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A B S T R A C T

Vinyl ester resin (VER), as a common thermosetting resin, has been widely used in many engineering fields. 
However, VER suffers from intrinsic flammability, and it can’t meet the increasingly stringent fire safety re
quirements. Ammonium polyphosphate (APP) is an environmentally friendly flame retardant, but it needs a high 
loading level when applied in VER. In this study, the trinity flame retardant (DO) was synthesized through cation 
exchange reactions between APP and ethylenediamine (EDA) and ethanolamine (EOA). The flame-retardant 
properties/mechanism and thermal stability of DO/VER composites were investigated in detail. Our results 
demonstrated that the modification of EDA and EOA allowed DO to achieve better carbonization ability and 
higher flame-retardant efficiency than APP. For instance, when the molar ratio of EDA and EOA was 3:1, the 
resultant 26 %DO3–1/VER composite (DO3–1 content: 26 wt%) achieved a limiting oxygen index (LOI) of 26.5 % 
and a vertical burning (UL-94) V-0 rating. Under the same flame retardant content, 26 % APP/VER composite 
only showed a LOI of 22.5 % and a UL-94 V-2 rating. Additionally, 26 %DO3–1/VER exhibited 74.5 %, 61.5 % and 
44.2 % decreases in peak heat release rate (PHRR), peak smoke production rate (PSPR) and total heat release 
(THR) in comparison to VER. Obviously, DO showed superior flame retardancy and smoke suppression due to the 
reinforcement effects of EDA and EOA on condensed/gas-phase flame retardancy. This work proposes a facile 
method for the creation of highly effective APP-based flame retardants by cation exchange, which can be applied 
to flame-retardant and smoke-suppressive VER.

1. Introduction

VER is a kind of widely applied thermosetting resin, which can be 
produced by the reaction of epoxy resin and acrylic acid or methacrylic 
acid [1–3]. VER features outstanding chemical stability and can be cured 
in a mild condition [4–6]. Usually, styrene is introduced into VER to act 
as a diluent and cross-linking agent due to its low viscosity [7–9]. 
Furthermore, due to the excellent chemical resistance and mechanical 
properties of VER, it has been widely used in storage tanks and pipelines, 
transportation, marine engineering, and construction fields [10–13]. 
Nonetheless, its inherent flammability limits its high-performance ap
plications. Upon ignition, it burns violently and releases a great deal of 
toxic and black smoke [14–16]. Therefore, a lot of attempts have been 

made to improve the flame retardancy and smoke suppression of VER. In 
the past, many researchers found that the halogenated VER exhibited 
high flame retardancy [17,18]. During combustion, VER releases 
halogen-containing radicals, which quench the high-energy ⋅H and ⋅OH 
radicals in the gas phase, terminating the combustion chain reaction 
[19,20]. However, halogen flame retardants are toxic and will cause 
long-term harm to human beings. For instance, the brominated ones will 
cause endocrine disruption and may have some adverse effects on 
human brain functions and neurodevelopment [21,22]. Therefore, most 
halogen flame retardants have been banned in many regions for the 
benefit of human beings and the environment.

The phosphorous-nitrogen (P-N) synergist flame retardants are reli
able alternatives to halogen based flame retardants [23–25]. 
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Ammonium polyphosphate (APP), as a classic halogen-free and 
environmental-friendly P-N flame retardant, has been widely used in 
wood, unsaturated polyester resin (UPR), epoxy resin, and other poly
mers due to its high phosphorus/nitrogen content, and ability to form an 
intumescent protective char layer during combustion [26–30]. Although 
APP has multiple advantages, some drawbacks still exist, such as its poor 
compatibility with the polymer matrix and low flame-retardant effi
ciency. Thus, APP needs to combine with additional carbon sources and 
blowing agents to form an intumescent flame retardant (IFR) system to 
achieve high efficiency. The carbon sources and blowing agents also 
suffer from poor compatibility with the VER matrix, leading to unsat
isfied comprehensive properties. Cation exchange is a common method 
to modify APP by using organo-amines [31,32]. Different 
organo-amines can endow APP with various performances. By simply 
blending them in ethanol/water solution, the organo-amine-modified 
APP can be obtained. Compared with other modification methods, 
such as microencapsulation, this technique is more cost-effective. 
Moreover, this method does not significantly change the APP’s 
morphology and particle size, effectively avoiding particle aggregation. 
Therefore, the cation exchange method with organo-amines has become 
a mainstream strategy to enhance the performance of APP.

