
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Scheme 1. Schematic diagram of the preparation process of (a) DOPO-N, (b) VHNTs, and (c) UPR
composites.

2.3. Preparation of VHNTs

The preparation of VHNTs is shown in Scheme 1b. Silanized halloysite nanotubes
(VHNTs) were obtained by silanizing pure HNTs. Briefly, ethanol (30 mL), deionized water
(3 mL), and acetic acid (0.06 mL) were poured into a beaker to keep the pH of the solution at
4.5–5.5. Then, 2 g HNTs were added to the solution, and 0.5 g VTMS was added dropwise
after the HNTs were dispersed evenly. The mixture was magnetically stirred at 50 ◦C for
5 h. The product obtained was washed to neutrality with deionized water and dried in an
oven at 80 ◦C overnight. It was ground into powder with a mortar and pestle before use.

2.4. Preparation of UPR Composites

The formulations of UPR composites are shown in Table 1. Firstly, pure UPR was
mixed with a quantitative amount of the flame retardant under stirring at 75 ◦C. Then,
2% BPO was added into the system, and stirring was continued until the hardener was
completely dissolved; then, we poured the mixture into the mold in an oven at 80 ◦C for
1 h, 100 ◦C for 2 h, and 120 ◦C for 1 h. The composite resin was completely cooled and
demolded for subsequent testing.

Table 1. Formulation of flame retardant UPR composites.

Samples UPR
(g)

DOPO-N
(g)

HNTs
(g)

VHNTs
(g)

BPO
(g)

UPR 100 0 0 0 2.00
UPR/20DOPO-N 80 20 0 0 1.60
UPR/30DOPO-N 70 30 0 0 1.40
UPR/30DOPO-N/2HNTs 68 30 2 0 1.36
UPR/30DOPO-N/3HNTs 67 30 3 0 1.34
UPR/30DOPO-N/2VHNTs 68 30 0 2 1.36
UPR/30DOPO-N/3VHNTs 67 30 0 3 1.34

2.5. Characterization

The structural composition of the flame retardants was characterized by a Fourier
transform infrared spectrometer (FTIR, TENSOR27, Karlsruhe, Germany) using KBr tablets.
The wave number ranged from 4000 to 500 cm−1. The times of scans were 64.

1H or 31P nuclear magnetic resonance (NMR, Bruker, Saarbruecken, Germany) ex-
periments were performed by a Bruker AVANCE NEO-600M spectrometer, choosing the
deuterated chloroform as a solvent.
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The thermal stability of UPR and UPR composites under N2 and air atmospheres was
analyzed with a thermogravimetric analyzer (TGA, HTG-1, Beijing, China). The gas flow
rate was 50 mL/min. The experimental process was heated from 40 ◦C to 800 ◦C with a
heating speed of 10 ◦C/min. The purity of N2 ≥ 99.999%.

The mechanical properties of UPR and UPR composites were tested with a universal
testing machine (WSM-5KN electronic universal testing machine, Beijing, China), and the
displacement velocity was 2 mm/min according to GB/T 2567-2008 [41]. The samples were
dumbbell tensile test splines with a standard distance of 25 mm, and each group of samples
was measured at least 10 times.

According to the ASTMD2863-97 standard [42], the limiting oxygen index values (LOI) of
UPR and UPR composites were tested with the JF-3 limiting oxygen index meter with sample
sizes of 120 mm × 6.5 mm × 3.2 mm. LOI calculation formula: LOI = [O2]/([O2] + [N2]).

According to the ASTMD3801 standard [43], the vertical combustion performance of
the UPR and UPR composites was obtained by a vertical combustion tester (UL-94, China),
and the sample sizes were 125 mm ×12.7 mm × 3.2 mm and 125 mm ×12.7 mm × 1.0 mm.

The combustion behavior of UPR and UPR composites was measured with a conical
calorimeter test (CCT). Standard sample size was 100 mm × 100 mm × 3 mm.

The gas phase products of the UPR and UPR composites in the pyrolysis process were
analyzed in a N2 atmosphere by TG-FTIR (TG, 209F3; FTIR, TENSOR27, iCone, London,
UK) from room temperature to 800 ◦C with a heating rate of 15 ◦C/min.

The morphologies of cross-section and carbon residues were observed by a field
emission scanning electron microscope (SEM, HITACHI TM4000Plus, Tokyo, Japan).

The carbonization degree of char residue of UPR composites was evaluated by Raman
spectroscopy (Thermo Scientific DXR3Xi, Waltham, MA, USA).

The X-ray photoelectron spectroscopy (XPS, Waltham, MA, USA) test used the Thermo
Scientific K-Alpha to test the X-ray photoelectron spectroscopy of char residue.

3. Results and Discussion
3.1. Characterizations of DOPO-N and VHNTs

DOPO-N was prepared by the Atherton–Todd reaction. In order to explain its structure
in more detail, FTIR spectroscopy was used to analyze DOPO HEAA and DOPO-N. The
results are shown in Figure 1a [32,44]. For HEAA, the absorption peak at 1660 cm−1 was
ascribed to the stretching vibration of C=O; the wide absorption peaks from 3000 cm−1 to
3500 cm−1 were attributed to -OH [45]. For DOPO, the characteristic absorption peaks at
2432 cm−1, 1597 cm−1, and 1274 cm−1 belong to P-H, P-Ph, and P-O, respectively [31,46,47].
It was found that the characteristic peaks of DOPO and HEAA were shown in the FTIR
spectra of DOPO-N, while the absorption peak of P-H disappeared [48]. This suggested
that the P-H bond was consumed in the Atherton–Todd reaction.

