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Abstract
A flame-retardant epoxy resin (EP) composite maintaining good mechanical properties was prepared by the combination 
of aluminum diethyl phosphonate (ADP) with piperazine pyrophosphate (PAPP). The flame-retardant synergistic effect 
between ADP and PAPP was explored. When 3% ADP and 1% PAPP were added into EP simultaneously, the obtained EP 
composite (EPAP-3) showed good flame retardancy with the 39.3% limit oxygen index value and the V-0 classification in 
the vertical combustion test. Compared with the pure EP, the peak heat release rate value of EPAP-3 obtained in the micro-
scale combustion calorimeter test decreased by 18.9%. Thermogravimetric analysis results indicated that the simultaneous 
introduction of ADP and PAPP increased the char residual of the prepared flame-retardant EP composites. Scanning electron 
microscopy observation on the morphology of the char layer after the vertical combustion test revealed the continuous and 
dense char layer structure with the shielding effect existing in the EPAP-3. Meanwhile, the low addition of ADP and PAPP 
hardly decreased the mechanical properties of the prepared flame-retardant EP composites. ADP and PAPP not only showed 
a good flame-retardant synergistic effect in EP but also hardly decreased the mechanical properties of EP, which made them 
the potential high-performance synergistic flame retardant in the preparation of EP composite.
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Introduction

Polymer materials have become an increasingly important 
part of industrial production and everyday life [1–3]. As 
an important polymer material, epoxy resin (EP) is used Extended author information available on the last page of the article
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more and more widely due to its excellent mechanical prop-
erties, dielectric properties, bonding properties, chemical 
corrosion resistance, and thermal properties. It can be used 
as paint and adhesive in aerospace, electrical, automotive, 
construction, and other fields [4, 5]. However, the relatively 
low limiting oxygen index value of around 23.5% for EP 
indicates the flammability of EP [6]. When EP burns, the 
generated burning droplet and the released toxic smoke can 
not only spread the fire but also endanger the life safety of 
people. Thus, improving the fire resistance of EP-based 
materials is the premise of its safe application, which has 
aroused extensive research by researchers around the world 
[7–9]. Halogen-containing flame retardants (HCFRs) were 
widely used in polymer materials due to their superior flame-
retardant properties and relatively low cost [10]. However, 
toxic fumes and persistent organic pollutants can be released 
during the combustion of HCFRs. Thus, with the gradual 
improvement of environmental requirements, HCFRs are 
limited in some countries and substituted by halogen-free 
flame retardants (HFFRs) containing phosphorus, nitrogen, 
silicon, and other flame-retardant elements [11, 12]. Never-
theless, single-component HFFRs are often added to EP in 
large amounts to meet the fire safety requirement, leading 
to the deterioration of the mechanical properties of polymer 
material [13]. To reduce the impact of the excessive addition 
of single-component HFFRs on the mechanical properties 
of polymer material, reducing the total amount of HFFRs 
added through the synergistic effect of various flame retard-
ants has been proved an efficient way [14–16].

Aluminum diethylphosphinate (ADP) is a phosphorous 
HFFR with good water resistance and heat stability [17]. 
Zhu et al. studied the mechanism of ADP in improving the 
flame retardancy of polymer materials and pointed out that 
ADP achieved flame retarding performance mainly through 
the gas phase flame retarding [18]. Wang et al. studied the 
effect of the addition of ADP on the flame retardancy of 
EP and found, when the addition amount of ADP in EP 
increased to 15%, the obtained composite passed the V-0 
classification in the UL-94 test [19]. Piperazine pyroph-
osphate (PAPP) is an HFFR containing P and N elements 
simultaneously [20]. The excellent charring ability made 
PAPP a good flame retardant in polypropylene, polylactic 
acid, EP, etc. [21, 22]. The flame-retardant EP composite 
with the addition of 20% PAPP could pass the UL-94V-0 
classification [23]. Meanwhile, it was found that, unlike 
ADP, PAPP achieved its flame retarding performance mainly 
through condense phase flame retarding [24].