To reinforce the efficiency of APP in the VER system, serval strategies 
have been explored. For instance, Zeng et al. reported the fabrication of 
the IFR-containing VER by using 1-oxo-4-hydroxymethyl-2,6,7-trioxa-l- 
phosphabicyclo[2.2.2]octane (PEPA) as a charring agent (10 wt%), APP 
as an acid source (10 wt%), and molybdenum trioxide (MoO3) as a 
smoke suppressor (5 wt%). The resultant VER composite can achieve V- 
0 rating in the UL-94 test and an LOI of 31.0 %. Furthermore, its PHRR 
and THR were decreased by 76 % and 53 %, respectively, compared with 
those of virgin VER [33]. Du et al. synthesized a microencapsulated APP 
(MAPP) using propargyl-terminated ethylene oxide-tetrahydrofuran 
copolyether and glycidyl azido polymer and applied it in VER. 10 wt% 
of MAPP enabled VER/MAPP composite to achieve an LOI value of 
27.1 % and 44 % and 38 % decreases in THR and total smoke production 
(TSP). However, the VER/MAPP composite cannot achieve a UL-94 V-0 
rating even when the MAPP content was up to 20 wt% [34]. Although 
some progress had been obtained in the APP-containing VER systems, 
their flame retardant contents were still very high and cannot meet in
dustrial requirements. Therefore, creating high-efficiency APP-based 
flame retardants is very necessary for developing flame-retardant, 
high-performance VER composites.

In this work, we developed high-efficiency trinity flame retardants 
(DO) through cation exchange reactions of APP with EDA and EOA, and 
three DO flame retardants with different molar ratios of EDA and EOA 
were obtained and applied in the fabrication of flame-retardant VER 
composites. In DO, the EDA and EOA parts can function as blowing agent 
and carbon source to strengthen the flame-retardant effect of APP. The 
influences of DO on fire retardancy, thermal properties, and smoke 
suppression were investigated by different tests, and the flame-retardant 
mechanism of DO was also studied comprehensively.

2. Experimental

2.1. Materials

Ammonium polyphosphate (APP) was purchased from Oxford tech
nologies (Australia). Ethanolamine (EOA), ethylenediamine (EDA), and 
ethanol were purchased from Sigma-Aldrich (Australia). Vinyl ester 
resin (Hetron 922 PAW) was supplied by Allnex Resins (Australia).

2.2. Synthesis of DO

In a three-neck glass flask, 10 mL of EDA (0.15 mol) and 3 mL of EOA 
(0.05 mol) were dissolved in a mixed solution (400 mL of ethanol and 
20 mL of water). Subsequently, 40 g of APP was added into the flask, and 
the resultant mixture was continuously stirred at 90 ◦C and 200 rpm for 

4 h. After that, the crude product was obtained by filtration, and it was 
washed with ethanol until the filtrate became neutral. The product was 
then placed in a vacuum oven and dried at 60 ◦C for 12 h. The DO3–1 
product (molar ratio of EDA and EOA = 3:1) with a yield of 95 % was 
obtained. For DO1–1 and DO1–3, the molar ratios of EDA to EOA were 
adjusted to 1:1 and 3:1, respectively.

2.3. Preparation of VER/DO composites

Flame retardants (20, 23 or 26 wt%), MEKP (1 wt%), and VER were 
mixed in a flask for 10 min at room temperature. The mixture was 
defoamed under vacuum for 3 min, and then poured into stainless steel 
moulds. It was cured at 70 ◦C for 3 h and 100 ◦C for 2 h. The resulting 
VER composites containing 20 wt% APP were named 20 %APP/VER, 
and the others were named 23 %APP/VER, 26 %APP/VER, 20 %DO1–1/ 
VER, 23 %DO1–1/VER, 26 %DO1–1/VER, 20 %DO1–3/VER, 23 %DO1–3/ 
VER, 26 %DO1–3/VER, 20 %DO3–1/VER, 23 %DO3–1/VER, and 26 % 
DO3–1/VER, respectively.