To confirm the successful preparation of DOPO-N, it was performed by 1H and
31P NMR spectra. As shown in Figure 1b,c, the aromatic hydrogen protons of DOPO
appeared at 6.91–8.00 ppm [38]. There were three peaks at 6.26 ppm, 6.09 ppm, and
5.64 ppm corresponding to H in -CH=CH2 from HEAA [49,50]. The peaks at 4.16 ppm and
3.60 ppm were attributed to H in the CH2-CH2 structure. Meanwhile, the 31P NMR spectra
of DOPO-N showed a clean single peak at 11.25 ppm regarding the phosphorus atom,
indicating the successful preparation of DOPO-N.

VHNT modified particles containing C=C structure were synthesized through a series
of hydrolysis and co-condensation reactions among the VTMS and HNTs, as illustrated in
Scheme 1 [51]. The FTIR spectra of HNTs, VTMS, and VHNTs are shown in Figure 1d. The
peaks located at 3693 cm−1 and 3619 cm−1 were considered to be the stretching vibrations
of internal and external Al-OH, respectively [52,53]. In term of VHNTs, a new vibration
band appeared at 1411 cm−1, which belonged to the in-plane bending vibration absorption
peak of C=C, which demonstrated that the modification of HNTs was successful [54].
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The TEM images of HNTs exhibited a nanotube structure with a smooth exterior
surface, as shown in Figure 1e. For VHNTs, a rough organic layer was polymerized on the
outer surface of HNTs by VTNS without deterioration of the tubular structure of HNTs.
And the thickness of the organic layer reached up to near 11.8 nm.

3.2. Thermal Stability of UPR and Its Composites

The thermal stability of UPR and UPR composites was investigated by TGA, and the
results are shown in Figure 2 and Table S2. In general, the onset degradation temperature
was defined as the temperature with a 5 wt% of weight loss and denoted as T5%. The tem-
perature at the maximum mass loss rate was denoted as Tmax. The degradation processes
of all samples in the N2 atmosphere presented only one stage, attributed to the scission
of unsaturated polyester and polystyrene chain segments, with a strong DTG peak at
350–400 ◦C [29]. For UPR, its T5% and Tmax in N2 were 240 ◦C and 400 ◦C, respectively, and
the residue mass percentage at 750 ◦C was 3.26%. UPR/20DOPO-N and UPR/30DOPO-N
had lower T5% and Tmax than pure UPR. The T5% of UPR/20DOPO-N and UPR/30DOPO-N
was reduced attributing to the early thermal decomposition of DOPO-N [55–57]. Com-
pared to pure UPR (3.26%), the residue of UPR/20DOPO-N and UPR/30DOPO-N at
750 ◦C increased to 5.95% and 6.04%, respectively, indicating that DOPO-N had played a
role in promoting the char formation. Furthermore, the T5% of UPR/30DOPO-N/2VHNTs
and UPR/30DOPO-N/3VHNTs were increased compared to other samples, including
pure UPR. And the residue mass percentage at 750 ◦C in N2 of UPR/30DOPO-N/2VHNTs
and UPR/30DOPO-N/3VHNTs gradually enhanced to 7.78% and 9.67%, respectively. We
found that UPR/30DOPO-N/VHNTs exhibited better thermal stability and higher carbon
residue than UPR/30DOPO-N/HNTs when the same number of HNTs or VHNTs were
added to UPR/30DOPO-N systems. This was due to the good dispersion and compatibility
of the VHNTs in the UPR matrix.

In air atmosphere, new secondary degradation phenomena appeared for UPR and
UPR composites in the higher temperature range (480–650 ◦C), which were ascribed to the
further thermo-oxidative degradation of the primary products formed at the first stage
(250–450 ◦C) [13]. The decrease in T5% of the composites compared with pure UPR in
air was due to the decomposition of DOPO-N, which was basically consistent with the
mechanism under N2 atmosphere. Flame-retardant UPR composites still possessed higher
carbon residue. The residue of UPR/30DOPO-N at 750 ◦C increased from 0.52% (pure UPR)
to 2.18%, and the residue of UPR/30DOPO-N/3VHNTs at 750 ◦C increased from 2.18%
(UPR/30DOPO-N) to 5.24%. As a consequence, the introduction of DOPO-N and VHNTs
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promoted the formation of more stable char layers, which inhibited the oxygen and heat
transfer, thus suppressing the matrix from the thermal/thermo-oxidative decomposition.

Materials 2024, 17, x FOR PEER REVIEW 6 of 16 
 

 

In air atmosphere, new secondary degradation phenomena appeared for UPR and 
UPR composites in the higher temperature range (480–650 °C), which were ascribed to the 
further thermo-oxidative degradation of the primary products formed at the first stage 
(250–450 °C) [13]. The decrease in T5% of the composites compared with pure UPR in air 
was due to the decomposition of DOPO-N, which was basically consistent with the mech-
anism under N2 atmosphere. Flame-retardant UPR composites still possessed higher car-
bon residue. The residue of UPR/30DOPO-N at 750 °C increased from 0.52% (pure UPR) 
to 2.18%, and the residue of UPR/30DOPO-N/3VHNTs at 750 °C increased from 2.18% 
(UPR/30DOPO-N) to 5.24%. As a consequence, the introduction of DOPO-N and VHNTs 
promoted the formation of more stable char layers, which inhibited the oxygen and heat 
transfer, thus suppressing the matrix from the thermal/thermo-oxidative decomposition. 

 
Figure 2. TGA and DTG curves of pure UPR and UPR composites in N2 (a,b) and air (c,d). 