When ADP or PAPP are used alone, the addition amount 
of them is always higher than 10% to achieve the high flame 
retardancy, which can significantly reduce the mechanical 
properties of the polymer materials as other HFFRs [25, 
26]. To solve this problem, the synergistic effect between 
different flame retardants was used to reduce the amount of 

flame retardants [27]. For example, Li et al. found the syn-
ergistic effect of PAPP with epoxy vinyl siloxanes (EVOS) 
in EP. When the weight ratio of PAPP to EVOS was 9:1 and 
the amount of flame retardant in EP was 10%, in the UL-94 
test, the prepared EP composite exhibited high flame retar-
dancy and obtained the V-0 classification [28]. When PAPP 
and ADP mixture with a mass ratio of 4:1 was used as the 
flame retardant for acrylonitrile–butadiene–styrene (ABS) 
copolymer, the obtained flame-retardant ABS reached V-0 
classification with the 25% flame-retardant loading [29].

By now, ADP and PAPP have not been simultaneously 
used in the preparation of flame-retardant EP. Thus, ADP 
and PAPP were used simultaneously to prepare flame-
retardant EP. The synergistic effect of ADP with PAPP in 
flame-retardant EP was analyzed through the thermogravi-
metric analysis (TGA), limiting oxygen index (LOI) test, and 
microscale combustion calorimeter test (MCC). In addition, 
the mechanical properties of the prepared flame-retardant EP 
containing PAPP and ADP were studied.

Experimental

Materials

A commercial diglycidyl ether of bisphenol-A (EP: E-44) 
was bought from Guangzhou Suixin Chemical Company, 
China. Piperazine pyrophosphate (PAPP, GP300) was pur-
chased from Zhongshan Sutebao New Materials Company, 
China. Aluminum diethylphosphinate (ADP, phosphorus 
content of 23.4–23.7%) and 4,4ʹ-diaminodiphenylmethane 
(DDM, 97.0%) were obtained from Shanghai Macklin Bio-
chemical Company, China. Figure 1 shows the chemical 
structure of ADP and PAPP.

Preparation procedure of the EP sample

Firstly, a certain amount of E-44, ADP, and PAPP was 
weighed in a glass beaker according to the formulation in 
Table 1. The E-44 mixture was heated in an oil bath at 80 °C 
and blended by a magnetic stirrer for 20 min. The obtained 
E-44 mixture after heating was put on an ultrasound cell 
crusher and treated for 30 min until the flame retardants 
were evenly dispersed. Then, melted curing agent DDM was 

Fig. 1   Chemical structures of a ADP and b PAPP
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poured into the E-44 mixture and magnetically blended for 
10 min at 80 °C. The uniform mixture was transferred in a 
vacuum oven and degassed at 80 °C for 10 min, after which 
the degassed mixture was slowly poured into a Teflon mold. 
The flame-retardant EP composites were obtained after cur-
ing at 120 °C and 150 °C for 2 h, respectively. The formula-
tion of the prepared samples is listed in Table 1.

Characterization

Vertical burning (UL-94) test was performed on a verti-
cal combustion apparatus (BKSSOD, China) according to 
the ASTM D3801 standard with the sample dimension of 
127 mm × 12.7 mm × 3.2 mm. The limiting oxygen index 
(LOI) test was carried out on an oxygen index tester (YZS-
75A, China) according to the ASTM D2863-97 standard 
with the sample thickness of 3.2 mm. The thermal decom-
position behavior of the samples was investigated by a ther-
mogravimeter (TA Q50, USA) under the N2 atmosphere 
with the heating rate of 10 °C min−1 in the temperature 
range of room temperature to 700  °C. The flammabil-
ity property of the EP composites was determined by a 

microscale combustion calorimetry (FAA-PCFC, US Pat.
No.5, 981,290). The surface morphology of the sample char 
layer after the UL-94 test was observed by a scanning elec-
tron microscope (SEM, SU8010N, Japan), which was also 
applied to detect the sample element composition due to 
the energy-dispersive spectrometer (EDS) equipped in it. 
A tensile test instrument (TCS-2000, China) was used to 
test the tensile properties of the prepared samples according 
to the GB/T 1040.2-2006 standard. An impact test appara-
tus (JJ-20, China) was applied to test the unnotched impact 
resistance of the flame-retardant EP composites according 
to the GB/T 1843-2008 standard. A contact angle test appa-
ratus (JC2000D8, China) was used to analyze the polarity 
of the samples.