2.4. Characterization

This section is given in Supporting information.

3. Results and discussion

3.1. Characterization of DO

The synthesis route of DO is shown in Fig. 1a. This synthesis was 
based on a cation exchange reaction between ammonium polyphosphate 
and amine groups of EDA and EOA. To determine the successful prep
aration of DO, Fourier transform infrared spectroscopy (FTIR), X-ray 
photoelectron spectroscopy (XPS), scanning electron microscopy (SEM), 
and energy disperse X-ray spectrometry (EDX) analyses were conducted 
to confirm the chemical structure of DO.

The FTIR spectra of DO1–1, DO1–3, DO3–1, and APP are shown in 
Fig. 1b. The peaks located at 1430 cm− 1 (-NH4

+), 1256 cm− 1 (P = O), 
1010 cm− 1 (PO2), and 790 cm− 1- (P-O-P) are derived from APP [35]. 
After the reaction with EDA and EOA, DO1–1, DO1–3, and DO3–1 
exhibited characteristic peaks at 1634 and 1527 cm− 1, which were 
ascribed to the vibration of -NH3

+ ion from ethylenediamine and etha
nolamine, respectively [36,37]. This result indicated that both EDA and 
EOA parts were successfully grafted onto the surface of APP.

Fig. 1c and d displays the high-resolution XPS N1 s and C1 s spectra of 
APP and DO. The binding energy at 384.8, 286.7, and 288.8 eV corre
spond to C–H/C–C, C–O–C, and C–O bonds of APP, respectively [38,39]. 
A new peak appeared at 286.3 eV in the C1 s spectra of DO1–1, DO1–3, and 
DO3–1, which was ascribed to the –C–NH2 groups [40]. APP showed the 
characteristic peaks at 399.8 and 401.6 eV in its N1 s spectrum, 
belonging to the P–NH-P and –NH4

+ groups, respectively [41]. DO only 
exhibited one N1 s peak at around 401.2 eV, which corresponds to the 
–NH4

+ and –C–NH2 group [37]. The N1 s peaks of DO3–1, DO1–1, and 
DO1–3 appeared 401.1, 401.3, and 401.5 eV, respectively. The different 
peak positions might be due to the different molar ratios of EDA to EOA 
in these flame retardants. The XPS results further confirmed the suc
cessful preparation of DO by the reaction between APP and EDA/EOA.

The surface morphology of APP and DO was investigated by SEM, 
with the images presented in Fig. 2. The pristine APP showed a smooth 
but cracked surface. In contrast, DO1–1, DO1–3, and DO3–1 presented 
fewer surface cracks, but their morphology and particle size were similar 
to those of APP. When the content of EDA was increased, the DO surface 
became smoother and even agglomerated, which was probably because 
EDA served as a crosslinking agent. The EDX mappings of APP and DO 
are presented in Fig. S1. The EDX mappings confirmed the uniform 
distribution of C, N, O and P elements on the DO surface.

The thermogravimetric (TG) and derivative thermogravimetric 
(DTG) curves of DO and APP under a nitrogen atmosphere are presented 
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in Fig. 3a and b. The initial degradation temperature (temperature at 
5 % mass loss, Ti) of DO3–1, DO1–1, DO1–3, and APP was 220, 223, 303, 
and 309 ℃, respectively. The introduction of EDA and EOA reduced the 
Ti of DO, and the increase in the amount of EOA led to the increased Ti. 
This was probably caused by the earlier degradation of EDA and EOA 
parts compared with pristine APP. Similar to the Ti, the temperature at 
maximum mass loss rate (Tmax) was also increased with the increasing 
content of EOA salt. All these results confirmed that DO was fabricated 
by the reaction between APP and EDA/EOA.

3.2. Thermal properties of VER and its composites

The TG and DTG curves of VER and its composites under in and air 
conditions are displayed in Fig. 3. The Ti, Tmax, maximum weight loss 
rate (Rmax) and residue (at 800 ℃) are listed in Table 1. In nitrogen 
condition, the Ti and Tmax of virgin VER were 334 and 400 ◦C, respec
tively, and it exhibited a single degradation stage, caused by the scission 
of the cross-linked network (Fig. 3b and e). The residue of VER was only 
1.7 wt%. With the introduction of APP and DO, the Ti values of VER 
composites were decreased. In addition, new peaks emerged between 
339 and 349 ◦C in the DTG curves of the APP- and DO-containing VER 
composites, demonstrating that their decomposition became two stages. 