3.3. Mechanical Properties of UPR Composites 
The mechanical properties of UPR composites are shown in Figure 3a, while the frac-

ture morphologies of these composites are shown in Figure 3b–g. As shown in Figure 3, 
the tensile strength of the pure UPR was 48.74 MPa. With the introduction of liquid 
DOPO-N, the tensile strength and elongation at the break of the composites were both 
increased significantly, and the fracture surface became rougher, as shown in Figure 3b,c. 
The tensile strength of the UPR/20DOPO-N and UPR/30DOPO-N were 65.01 MPa and 
60.61 MPa, respectively. Basically, DOPO-N containing a C=C structure has good compat-
ibility with UPR. Besides that, the double bond of DOPO-N was able to participate in the 
cross-linking reaction of the UPR matrix, which introduced a rigid structure of biphenyl 
into the molecular chain of UPR and increased the crosslinking degree; as a result, the 
mechanical properties were improved. The possible crosslinking reaction of DOPO-N and 
UPR was shown in Figure 4 [58]. The addition of inorganic particles usually leads to a 
decline in mechanical properties of composite materials due to issues of compatibility and 
cluster [59]. The tensile strength of the composite UPR/30DOPO-N/3HNTs was decreased 

Figure 2. TGA and DTG curves of pure UPR and UPR composites in N2 (a,b) and air (c,d).

3.3. Mechanical Properties of UPR Composites

The mechanical properties of UPR composites are shown in Figure 3a, while the
fracture morphologies of these composites are shown in Figure 3b–g. As shown in
Figure 3, the tensile strength of the pure UPR was 48.74 MPa. With the introduction
of liquid DOPO-N, the tensile strength and elongation at the break of the composites
were both increased significantly, and the fracture surface became rougher, as shown in
Figure 3b,c. The tensile strength of the UPR/20DOPO-N and UPR/30DOPO-N were
65.01 MPa and 60.61 MPa, respectively. Basically, DOPO-N containing a C=C structure
has good compatibility with UPR. Besides that, the double bond of DOPO-N was able
to participate in the cross-linking reaction of the UPR matrix, which introduced a rigid
structure of biphenyl into the molecular chain of UPR and increased the crosslinking degree;
as a result, the mechanical properties were improved. The possible crosslinking reaction of
DOPO-N and UPR was shown in Figure 4 [58]. The addition of inorganic particles usually
leads to a decline in mechanical properties of composite materials due to issues of com-
patibility and cluster [59]. The tensile strength of the composite UPR/30DOPO-N/3HNTs
was decreased to 38.58 MPa. Introduction of a double-bond structure on the HNT surface
can improve the compatibility between HNTs and UPR, as well as the dispersion state in
UPR [60]. The tensile strength of the composite with 3 wt% modified HNTs was increased
by 26.3%, compared to UPR/30DOPO-N/3HNTs. In addition, all samples had good light
transmission, as shown in Figure S1.
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3.4. Flame Retardancy of UPR Composites

In order to evaluate the flame retardancy of composites, limiting oxygen index (LOI)
and UL-94 vertical flammability were generally selected as reliability parameters, as shown
in Table 2 and Figure S2. The thickness of the samples was 3.2 mm. Pure UPR burned
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quickly and violently. After adding DOPO-N, the flame of the composite with 20 wt%
DOPO-N weakened, but the burning time was long. UPR/20DOPO-N was assessed as no
rating (NR). In contrast, the composite with the addition of 30 wt% DOPO-N exhibited
self-extinguishing performance at 24 s after being ignited the second time, without any
drops, reaching the UL-94 V-1 grade. On this basis, after a certain amount of HNTs or
VHNTs, it was found that the UPR composites reached UL-94 V-0 grade, and the self-
extinguishing performance was further enhanced. The LOI of UPR and UPR composites
were measured as shown in Table 2. The LOI of pure UPR material was only 23.0%, which
was flammable material. When the content of DOPO-N reached 20% and 30%, the LOI of
the UPR/20DOPO-N and UPR/30DOPO-N reached 29.0% and 30.8%, respectively. The LOI
of UPR/30DOPO-N/2VHNTs and UPR/30DOPO-N/3VHNTs reached 31.1% and 31.3%
after the further addition of inorganic flame retardant. The above results indicated that the
introduction of DOPO-N and VHNTs contributed to reducing the self-extinguishing time
and increasing the LOI values of composites, thereby improving the fire-safety performance
of UPR.

Table 2. Data of LOI and UL-94 vertical burning tests of the samples.

Samples LOI (%)
UL-94

Rating t1 + t2 (s) Dripping

UPR 23.0 ± 0.2 NR 50 -
UPR/20DOPO-N 29.0 ± 0.2 NR 50 -
UPR/30DOPO-N 30.8 ± 0.2 V-1 25 -
UPR/30DOPO-N/2HNTs 31.0 ± 0.2 V-0 3 -
UPR/30DOPO-N/3HNTs 31.1 ± 0.2 V-0 2 -
UPR/30DOPO-N/2VHNTs 31.1 ± 0.2 V-0 1 -
UPR/30DOPO-N/3VHNTs 31.3 ± 0.2 V-0 1 -

According to ASTMD3801 standard, we also prepared samples with sizes of 125 mm
× 12.7 mm × 1.0 mm for the UL-94 test. However, those samples did not pass the UL-94
test under the same standards and conditions.

3.5. Combustion Behavior of UPR Composites

The combustion performance of the composites was evaluated by the cone calorimeter
test (CCT). The main parameters were peak heat release rate (PHRR), total heat release rate
(THR), and average effective heat of combustion (Av-EHC) [61,62]. As shown in Figure 5
and Table S2, the ignition time (TTI) of the UPR was 44 s, which increased in the flame
retardant UPR composites. This indicated that the introduction of DOPO-N and HNTs
improved the fire resistance performance of UPR [63,64].

As shown in Figure 5a,b, the pure UPR was highly flammable with a high PHRR
(890.28 kW/m2) and THR (108.92 MJ/m2). With the combined effect of DOPO-N and
HNTs, the PHRR and THR of the flame retardant UPR composites were reduced signifi-
cantly. The PHRR and THR of UPR/30DOPO-N/3VHNTs decreased to 350.11 kW/m2 and
56.21 MJ/m2, decreasing by 60.7% and 48.3%, respectively.