Results and discussion

LOI and UL‑94 tests

Firstly, the prepared EP and EP composites were evaluated 
by limiting oxygen index (LOI) and vertical combustion 
(UL-94) tests, which are commonly used to determine the 
flame retardancy of materials. The video screenshots of the 
prepared samples during the UL-94 test are presented in 
Fig. 2. The detailed test results are shown in Table 2. The 
LOI value of pure EP reached 25.3% and the UL-94 test 
result was no rating because the pure EP was completely 
burned with the serious dripping phenomena after the first 
10 s of flame ignition (Fig. 2a). When 4% ADP was added, 
the LOI value of EPAP-1 increased to 35.9%, but the UL-94 
test of EPAP-1 only obtained the V-1 classification for the 
combustion time longer than 10 s. With the addition of a 
small amount of PAPP with ADP, the EP flame retardancy 
was enhanced obviously. The LOI value of EPAP-3 with 

Table 1   Formulation of flame-retardant EP composites

EP Samples EP (g) DDM (g) ADP (g) PAPP (g) Weight ratio 
of ADP to 
PAPP

EPAP-0 35 7.688 0 0 –
EPAP-1 35 7.688 1.788 0 4:0
EPAP-2 35 7.688 1.556 0.222 3.5:0.5
EPAP-3 35 7.688 1.334 0.444 3:1
EPAP-4 35 7.688 1.112 0.666 2.5:1.5
EPAP-5 35 7.688 0 1.788 0:4

Fig. 2   Video screenshots during the UL-94 test of a EPAP-0, b EPAP-1, c EPAP-2, d EPAP-3, e EPAP-4, and f EPAP-5
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the weight ratio of ADP to PAPP at 3:1 increased to 39.3%. 
Meanwhile, EPAP-3 achieved the V-0 classification in the 
UL-94 test with the total combustion time of fewer than 5 s. 
With the decrease of ADP content, the UL-94 test result of 
EPAP-4 was no grade. When only PAPP was applied in the 
preparation of flame-retardant EP composite, the deterio-
ration of EP flame retardancy further happened. The LOI 
value of EPAP-5 was only 25.5% and, in the UL-94 test, the 
EPAP-5 sample combusted heavily. Therefore, the LOI and 
UL-94 investigation results indicated that, when ADP and 
PAPP are used together, the relatively good flame retardancy 
of the flame-retardant EP can be obtained, demonstrating 
the synergistic effect of ADP with PAPP in preparing the 
flame-retardant EP.

Table 3 shows the comparison of the flame retardancy 
of ADP/PAPP with the reported works. It can be observed 
that the synergistic flame-retardant system containing com-
mercial flame retardants such as ammonium polyphosphate 
(APP), ADP, and PAPP has drawn much attention in these 
years. PAPP and ADP can be used together with epoxy-
octavinyl silsesquioxane (EVOS) and ammonium phospho-
molybdate (AMP) to achieve high flame retardancy. How-
ever, compared with the reported synergistic flame-retardant 
system, the synergistic flame-retardant system composed by 

ADP and PAPP in this work showed the advantages on the 
aspect of low addition amount and high LOI value, indicat-
ing the relatively good synergistic effect of ADP with PAPP 
in EP.

Thermal decomposition behavior

TGA was used to study the thermal decomposition behav-
ior of ADP, PAPP, and the prepared EP samples. The TGA 

Table 2   LOI and UL-94 investigation results of the prepared EP sam-
ples

a t1 indicates the average burning time of the sample after the first 10 s 
ignition in the UL-94 test; t2 indicates the average burning time of the 
sample after the second 10 s ignition in the UL-94 test

EP samples LOI value (%) UL-94 test result

t1/t2a (s) Dripping Classification

EPAP-0 25.3  > 60/– YES No rating
EPAP-1 35.9 13.5/2.6 No V-1
EPAP-2 38.1 11.2/2.4 No V-1
EPAP-3 39.3 2.2/1.3 No V-0
EPAP-4 34.1  > 60/– No No rating
EPAP-5 25.5  > 60/– No No rating

Table 3   Comparison of the flame retardancy of ADP/PAPP with the 
reported work related to flame-retardant EP

Flame 
retardants

Addition 
amount 
(%)

Weight 
ratio

LOI (%) UL-94 References

ADP/PAPP 4 3:1 39.3 V-0 This work
APP/DPM-

H
8 7:1 29.3 V-0 [2]

PAPP/
EVOS

10 9:1 32.4 V-0 [28]