These new peaks were ascribed to the early degradation of APP and DO. 
Then, the degraded flame retardants began to release pyrophosphoric 
acid and metaphosphoric acid under heating [42]. These P-containing 
products dehydrated and reacted with the VER matrix to form a 
cross-linked char layer, which brought about reduced Rmax and 
increased residue (Table 1). For instance, the residue of 26 %DO3–1/VER 
at 800 ◦C reached 21.0 wt%, which was increased by 11.3 folds relative 
to that of VER.

Under air atmosphere, all APP and DO containing VER composites 
showed additional degradation stages after the main network decom
position, which was related to the thermal-oxidation decomposition of 
the formed char residues (Fig. 3c and f). The final Tmax values of 26 % 
APP/VER, 26 %DO1–1/VER, 26 %DO1–3/VER, and 26 %DO3–1/VER 
were 670, 702, 674, and 717 ◦C, respectively. All DO-containing VER 
composites showed higher Tmax than the APP-containing VER compos
ite, demonstrating that the char layers formed from DO-containing VER 
composites were more stable. For the DO-containing VER composites, 
their residues followed the trend: 26 %DO1–3/VER > 26 %DO1–1/VER 
> 26 %DO3–1/VER. This demonstrated the positive effect of EDA parts 
in DO on promoting the carbonization of the VER matrix. Thus, all DO 
flame retardants can promote the carbonization of VER in elevated 
temperatures, among which DO3–1 has the best promotion effect. The 

Fig. 1. (a) Synthesis route of DO, (b) FTIR spectra of DO3–1, DO1–1, DO1–3, and APP, and (c, d) C1 s and N1 s spectra of APP and DO.

Fig. 2. SEM images of (a, e) APP, (b, f) DO1–1, (c, g) DO1–3, and (d, h) DO3–1 under different magnifications.
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introduction of DO also brought about the increased glass transition 
temperature (Tg) of VER (Table S1), which was probably because the 
-NH2 groups on the DO surface participated in the curing process of VER, 
resulting in the increased crosslinking density.

3.3. Flame retardancy of VER and its composites

LOI and UL-94 tests have been widely used to evaluate the self- 
extinguish ability and flame retardancy of different materials. There
fore, the flame retardancy of VER and its composites were examined by 
LOI and UL-94 tests, with the related data listed in Table S1. As illus
trated in Table S1, the LOI value of pure VER was only 16.0 %, indi
cating that it can be easily ignited in air atmosphere and burned 
violently. Also, during the UL-94 test, once VER sample was ignited, it 
cannot self-extinguish and released a great deal of black smoke, without 
any residue left (Fig. 4a). Hence, it cannot achieve any UL-94 rating. 
When APP was introduced, the LOI value of the APP-containing VER 

composite can be up to 22.5 %, and the increasing APP content led to the 
weakening of flame and less smoke production during combustion. 
During the UL-94 test, the 26 %APP/VER composite extinguished within 
1 s after the first ignition and within 15 s after the second ignition, thus 
it passed the UL-94 V-1 classification (Fig. 4a and Table S1). When 
replacing APP with DO, better flame retardancy (higher LOI value and 
UL-94 rating) can be achieved. For instance, the LOI values of 26 % 
DO1–1/VER, 26 %DO1–3/VER and 26 %DO3–1/VER were increased to 
25.0 %, 23.5 % and 26.5 %, respectively. Moreover, both 26 %DO1–1/ 
VER and 26 %DO3–1/VER samples showed a UL-94 V-0 rating, demon
strating superior self-extinguishing performances (Fig. 4a and Table S1). 
The better flame retardancy of 26 %DO1–1/VER and 26 %DO3–1/VER 
than 26 %DO1–3/VER was mainly due to the promotion effect of EDA 
parts on the carbonization of the VER matrix during combustion.