As shown in Table S2, the average efficient heat of combustion (Av-EHC) decreased
from 20.07 MK/kg for pure UPR to 17.32 MK/kg for UPR/30DOPO-N/3VHNTs, due to the
production of non-flammable gases in the gas phase and incomplete combustion of the gas
phase volatiles [65,66]. On the one hand, the DOPO-N in UPR composites would release
volatile phosphide, NH3, NO2, and other non-flammable gases during the combustion. On
the other hand, when DOPO groups decomposed, they released phosphate-containing free
radicals to interrupt the radical chain reaction, resulting in incomplete combustion of the
volatiles in the gas phase [67–69]. The carbon residue rate of UPR/30DOPO-N/3VHNTs
increased from 1.69% to 9.49%. Furthermore, Figure 5d showed a comparison of important
flame-retardant parameters of UPR, UPR/30DOPO-N, and UPR/30DOPO-V/3VHNTs.
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3.6. Flame Retardant Mechanism

The structure and morphology of carbon slag were studied to understand the flame
retardancy mechanism of DOPO-N and HNTs. The outside and inside morphologies of
residual char after CCT are shown in Figure 6. For pure UPR, there were circular pores
distributed on the external surface of the residual char and relatively dense cracks on the
internal surface (Figure 6e,i). The thin char layer with cracks was unable to prevent the
transfer of heat and the release of volatile products [70,71]. When 30 wt% DOPO-N was
incorporated into UPR, the pores no longer appeared on the external surface, instead of a
tight and dense char layer; meanwhile, the internal cracks were less than that of pure UPR
(Figure 6f,j). It is worth noting that the external char showed remarkable changes when
3 wt% HNTs or VHNTs were added into the UPR/30DOPO-N (Figure 6g,h). The char layer
of the UPR/30DOPO-N/3VHNTs became denser, smoother, and with less cracks. At the
same time, HNTs or VHNTs can be observed to be tightly packed on the inner surface,
acting as a barrier layer to prevent the composites from the erosion of the oxygen and heat
(Figure 6k,l) [31,72–74].

Raman spectroscopy was used to further evaluate the graphitization degree of the
carbonization of pure UPR and UPR/30DOPO-N/3VHNTs after CCT. It was noticeable
that there were two peaks in the given spectra, corresponding to the D band and the G
band [75,76]. The D peaks represent disordered graphite or glassy carbon, and the G peaks
represent an organized and ordered graphitic structure, in which the ratio of the area
under the D band to the area under the G band (ID/IG) is used to calculate the degree of
graphitization of the carbon residue; the larger the value of ID/IG, the higher the degree of
disorder of the carbon layer [77,78]. As shown in Figure 6m–p, the ID/IG values of pure
UPR, UPR/30DOPO-N, UPR/30DOPO-N/3HNTs, and UPR/30DOPO-N/3VHNTs were
3.50, 2.89, 2.81, and 2.57, respectively. The results showed that the char microstructure was
improved by the incorporation of DOPO-N and VHNTs.
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The analysis of the chemical state of different elements in the residual carbon layer
of UPR and UPR/30DOPO-N/3VHNTs composites were performed by the XPS analy-
sis, as shown in Figure 7. There were only carbon (C) and oxygen (O) elements in the
residual carbon of UPR, while nitrogen (N) and phosphorus (P) elements were detected in
UPR/30DOPO-N/3VHNTs besides the C and O elements. The binding energy of C1s in
UPR and UPR/30DOPO-N/3VHNTs residues at 288.2 eV, 285.9 eV, and 284.8 eV belonged
to the C=O, C-O, and C=C/C-C, respectively [79]. We found that the C=C/C-C peak in the
residues of UPR/30DOPO-N/3VHNTs was stronger than that of UPR, and the integrated
area was larger, indicating that more residual carbon layers were formed [80]. For the P2p
of UPR/30DOPO-N/3VHNTs residues, the binding energies at 135.8 eV and 134.5 eV were
assigned to P-O-C and O=P-O, respectively [81]. It could be demonstrated that phosphoric
acid, phosphate ester, and pyrophosphoric acid were produced during combustion and
contributed to the catalytic formation of carbon layers.
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To study the effects of DOPO-N and HNTs on the flame retardants of UPR in the vapor
phase, TG-FTIR was employed to analyze the volatile components. As the 3D TG-FTIR
in Figure 8 shows, the intensity of each characteristic absorption peak was significantly
reduced, and new peaks appeared after incorporating 30 wt% DOPO-N and 3 wt% VHNTs
in UPR. The characteristic peaks of UPR and UPR/30DOPO-N/3VHNTs are shown in
Figure 8c,d. Gas-phase products of UPR were mainly released at around 400 ◦C, including
CO2 (2345 cm−1), hydrocarbons (2850–3100 cm−1), aromatic compounds (689–833 cm−1),
and carbonyl compounds (1805 cm−1) [82–84]. Compared with UPR, the same pyrolysis
products of UPR/30DOPO-N/3VHNTs appeared at 350 ◦C, and the phosphorus-containing
compounds (P=O, 1243 cm−1; P-O, 1060 cm−1) were also detected [85]. Besides that, the
total pyrolysis products in UPR/30DOPO-N/3VHNTs decreased by 37.6% compared with
UPR, and the intensities of CO2 and carbonyl compounds decreased most obviously, as
shown in Figure 8e,f. Therefore, the composite UPR/30DOPO-N/3VHNTs had two ways to
reduce the vapor phase products. On the one hand, the free radicals generated in the chain
reaction were captured by PO2• and PO• radicals from the earlier thermal decomposition
of DOPO-N [14], thereby achieving gas-phase flame retardancy. On the other hand, the
uniformly dispersed VHNTs also formed a physical barrier to protect the matrix during
combustion, thus reducing the release of pyrolysis products [72].
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4. Conclusions