ADP/AMP 4.8 3.6:1.2 31.2 V-0 [30] Fig. 3   a TG and DTG curves of ADP and PAPP, b TG curves of EP 
samples, and c DTG curves of EP samples
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and corresponding DTG curves are presented in Fig. 3. The 
detailed TGA analysis data such as the 5% weight loss tem-
perature (T5%WL), the maximum weight loss rate temperature 
(TMWLR), the maximum weight loss rate (MWLR), and the 
weight residual at 700 °C (WR700) are shown in Table 4. The 
T5%WL values of ADP and PAPP were 427.3 and 362.1 °C, 
respectively (Fig. 3a). The decomposition of ADP mainly 
happened between 300 and 500 °C with a weight loss of 
about 75.8%. In this temperature range, ADP firstly decom-
posed into diethyl phosphoric acid and ethylene. Eventu-
ally, aluminum phosphate was left in the residual char layer 
[31–33]. The thermal decomposition of PAPP happened in 
a relatively broad temperature range from 270 to 700 °C. In 
the temperature range from 270 to 320 °C, the decomposi-
tion is mainly caused by the release of water, which comes 
from the dehydration reaction between P–OH and –NH in 
the PAPP molecule [34]. In the temperature range from 320 
to 440 °C, the char residual begins to come into being under 
the catalytic action of phosphoric acid derivatives. The final 
decomposition in the temperature range from 440 to 700 °C 
corresponds to the further decomposition of the formed char 
residual [35]. The addition of ADP and PAPP affected the 
EP decomposition behavior (Fig. 3b, c). The addition of 
4% ADP in EPAP-1 reduced the T5%WL from 392.6 °C of 
EPAP-0 to 383.7 °C of EPAP-1. Compared with EPAP-0, 
the MWLR of EPAP-1 decreased from 1.76 to 1.30%°C−1, 
and the WR700 of EPAP-1 increased to 18.6%, indicating 
that the addition of ADP can decrease the EP decomposition 
rate and increase the EP char residue. The EP decomposition 
rate cannot be reduced by the addition of PAPP due to the 
1.89%°C−1 MWLR of EPAP-5, which is higher than that of 
EPAP-0. However, compared with EPAP-0, PAPP exhib-
ited relatively better char residue forming ability because 
the WR700 of EPAP-5 increased to 24.3% with the addition 
of 4% PAPP in EPAP-5. When ADP and PAPP were used 
simultaneously, EPAP-2, EPAP-3, and EPAP-4 showed simi-
lar abilities on the aspect of decrease the EP decomposition 
rate and increase the EP char residue. The TMWLR decreased 

and WR700 increased with the increase of the PAPP con-
tent. EPAP-3 has the lowest MWLR of 1.13%°C−1 among 
all the prepared flame-retardant EP samples. The change of 
the thermal decomposition behavior of the prepared flame-
retardant EP is due to the relatively low thermal stability of 
PAPP and ADP and high char residue generated after the 
decomposition of PAPP and ADP [31]. The TGA investiga-
tion data proved that the thermal decomposition behavior 
of EP can be greatly changed by the addition of ADP and 
PAPP, leading to the different flame retardancy of the flame-
retardant EP samples.

SEM analysis of char residual after UL‑94 test

The char residual generated during combustion can isolate 
combustible gas and protect the unburned polymer materi-
als [36]. Since the dense char layer can isolate the polymer 
from the contact with the combustible gases and prevent the 
rapid combustion of the polymer, the denser the char layer 
is, the better the protection effect is [37]. Therefore, the per-
formance of flame retardant can be judged by studying the 
morphology of char residual produced after combustion. The 
char residue morphology of the EPAP-0, EPAP-1, EPAP-3, 
and EPAP-5 after the UL-94 test was observed by SEM. The 
char residual of pure EP exhibited a fractured morphology 
with obvious cracks and holes (Fig. 4a). With the addition 
of 4% ADP, a relatively smooth morphology with a lot of 
loose and small pores could be seen on the char residual sur-
face of EPAP-1. In contrast, with the addition of 4% PAPP, 
the char residual of EPAP-5 presented a morphology with a 
lot of big holes (Fig. 4d). When ADP and PAPP were used 
with the weight ratio of 3:1 in EPAP-3, a dense and smooth 
char residual morphology could be observed. No cracks or 
holes were observed on the char residual surface of EPAP-
3. Thus, among the four char residue samples observed, the 
char residue of EPAP-3 is the densest and smooth, which 
makes it have a relatively better isolation effect to protect the 
unburned EP. The dense and smooth char residue morphol-
ogy can only be formed when ADP and PAPP flame retard-
ants are used simultaneously in EPAP-3, which indicates that 
ADP and PAPP have synergistic flame retardancy.