The cone calorimetry test (CCT) is an effective way to measure the 
heat release and smoke production of various materials in a real-fire 
situation [6,43]. Thus, the CCTs of VER, 26 %APP/VER, 26 % 
DO1–1/VER, 26 %DO1–3/VER, and 26 %DO3–1/VER were conducted. 
The heat release rate (HRR), total heat release (THR), smoke production 
rate (SPR), and total smoke produced (TSP) curves are displayed in 
Fig. 4b-e. The related CCT data are listed in Table 2, including the time 
to ignition (TTI), PHRR, THR, peak smoke production rate (PSPR), TSP, 
carbon monoxide yield (YCO), carbon dioxide yield (YCO2), and char 
residue after test. The virgin VER displayed the lowest TTI (17 s) and the 
highest PHRR (1062 kW/m2) and THR (86 MJ/m2) among all samples, 
demonstrating high flammability. After incorporating APP and DO, the 
resultant VER composites showed improved flame retardancy. The TTI 
values of all APP- and DO-containing VER composites were increased, 
demonstrating that people had more time to escape in a fire. 26 % 
DO3–1/VER had the highest TTI of 50 s, indicative of superior 
anti-ignition ability. The VER composites exhibited significantly 
reduced PHRR values. Compared with VER, the PHRR values of 26 % 
APP/VER, 26 %DO1–1/VER, 26 %DO1–3/VER, and 26 %DO3–1/VER 
were decreased by 70.0 %, 76.9 %, 76.6 %, and 74.5 %, respectively. In 
addition, all VER composites showed lower THR than VER. The THR 
values of 26 %APP/VER, 26 %DO1–1/VER, 26 %DO1–3/VER, and 26 % 
DO3–1/VER were 38.4 %, 25.6 %, 16.3 %, and 44.2 % lower than that of 

Fig. 3. (a, d) TG and DTG curves of DO3–1, DO1–1, DO1–3, and APP under N2 atmosphere; (b, e) TG and DTG curves of VER and its composites under N2 atmosphere; 
and (c, f) TG and DTG curves of VER and its composites under air atmosphere.

Table 1 
Thermal stability data of VER and its composites under nitrogen and air 
atmosphere.

Sample 26 % 
VER

26 % 
APP/VER

26 % 
DO1–1/VER

26 % 
DO1–3/VER

26 % 
DO3–1/VER

Ti
a (◦C) 334 313 283 236 296

Tmax
a (◦C) 400 348/400 349/393 340/397 339/393

Rmax
a (wt 

%/℃)
2.3 0.8/0.8 0.7/0.7 0.6/0.6 0.8/0.7

Residuea (wt 
%)

1.7 15.1 18.2 13.6 21.0

Ti
b (◦C) 338 360 343 329 327

Tmax
b (◦C) 449/ 

562
397/ 
447/670

399/446/ 
702

387/439/ 
674

384/440/ 
717

Rmax
b (wt 

%/℃)
1.4/ 
0.3

0.6/0.6/ 
0.3

0.6/0.6/ 
0.2

0.7/0.6/ 
0.2

0.8/0.7/ 
0.2

Residueb

(wt%)
2.2 7.4 5.7 4.3 7.4

a Under nitrogen atmosphere
b Under air atmosphere
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VER. For 26 %DO1–3/VER, and 26 %DO1–1/VER, they were easier to 
ignite than 26 %DO3–1/VER, as reflected by their lower TTI. This was 
probably because the abundant hydroxyl groups in DO1–3 and DO1–1 
promoted the thermal degradation of APP during combustion [44]. The 
phosphorus-containing decomposition products of DO1–3 and DO1–1 
facilitated the rapid formation of protective char layers. However, these 
chars were not stable and strong enough, leading to the broad peaks at 
100–400 s in the HRR curves of 26 %DO1–1/VER and 26 %DO1–3/VER 
and their higher THR [45]. This analysis was further confirmed by the 
defective char residues of 26 %DO1–1/VER and 26 %DO1–3/VER after 
CCTs in Fig. S2. The 26 %APP/VER char also showed a discontinuous 
surface, demonstrating the unsatisfied carbonization-promoting effect of 
APP. In contrast, the 26 %DO3–1/VER char had a dense surface with a 
high expansion height (17 mm), thus effectively suppressing heat 
release.