In this work, a novel liquid flame retardant containing phosphorus and nitrogen,
DOPO-N, was synthesized and used as a crosslinker in the UPR crosslinking reaction.
When 30 wt% DOPO-N was added, the tensile strength of UPR composite increased by
24.4%. UPR/30DOPO-N showed an impressive LOI value of 30.8%. In addition, with the
HNTs modified by VTMS, double bonds were introduced on its surface to improve its
dispersion in the UPR. With 3 wt% of VHNTs incorporated into UPR/30DOPO-N, PHRR
and THR of the composite were reduced by 60.7% and 48.3%, respectively, compared
to pure UPR. The LOI of UPR/30DOPO-N/3VHNTs reached 31.3%. The simultaneous
addition of DOPO-N and HNTs showed a combined effect on the gas phase and condensate
phase, which achieved the purpose of improving the flame retardancy of UPR composites
without sacrificing the mechanical properties.
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carbon residue. Figure S1. Photo of light transmittance of sample. Figure S2. Burning process during
UL-94 vertical burning test at different times.

Author Contributions: Conceptualization, Y.D.; Methodology, A.J.; Validation, A.J.; Formal analysis,
A.J., Z.Z. and Y.H.; Investigation, Y.D.; Data curation, A.J., Z.Z. and Y.H.; Writing—original draft,
A.J.; Writing—review & editing, Y.D. and A.J.; Supervision, W.Y.; Project administration, Y.D. and
W.Y.; Funding acquisition, W.Y. All authors have read and agreed to the published version of
the manuscript.

Funding: This work was funded by the Jilin Province Science and Technology Development Plan
Project (20220402027GH).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Data are contained within the article and supplementary materials.

Conflicts of Interest: The authors declare that they have no conflicts to interest.

References
1. Seraji, S.M.; Song, P.; Varley, R.J.; Bourbigot, S.; Voice, D.; Wang, H. Fire-retardant unsaturated polyester thermosets: The

state-of-the-art, challenges and opportunities. Chem. Eng. J. 2022, 430, 132785. [CrossRef]
2. Weil, E.D.; Levchik, S.V. Commercial Flame Retardancy of Unsaturated Polyester and Vinyl Resins: Review. J. Fire Sci. 2004,

22, 293–303. [CrossRef]
3. Malik, M.; Choudhary, V.; Varma, I.K. Current Status of Unsaturated Polyester Resins. J. Macromol. Sci. Part C Polym. Rev. 2000,

40, 139–165. [CrossRef]
4. Vahabi, H.; Laoutid, F.; Mehrpouya, M.; Saeb, M.R.; Dubois, P. Flame retardant polymer materials: An update and the future for

3D printing developments. Mater. Sci. Eng. R Rep. 2021, 144, 100604. [CrossRef]
5. Dowbysz, A.; Samsonowicz, M.; Kukfisz, B. Recent Advances in Bio-Based Additive Flame Retardants for Thermosetting Resins.

Int. J. Environ. Res. Public Health 2022, 19, 4828. [CrossRef]
6. Kicko-Walczak, E.; Rymarz, G. Recent developments in fire-retardant thermoset resins using inorganic-organic hybrid flame

retardants. J. Polym. Eng. 2018, 38, 563–571. [CrossRef]
7. Dasari, A.; Yu, Z.-Z.; Cai, G.-P.; Mai, Y.-W. Recent developments in the fire retardancy of polymeric materials. Prog. Polym. Sci.

2013, 38, 1357–1387. [CrossRef]
8. Venu, G.; Jayan, J.S.; Saritha, A.; Joseph, K. Thermal decomposition behavior and flame retardancy of bioepoxies, their blends and

composites: A comprehensive review. Eur. Polym. J. 2022, 162, 110904. [CrossRef]
9. Gao, Y.; Romero, P.; Zhang, H.; Huang, M.; Lai, F. Unsaturated polyester resin concrete: A review. Constr. Build. Mater. 2019,

228, 116709. [CrossRef]
10. Jawad, S.F.; Adnan Bahjat, S.; Al-Baiati, M.N. Synthesis a novel Schiff base and Chalcone derivatives compounds and using as

flame retardant for unsaturated polyester and epoxy resins. IOP Conf. Ser. Mater. Sci. Eng. 2019, 571, 012090. [CrossRef]
11. Steffen, S.; Bauer, M.; Decker, D.; Richter, F. Fire-retardant hybrid thermosetting resins from unsaturated polyesters and

polysilazanes. J. Appl. Polym. Sci. 2014, 131, 40375. [CrossRef]
12. Jeong, S.H.; Park, C.H.; Song, H.; Heo, J.H.; Lee, J.H. Biomolecules as green flame retardants: Recent progress, challenges, and

opportunities. J. Clean. Prod. 2022, 368, 133241. [CrossRef]
13. Chen, L.; Zhao, D.; Wang, X.-L.; Wang, Y.-Z. Durable macromolecular firefighting for unsaturated polyester via integrating

synergistic charring and hydrogen bond. Chem. Eng. J. 2022, 443, 136365. [CrossRef]
14. Hu, S.-L.; Li, Y.-M.; Hu, W.-J.; Hobson, J.; Wang, D.-Y. Strategic design unsaturated polyester resins composites with excellent

flame retardancy and high tensile strength. Polym. Degrad. Stab. 2022, 206, 110190. [CrossRef]
15. Ozukanar, O.; Çakmakçi, E.; Sagdic, G.; Gunay, U.S.; Durmaz, H.; Kumbaraci, V. Eugenol-DOPO: A Bio-Based Phosphorous-