MCC test

Microscale combustion calorimetry (MCC) is a new and 
rapid-developing testing method, which can quickly and con-
veniently measure the main fire parameters of materials [38]. 
The heat release rate (HRR) curves of the EP samples from 
the MCC test are presented in Fig. 5. The temperature of the 
peak heat release rate (TPHRR) of EPAP-5 is around 350 °C, 

Table 4   Detailed TGA investigation results of EP samples

EP samples T5%WL (℃) TMWLR (℃) MWLR 
(%·℃−1)

WR700 (%)

EPAP-0 392.6 409.1 1.76 16.2
EPAP-1 383.7 409.4 1.30 18.6
EPAP-2 379.9 410.3 1.22 19.1
EPAP-3 375.5 407.1 1.13 18.9
EPAP-4 367.8 394.8 1.43 21.7
EPAP-5 358.9 378.9 1.89 24.3
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which is lower than the TPHRR of other samples at about 
380 °C. This is due to the lower decomposition temperature 
of PAPP, which lowers the decomposition temperature of 
EPAP-5 [38].

The detailed combustion parameters obtained from 
MCC, the peak heat release rate (PHRR), including heat 
release capacity (HRC), and the total heat release (THR), 
are shown in Table 5 in detail. EPAP-0 has the highest 
PHRR of 435.1 W g−1, THR of 26.8 kJ·g−1, and HRC of 
468.6 Jg−1 K−1 among the tested samples, indicating the 
poor flame retardancy of EP. When ADP and PAPP were 

Fig. 4   SEM observation of the char residue morphology of a EPAP-0, b EPAP-1, c EPAP-3, and d EPAP-5

Fig. 5   HRR results of EPAP-0, EPAP-1, EPAP-3, and EPAP-5

Table 5   Combustion parameters obtained from MCC

EP samples PHRR (W·g−1) HRC (Jg−1·K−1) THR (kJ·g−1)

EPAP-0 435.1 468.6 26.8
EPAP-1 371.8 404.2 25.9
EPAP-3 352.8 379.3 25.1
EPAP-5 419.1 454.6 24.9
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added to EP, HRC, PHRR, and THR of EPAP-1, EPAP-
3, and EPAP-5, all decreased to varying degrees. In the 
prepared flame-retardant EP composites, EPAP-3 has the 
lowest HRC, PHRR, and THR. The PHRR of EPAP-3 
decreased by 18.9% to 352.8 W g−1, the HRC of EPAP-3 
decreased by 19.1% to 379.3 Jg−1 K−1, and the THR of 
EPAP-3 decreased by 6.3% to 25.1 kJ·g−1 compared with 
EPAP-0. In general, the lower HRC, PHRR, and THR 
mean that fewer materials burn completely, leading to 
the high flame retardancy of materials [39–41]. There-
fore, according to MCC test results, ADP and PAPP play 
a synergistic role in improving the flame retardancy of EP 
samples.

Possible synergistic flame‑retardant mechanism

In the prepared f lame-retardant EP samples, since 
EPAP-3 has the best flame retardancy, the synergistic 

flame-retardant effect of ADP with PAPP was explored by 
analyzing the elemental composition of the EPAP-3 char 
residue first. In Fig. 6a, the EDS results of the EPAP-3 
char residue showed that the EPAP-3 char residue was 
composed of aluminum, carbon, nitrogen, oxygen, and 
phosphorus elements with the contents of 0.56%, 83.97%, 
7.13%, 6.25%, and 2.10%, respectively. This result indi-
cates that the N, P, and Al elements in ADP and PAPP 
participated in and promoted the char forming of EP dur-
ing the combustion process [42–44]. Based on the above 
analysis, the possible synergistic mechanism of ADP with 
PAPP in EP is shown in Fig. 6. During the EP combus-
tion process, the phosphorous-free radical produced by 
the decomposition of ADP in the gas phase can prevent 
the free radical chain reaction of EP combustion [19, 32, 
45]. The NH3 produced during the PAPP decomposition 
process can decrease the concentration of combustible 
gas in the gas phase [18]. In the condensed phase, due to 
the dehydration and decomposition of PAPP to produce 

Fig. 6   a EDS results of the 
EPAP-3 char residue, and b pos-
sible synergistic mechanism of 
ADP with PAPP
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polyphosphoric acid, the catalytic carbonization effect 
of PAPP enhanced the carbonization effect of the con-
densed phase [35]. Meanwhile, aluminum phosphate can 
be formed in the char residual with the decomposition of 
ADP, leading to the formation of the dense char residual 
[30]. The continuous and dense char residual caused by 
the decomposition of PAPP and ADP can effectively block 
the heat transfer and the flow of combustible gas to pro-
tect the EP material under the char layer. Thus, ADP and 
PAPP effectively increased EP flame retardancy through 
the above synergistic effect.