The smoke suppression ability of APP and DO in the VER matrix was 
also compared. As illustrated in Fig. 4d and Table 2, the introduction of 
APP and DO significantly reduced the PSPR of VER composites, and the 
DO-containing VER samples showed lower PSPR values than the APP- 
containing VER sample. Compared with VER, the PSPR values of 26 % 
DO1–1/VER, 26 %DO1–3/VER, and 26 %DO3–1/VER were reduced by 
66.7 %, 66.7 %, and 61.5 %, respectively. Meanwhile, the TSP values of 
the DO-containing VER samples were all lower that of the APP- 
containing VER sample. All these results confirmed the enhanced 

smoke suppression effect of DO due to the incorporation of EDA and 
EOA. The enhanced smoke suppression performances of the DO- 
containing VER composites can also be confirmed by their reduced 
YCO2. Obviously, the introduction of EDA and EOA reinforced the 
carbonization-promoting effect of APP, which led to enhanced flame 
retardancy and smoke suppression of 26 %DO1–1/VER, 26 %DO1–3/ 
VER, and 26 %DO3–1/VER [46]. The fire performance index (FPI) and 
the fire growth index (FGI) are two key parameters used to assess the fire 
hazard of materials. The higher the FPI, the less flammable the material 
is, and the lower the FGI, the slower the fire spreads. As shown in 
Table 2, pure VER exhibited the lowest FPI of 0.016 m2s/kW and the 
highest FGI of 11.1 kW/m2/s, showing high fire hazard. After incorpo
rating the flame retardants, the FPI was increased and the FGI was 
reduced, indicating enhanced fire resistance and reduced flame propa
gation. 26 %DO3–1/VER showed the highest FPI value of 0.185 m2s/kW 
and 26 %DO1–3/VER presented the lowest FGI value of 1.01 kW/m2/s. 
All DO/VER composites showed higher FPI and lower FGI than 
APP/VER, indicating that DO featured higher flame-retardant efficiency 
than APP.

The SEM images and Raman spectra of the residual chars for VER and 
its composites after CCTs are presented in Fig. 5. Obviously, 26 %APP/ 
VER, 26 %DO1–1/VER, and 26 %DO1–3/VER generated crack char layers 
with abundant pores on their surface after CCTs (Fig. 5a). By contrast, 
the 26 %DO3–1/VER char was more continuous and compact, with 

Fig. 4. (a) Digital photos of the burning behaviors for VER and its composites in the UL-94 tests, and (b) HRR, (c) THR, (d) smoke production rate (SPR), and (e) TSP 
curves of VER and its composites.

Table 2 
The CCT data of VER and its composites.

Sample TTI 
(s)

PHRR 
(kW/m2)

THR 
(MJ/m2)

PSPR 
(m2/s)

YCO 
(g/s)

TSP 
(m2)

YCO2 

(g/s)
Chara

(%)
FPI 
(m2s/kW)

FGI 
(kW/m2/s)

VER 17 1062 86 0.39 0.1 33 7.2 0.1 0.016 11.1
26 %APP/VER 38 319 53 0.17 0.1 31 4.6 28.0 0.119 2.37
26 %DO1–1/VER 41 245 64 0.13 0.1 29 4.2 29.0 0.167 1.20
26 %DO1–3/VER 41 249 72 0.13 0.09 29 3.6 30.5 0.164 1.01
26 %DO3–1/VER 50 271 48 0.15 0.08 26 4.2 25.0 0.185 2.17

a Char: Char residue after CCT.
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nearly no holes existed, and thus it can suppress the heat release and 
smoke generation more effectively during combustion. All Raman 
spectra in Fig. 5b show the D band and G band at 1357 and 1585 cm− 1, 
which belong to amorphous carbon atoms to graphitized carbon atoms, 
respectively [47,48]. The smaller the integrated area ratio of D band to G 
band (ID/IG), the higher graphitization degree and better protective ef
fect [49,50]. The 26 %DO1–1/VER, 26 %DO1–3/VER, and 26 % 
DO3–1/VER chars illustrated lower ID/IG values than 26 %APP/VER 
char, indicative of their higher graphitization degree due to the intro
duction of EDA and EOA [51]. Therefore, the introduction of EDA and 
EOA into APP helped to improve its flame-retardant and 
smoke-suppressive performances by enhancing the 
carbonization-promoting effect.