Containing Monomer for Thiol-ene Photocurable Thermosets. J. Polym. Environ. 2023, 31, 3259–3271. [CrossRef]
16. Pichaimani, P.; Arumugam, H.; Gopalakrishnan, D.; Krishnasam, B.; Muthukaruppan, A. Partially Exfoliated α-ZrP Reinforced

Unsaturated Polyester Nanocomposites by Simultaneous Co-polymerization and Brønsted Acid–Base Strategy. J. Inorg. Organomet.
Polym. Mater. 2020, 30, 4095–4105. [CrossRef]

17. Halim, Z.A.A.; Yajid, M.A.M.; Nurhadi, F.A.; Ahmad, N.; Hamdan, H. Effect of silica aerogel—Aluminium trihydroxide hybrid
filler on the physio-mechanical and thermal decomposition behaviour of unsaturated polyester resin composite. Polym. Degrad.
Stab. 2020, 182, 109377. [CrossRef]

18. Reuter, J.; Greiner, L.; Kukla, P.; Döring, M. Efficient flame retardant interplay of unsaturated polyester resin formulations based
on ammonium polyphosphate. Polym. Degrad. Stab. 2020, 178, 109134. [CrossRef]

https://www.mdpi.com/article/10.3390/ma17030761/s1
https://doi.org/10.1016/j.cej.2021.132785
https://doi.org/10.1177/0734904104041210
https://doi.org/10.1081/MC-100100582
https://doi.org/10.1016/j.mser.2020.100604
https://doi.org/10.3390/ijerph19084828
https://doi.org/10.1515/polyeng-2017-0224
https://doi.org/10.1016/j.progpolymsci.2013.06.006
https://doi.org/10.1016/j.eurpolymj.2021.110904
https://doi.org/10.1016/j.conbuildmat.2019.116709
https://doi.org/10.1088/1757-899X/571/1/012090
https://doi.org/10.1002/app.40375
https://doi.org/10.1016/j.jclepro.2022.133241
https://doi.org/10.1016/j.cej.2022.136365
https://doi.org/10.1016/j.polymdegradstab.2022.110190
https://doi.org/10.1007/s10924-023-02813-1
https://doi.org/10.1007/s10904-020-01558-x
https://doi.org/10.1016/j.polymdegradstab.2020.109377
https://doi.org/10.1016/j.polymdegradstab.2020.109134


Materials 2024, 17, 761 14 of 16

19. Chen, Z.; Chen, T.; Yu, Y.; Zhang, Q.; Chen, Z.; Jiang, J. Metal-organic framework MIL-53 (Fe)@C/graphite carbon nitride hybrids
with enhanced thermal stability, flame retardancy, and smoke suppression for unsaturated polyester resin. Polym. Adv. Technol.
2019, 30, 2458–2467. [CrossRef]

20. Mohamed, R.; Syed Mustafa, S.A.; Norizan, M.N.; Amerudin, L.S. Unsaturated polyester/expanded polystyrene composite:
Thermal characteristics and flame retardancy effects. IOP Conf. Ser. Mater. Sci. Eng. 2017, 223, 012035. [CrossRef]

21. Zhu, T.; Guo, G.; Li, W.; Gao, M. Synergistic Flame Retardant Effect between Ionic Liquid-Functionalized Imogolite Nanotubes
and Ammonium Polyphosphate in Unsaturated Polyester Resin. ACS Omega 2022, 7, 47601–47609. [CrossRef]

22. Arfiana; Saputra, A.H.; Murti, S.D.S.; Saputra, H. Study on the Flammability and Thermal Stability of Non Halogen UPR-Based
Fire Retardant Composite through Combination of Carbon Black and Hydroxide Additives. Macromol. Symp. 2020, 391, 1900176.
[CrossRef]

23. Zhang, J.; Fang, Y.; Zhang, A.; Yu, Y.; Liu, L.; Huo, S.; Zeng, X.; Peng, H.; Song, P. A Schiff base-coated ammonia polyphosphate
for improving thermal and fire-retardant properties of unsaturated polyester. Prog. Org. Coat. 2023, 185, 107910. [CrossRef]

24. Li, Z.; Fu, T.; Lu, J.-H.; He, J.-H.; Li, W.-D.; Liu, B.-W.; Chen, L.; Wang, Y.-Z. Ultra-high fire-safety unsaturated polyesters enabled
by self-assembled micro/nano rod from Schiff base, diphenylphosphinyl group and nickel (II) metal. Compos. Part B Eng. 2022,
242, 110032. [CrossRef]

25. Gao, W.; Yu, Y.; Chen, T.; Zhang, Q.; Chen, Z.; Chen, Z.; Jiang, J. Enhanced flame retardancy of unsaturated polyester resin
composites containing ammonium polyphosphate and metal oxides. J. Appl. Polym. Sci. 2020, 137, e49148. [CrossRef]

26. Jagtap, A.R.; More, A. Developments in reactive diluents: A review. Polym. Bull. 2021, 79, 5667–5708. [CrossRef]
27. Dai, K.; Deng, Z.; Liu, G.; Wu, Y.; Xu, W.; Hu, Y. Effects of a Reactive Phosphorus–Sulfur Containing Flame-Retardant Monomer

on the Flame Retardancy and Thermal and Mechanical Properties of Unsaturated Polyester Resin. Polymers 2020, 12, 1441.
[CrossRef]

28. Akbari, S.; Root, A.; Skrifvars, M.; Ramamoorthy, S.K.; Åkesson, D. Novel Bio-based Branched Unsaturated Polyester Resins for
High-Temperature Applications. J. Polym. Environ. 2023. [CrossRef]

29. Li, Z.; Fu, T.; Guo, D.-M.; Lu, J.-H.; He, J.-H.; Chen, L.; Li, W.-D.; Wang, Y.-Z. Trinity flame retardant with benzimidazole structure
towards unsaturated polyester possessing high thermal stability, fire-safety and smoke suppression with in-depth insight into the
smoke suppression mechanism. Polymer 2023, 275, 125928. [CrossRef]