Mechanical properties

The presence of flame retardant in polymer materials usually 
can reduce the mechanical properties of materials, and in 
some cases, the reduction can even exceed 50% [46]. There-
fore, it is necessary to clarify whether the addition of ADP 
and PAPP can greatly decrease the EP mechanical proper-
ties. The relevant tensile and impact test results are shown in 
Fig. 7. The obtained tensile strength and impact strength val-
ues of EPAP-0 are 76.4 MPa and 35.8 kJ·m−2, respectively. 
Regardless of the weight ratio of ADP to PAPP, the ten-
sile strength and impact strength values of the prepared EP 
samples are about 68.6 MPa and 24.2 kJ·m−2, respectively. 
With the addition of the ADP and PAPP flame retardants, 
the tensile strength and impact strength values of the EP 
samples decreased by about 10.2% and 32.4%, respectively. 
The relatively small addition of less than 4% flame retard-
ant and the good compatibility between ADP and EP led 
to the slight decrease in EP mechanical properties [30, 45, 
47]. Therefore, when the ratio of ADP to PAPP is 3:1, the 
prepared EP composite, EPAP-3, has excellent flame retar-
dancy and good mechanical properties. It has been reported 
that the polarity of additives has a significant impact on the 

mechanical properties of composite materials. When the 
polarity of the additive is similar to that of the polymer, the 
compatibility between the additive and the polymer is better, 
and the prepared composite has relatively good mechanical 
properties. When the polarity of additives and the polarity 
of polymer are greatly different, the compatibility between 
additives and polymer is poor, and the mechanical proper-
ties of the prepared composite are reduced. Contact angle 
test is an important method to study the surface polarity of 
materials. Figure 8 shows the contact angle test results of 
ADP, PAPP, and EP. The contact angle of ADP is 100.13°, 
the contact angle of PAPP is 17.45°, and the contact angle 
of EP is 85.05°. The difference in contact angle between 
ADP and EP is relatively small, indicating the relatively 
good compatibility between ADP and EP. Therefore, when 
ADP was added to EP, the mechanical properties of flame-
retardant EP decreased slightly. The significant difference 
in contact angle between PAPP and EP indicates the poor 
compatibility between PAPP and EP. However, the addi-
tion amount of PAPP in EPAP-3 is only 1%, which can only 
slightly decrease the mechanical properties of EPAP-3. In 
summary, the amount of ADP and PAPP in EPAP-3 is not 
high, which cannot significantly decrease the mechanical 
properties of the prepared flame-retardant EP.

Conclusion

In this paper, the synergistic effect of ADP with PAPP in 
EP was studied. When the content of ADP and PAPP flame 
retardants was 4% and the weight ratio of ADP to PAPP was 
3:1, the prepared flame-retardant EP composites, EPAP-3, 
showed the best flame retardancy with the UL-94V-0 clas-
sification and the 39.3% LOI value. The introduction of ADP 
and PAPP in EPAP-3 increased the char residue at 700 °C 
and promoted the formation of the continuous and smooth 
char residual during the combustion process. The PHRR, 
HRC, and THR of EPAP-3 decreased by 18.9%, 19.1%, and 
6.3%, respectively, compared with pure EP. The synergistic 
mechanism of ADP and PAPP in EP was explored, and it was 
found that, during the EP burning process, ADP and PAPP 
have a synergistic effect in the gas phase and condensed 
phase simultaneously to improve the flame retardancy of EP. 
Because high flame retardancy can be achieved with the low 
addition of ADP and PAPP, good EP mechanical properties 
can be maintained. In conclusion, there is a synergistic effect 
of ADP with PAPP in flame-retardant EP. The synergistic 
flame retardant composed of ADP and PAPP has potential 
application in the preparation of high-performance flame-
retardant EP composites.

Fig. 7   Mechanical properties of the prepared EP samples
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