3.4. Flame retardant mechanism

The thermogravimetric-infrared spectroscopy (TG-IR) tests were 
performed on VER, 26 %APP/VER, and 26 %DO3–1/VER to study their 
pyrolysis behaviors under heating, with the results listed in Fig. 6. As 
shown in Fig. 6a and a1, the decomposition volatile of VER included 
aromatic (700 cm− 1), anhydride (1764 cm− 1), ester (1265 cm− 1), and 
hydrocarbons (3070 cm− 1) [52–54]. 26% APP/VER and 26 % 
DO3–1/VER composites displayed similar gaseous products to VER under 
heating (Fig. 6b and c), but the absorption intensity was significantly 
reduced, demonstrating that less gaseous products were released. In 
addition, after introducing APP and DO, some new products emerged at 
3746 cm− 1 (H2O), 3650 cm− 1 (P-OH), and 960–930 cm− 1 (NH3) 
(Fig. 6b1 and c1) [55,56]. These new products were related to the 
decomposition of DO and APP, and the released H2O and NH3 contrib
uted to diluting the concentration of flammable gases. Meanwhile, the 
P-OH-containing fragments can be further degraded into 
phosphorus-based radicals to terminate the combustion reaction. 
Notably, compared with 26 %APP/VER, 26 %DO3–1/VER released less 
ester/aromatic-containing products and CO2 under heating (Fig. 6d and 
f), which was conducive to suppressing combustion.

According to the above analyses, the flame-retardant mechanism of 
DO can be proposed as follows. In the first stage, DO started to dehy
drate, releasing H2O gas and forming the P-N-C-derived precursors. As 
the temperature increased, the precursors undertook two decomposition 
pathways. The first pathway was to release NH3 by the scission of the P- 
N bond, forming metaphosphoric acid, phosphorus-derived radicals, 
alkane, and amine-derived radicals. Another degradation pathway was 
the further dehydration of the precursors. Subsequently, the formed 
viscous char layers covered the matrix surface, which contained P-O-P, 
P-O-C, and aromatic structures. Finally, abundant NH2, H2O and other 
gases were released during combustion, leading to the formation of 
intumescent char layer. The possible charring process of DO during 
combustion is shown in Scheme 1.

4. Conclusions

In this work, the EDA/EOA-modified APP (DO) was successfully 
synthesized by a simple cation-exchange method. The resultant DO/VER 
composites exhibited lower Rmax and higher residues at high tempera
tures, demonstrating enhanced carbonization ability. Notably, DO/VER 
composites showed better flame retardancy than VER and APP/VER 
composites, and 26 %DO3–1/VER showed the highest LOI of 26.5 %, 
with a UL-94 V-0 rating. Moreover, 26 %DO3–1/VER showed 74.5 %, 
61.5 % and 44.2 % reductions in PHRR, PSPR and THR relative to VER, 
and its TTI was prolonged to 50 s, demonstrating obviously enhanced 
flame retardancy and smoke suppression. Clearly, introducing EDA and 
EOA can enhance the carbonization-promoting effect of APP and also 
strengthen its gas-phase flame-retardant effect. Hence, this work pro
vides a facile strategy to prepare high-efficiency APP flame retardants 
for addressing the flammability issue of VER.
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[4] İ. Kartal, G. Nayci, H. Demirer, The effect of chestnut wood flour size on the 
mechanical properties of vinyl ester composites, Emerg. Mater. Res. 9 (3) (2020) 
960–965.

[5] S.M. Seraji, P. Song, R.J. Varley, S. Bourbigot, D. Voice, H. Wang, Fire-retardant 
unsaturated polyester thermosets: the state-of-the-art, challenges and 
opportunities, Chem. Eng. J. 430 (2022) 132785.

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

[7] A.R. Jagtap, A. More, Developments in reactive diluents: a review, Polym. Bull. 79 
(8) (2022) 5667–5708.

[8] J. Thomason, G. Xypolias, Investigation of the effects of scale and cure 
environment on the properties of vinyl ester polymer, Polym 307 (2024) 127344.

[9] Y.Z. Zhao, Y. Chu, Y.J. Xu, P. Zhu, Y.Z. Wang, Highly flame-retardant vinyl ester 
resins with well-balanced comprehensive performance, Chem. Eng. J. 464 (2023) 
142659.
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