30. Hassan, A.; Ken, L.S.; Jawaid, M. Flame Retardancy and Kinetic Behavior of Ammonium Polyphosphate–Treated Unsaturated
Polyester/Phenolic Interpenetrating Polymer Network. Int. J. Polym. Anal. Charact. 2013, 18, 137–145. [CrossRef]

31. Zhang, L.; Li, Z.; Bi, Q.-Q.; Jiang, L.-Y.; Zhang, X.-D.; Tang, E.; Cao, X.-M.; Li, H.-F.; Hobson, J.; Wang, D.-Y. Strong yet tough
epoxy with superior fire suppression enabled by bio-based phosphaphenanthrene towards in-situ formed Diels-Alder network.
Compos. Part B Eng. 2023, 251, 110490. [CrossRef]

32. Sagdic, G.; Cakmakci, E.; Daglar, O.; Gunay, U.S.; Hizal, G.; Tunca, U.; Durmaz, H. Thermal and mechanical properties of thiol-ene
photocured thermosets containing DOPO-based liquid reactive flame retardant synthesized by metal-free azide-alkyne click
reaction. Prog. Org. Coat. 2022, 167, 106825. [CrossRef]

33. Greiner, L.; Döring, M.; Eibl, S. Prevention of the formation of respirable fibers in carbon fiber reinforced epoxy resins during
combustion by phosphorus or silicon containing flame retardants. Polym. Degrad. Stab. 2021, 185, 109497. [CrossRef]

34. Wazarkar, K.; Kathalewar, M.; Sabnis, A. Flammability behavior of unsaturated polyesters modified with novel phosphorous
containing flame retardants. Polym. Compos. 2015, 38, 1483–1491. [CrossRef]

35. Yang, Y.; Wang, D.Y.; Jian, R.K.; Liu, Z.; Huang, G. Chemical structure construction of DOPO-containing compounds for flame
retardancy of epoxy resin: A review. Prog. Org. Coat. 2023, 175, 107316. [CrossRef]

36. Varganici, C.-D.; Rosu, L.; Bifulco, A.; Rosu, D.; Mustata, F.; Gaan, S. Recent advances in flame retardant epoxy systems from
reactive DOPO–based phosphorus additives. Polym. Degrad. Stab. 2022, 202, 110020. [CrossRef]

37. Cao, Y.; Wang, X.-L.; Zhang, W.-Q.; Yin, X.-W.; Shi, Y.-Q.; Wang, Y.-Z. Bi-DOPO Structure Flame Retardants with or without
Reactive Group: Their Effects on Thermal Stability and Flammability of Unsaturated Polyester. Ind. Eng. Chem. Res. 2017, 56,
5913–5924. [CrossRef]

38. Chu, F.; Qiu, S.; Zhou, Y.; Zhou, X.; Cai, W.; Zhu, Y.; He, L.; Song, L.; Hu, W. Novel glycerol-based polymerized flame retardants
with combined phosphorus structures for preparation of high performance unsaturated polyester resin composites. Compos. Part
B Eng. 2022, 233, 109647. [CrossRef]

39. He, W.; Song, P.; Yu, B.; Fang, Z.; Wang, H. Flame retardant polymeric nanocomposites through the combination of nanomaterials
and conventional flame retardants. Prog. Mater. Sci. 2020, 114, 100687. [CrossRef]

40. Shree, V.; Sen, A.K.; Basu, S.; Ratna, D. Use of a combination of phosphorous-containing epoxy resin and silica fillers for
development of flame retardant thermoset polymer composites. J. Vinyl Addit. Technol. 2022, 29, 130–143. [CrossRef]

41. GB/T 2567-2008; Test Methods for Properties of Resin Casting Boby. China Standards Press: Beijing, China, 2008.
42. ASTMD2863-97; Standard Test Method for Measuring the Minimum Oxygen Concentration to Support Candle-Like Combustion

of Plastics (Oxygen Index). ASTM International: West Conshohocken, PA, USA, 1997.
43. ASTMD3801-20; Standard Test Method for Measuring the Comparative Burning Characteristics of Solid Plastics in a Vertical

Position. ASTM International: West Conshohocken, PA, USA, 2020.
44. Wagner, S.; Rakotomalala, M.; Bykov, Y.; Walter, O.; Döring, M. Synthesis of new organophosphorus compounds using the

atherton–todd reaction as a versatile tool. Heteroat. Chem. 2012, 23, 216–222. [CrossRef]

https://doi.org/10.1002/pat.4693
https://doi.org/10.1088/1757-899X/223/1/012035
https://doi.org/10.1021/acsomega.2c02803
https://doi.org/10.1002/masy.201900176
https://doi.org/10.1016/j.porgcoat.2023.107910
https://doi.org/10.1016/j.compositesb.2022.110032
https://doi.org/10.1002/app.49148
https://doi.org/10.1007/s00289-021-03808-5
https://doi.org/10.3390/polym12071441
https://doi.org/10.1007/s10924-023-03112-5
https://doi.org/10.1016/j.polymer.2023.125928
https://doi.org/10.1080/1023666X.2013.747719
https://doi.org/10.1016/j.compositesb.2022.110490
https://doi.org/10.1016/j.porgcoat.2022.106825
https://doi.org/10.1016/j.polymdegradstab.2021.109497
https://doi.org/10.1002/pc.23716
https://doi.org/10.1016/j.porgcoat.2022.107316
https://doi.org/10.1016/j.polymdegradstab.2022.110020
https://doi.org/10.1021/acs.iecr.7b00711
https://doi.org/10.1016/j.compositesb.2022.109647
https://doi.org/10.1016/j.pmatsci.2020.100687
https://doi.org/10.1002/vnl.21949
https://doi.org/10.1002/hc.21006


Materials 2024, 17, 761 15 of 16

45. Chen, T.; Zhu, H.; Chen, X.; Zheng, S.; Liang, F.; Yang, F.; Yang, S.; Zhang, Y. Full-Coverage Spongy HEAA/PES Composite
Ultrafiltration Membrane with High Selectivity and Antifouling Performances. ACS Appl. Polym. Mater. 2023, 5, 2727–2738.
[CrossRef]

46. Denis, M.; Le Borgne, D.; Sonnier, R.; Caillol, S.; Negrell, C. Synergistic effect of DOPO and VMDMS for flame retardancy of
alkyd resins. Prog. Org. Coat. 2022, 172, 107086. [CrossRef]

47. Gan, H.; Seraji, S.M.; Zhang, J.; Swan, S.R.; Issazadeh, S.; Varley, R.J. Synthesis of a phosphorus-silicone modifier imparting
excellent flame retardancy and improved mechanical properties to a rapid cure epoxy. React. Funct. Polym. 2020, 157, 104743.
[CrossRef]

48. Peng, W.; Nie, S.-b.; Xu, Y.-x.; Yang, W. A tetra-DOPO derivative as highly efficient flame retardant for epoxy resins. Polym.
Degrad. Stab. 2021, 193, 109715. [CrossRef]

49. Franken, P.; Rodrigues, S.B.; Collares, F.M.; Samuel, S.M.W.; Leitune, V.C.B. Influence of N-(2-hydroxyethyl)acrylamide addition
in light- and dual-cured resin cements. J. Dent. 2019, 90, 103208. [CrossRef] [PubMed]

50. Dou, Y.; Zhong, Z.; Huang, J.; Ju, A.; Yao, W.; Zhang, C.; Guan, D. A New Phosphorous/Nitrogen-Containing Flame-Retardant
Film with High Adhesion for Jute Fiber Composites. Polymers 2023, 15, 1920. [CrossRef] [PubMed]

51. Bautista, Y.; Gozalbo, A.; Mestre, S.; Sanz, V. Improvement in Char Strength with an Open Cage Silsesquioxane Flame Retardant.
Materials 2017, 10, 567. [CrossRef]

52. Bao, Q.; He, R.; Liu, Y.; Wang, Q.; Zhang, C. Functionalized halloysite nanotubes endowing epoxy resin with simultaneously
enhanced flame retardancy and mechanical properties. Eur. Polym. J. 2023, 184, 111797. [CrossRef]

53. Massaro, M.; Riela, S.; Cavallaro, G.; Gruttadauria, M.; Milioto, S.; Noto, R.; Lazzara, G. Eco-friendly functionalization of natural
halloysite clay nanotube with ionic liquids by microwave irradiation for Suzuki coupling reaction. J. Organomet. Chem. 2014,
749, 410–415. [CrossRef]

54. Peixoto, A.F.; Fernandes, A.C.; Pereira, C.; Pires, J.; Freire, C. Physicochemical characterization of organosilylated halloysite clay
nanotubes. Microporous Mesoporous Mater. 2016, 219, 145–154. [CrossRef]

55. Seraji, S.M.; Gan, H.; Swan, S.R.; Varley, R.J. Phosphazene as an effective flame retardant for rapid curing epoxy resins. React.
Funct. Polym. 2021, 164, 104910. [CrossRef]

56. Naiker, V.E.; Phalak, G.A.; Patil, D.A.; More, A.P.; Mhaske, S.T. Synthesis of phosphorous-containing bio-based curing agent for
flame retardant epoxy resin system. J. Coat. Technol. Res. 2023, 20, 1325–1341. [CrossRef]

57. Netkueakul, W.; Fischer, B.; Walder, C.; Nüesch, F.; Rees, M.; Jovic, M.; Gaan, S.; Jacob, P.; Wang, J. Effects of Combining
Graphene Nanoplatelet and Phosphorous Flame Retardant as Additives on Mechanical Properties and Flame Retardancy of
Epoxy Nanocomposite. Polymers 2020, 12, 2349. [CrossRef] [PubMed]

58. Kandola, B.; Ebdon, J.; Chowdhury, K. Flame Retardance and Physical Properties of Novel Cured Blends of Unsaturated Polyester
and Furan Resins. Polymers 2015, 7, 298–315. [CrossRef]

59. Chen, Z.; Zhang, W.; Yu, Y.; Chen, T.; Zhang, Q.; Li, C.; Jiang, J. Multi-walled carbon nanotubes encapsulated by graphitic carbon
nitride with simultaneously co-doping of B and P and ammonium polyphosphate to improve flame retardancy of unsaturated
polyester resins. Mater. Chem. Phys. 2022, 277, 125594. [CrossRef]

60. Albdiry, M.T.; Yousif, B.F. Toughening of brittle polyester with functionalized halloysite nanocomposites. Compos. Part B Eng.
2019, 160, 94–109. [CrossRef]

61. Battig, A.; González, K.I.G.; Schartel, B. Valorizing “non-vegan” bio-fillers: Synergists for phosphorus flame retardants in epoxy
resins. Polym. Degrad. Stab. 2022, 198, 109875. [CrossRef]

62. Lazar, S.T.; Kolibaba, T.J.; Grunlan, J.C. Flame-retardant surface treatments. Nat. Rev. Mater. 2020, 5, 259–275. [CrossRef]
63. Jian, R.; Wang, P.; Duan, W.; Wang, J.; Zheng, X.; Weng, J. Synthesis of a Novel P/N/S-Containing Flame Retardant and

Its Application in Epoxy Resin: Thermal Property, Flame Retardance, and Pyrolysis Behavior. Ind. Eng. Chem. Res. 2016,
55, 11520–11527. [CrossRef]
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