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Abstract
A phosphazene-based flame retardant (PBFA) was synthesized by hexachlorocyclotriphosphazene and N-aminoethylpipera-
zine. To improve the flame retardancy of polypropylene (PP), PBFA and pentaerythritol derivatives (PEPA) were mechani-
cally mixed to form a water resistance intumescent flame retardant (IFR). The flammability and thermal properties of the PP 
composites were analyzed by vertical burning test (UL-94), limit oxygen index, thermogravimetric analysis (TGA) and cone 
calorimeter test (CCT). The results indicate that there was a synergistic effect between PBFA and PEPA at a suitable mass 
ratio. When the mass ratio of PBFA/PEPA was 2:1, the PP composites can successfully achieve UL-94 V 0 rating. Com-
pared with pure PP, the peak heat release rate and the total heat release were decreased by 75.40 and 15.38%, respectively; 
moreover, the total smoke production decreased by 22.11% during 0–465 s. The residual char after CCT was characterized 
by Fourier transform infrared spectrometer (FTIR). A strong pyrophosphate absorption peak was found in FTIR, indicating 
that the IFR mainly played a flame-retardant mechanism in the condensed phase.
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Introduction

Due to the excellent mechanical property, electrical resist-
ance, ease processing, low density and low cost, polypro-
pylene (PP) has been widely used in various fields [1, 2]. 
However, the high flammability and melt dripping during 
combustion of PP limited its application. Therefore, improv-
ing the flame retardancy of PP is an important direction for 
studying the application of PP [3].

Traditionally, the combination of bromine-containing 
flame retardants and antimony trioxide is the most effective 

flame-retardant system. However, the corrosive smoke HBr 
and toxic gases will be produced during combustion which 
limited this synergistic system in application [4]. Hence, 
environmentally friendly halogen-free flame retardants 
such as metal hydroxides are the most widely used. But the 
mechanical properties of polymer matrix are greatly affected 
by the high loading of these metal hydroxides, for example, 
Mg(OH)2 was incorporated into PP with 60 mass% resulting 
in 80% decrease of mechanical property [5].

In the past decades, it has been found that intumescent 
flame-retardant system (IFRs) is very effective for ther-
moplastic resins such as PP and polyethylene (PE). IFRs 
is a kind of widely used flame retardant with low smoke, 
non-toxic, halogen free and low production of corrosive 
gases [6]. IFRs usually consist of three components: acid 
sources, carbon sources and gas sources. At present, the 
most common substances in acid sources are ammonium 
polyphosphate (APP), magnesium ammonium phosphate 
(MAP) and zinc borate. Carbon sources mainly include 
polyhydroxy compounds (such as pentaerythritol (PER), 
mannitol or sorbitol) and carbon-rich polymers. And the 
gas source is mainly melamine (MA), APP, dicyandi-
amide, etc. [7]. However, APP is soluble in water and PER 
contains strong hydrophilic hydroxyl group, which makes 
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the commonly used intumescent systems (APP, PER and 
MA) easy to absorb moisture. This water absorption seri-
ously affects the application of IFRs [8].

To break through the water absorption limitations of 
traditional acid sources and find a flame retardant both 
including acid and gas or carbon sources, scientists have 
made further research on phosphazene derivatives con-
taining at least an acid source and a gas source or carbon 
source in IFRs. Wen et al. designed a cyclotriphosphazene-
based char-forming agent (CPCFA) with a char yield of 
86.5% by one-pot reaction of cyclotriphosphazene and pip-
erazine and then applied it as an acid source and a carbon 
source in PP combining with the microcapsule ammonium 
polyphosphate (MAPP) to form an efficient IFRs with high 
water resistance [9]. The limit oxygen index (LOI) value of 
PP composites is as high as 37% (the LOI value of pure PP 
is 17%) at the mass ratio of MAPP: CPCFA = 2:1. Moreo-
ver, the composites can still reach V 0 rating after 72-h 
immersion in water. He et al. carried out SN2 nucleophilic 
substitution reaction to replace 3-chloropropyl (triethoxy) 
silane with hexachlorocyclotriphosphazene (HCCP) to 
form a phosphazene derivative APESP(N3P3[NH(CH2)3S
i(OCH2CH3)3]6) [10]. Then, APESP and APP were mixed 
through an atomizing device to form APESP/APP, follow-
ing it was added into PP [11]. The PHRR value of the PP 
composite was reduced by 53.1% and the LOI value was 
26.5%. It can be concluded that cyclotriphosphazene can 
be used as matrix to form acid source, carbon source or 
gas source of IFRs by reacting with some excellent flame-
retardant groups. In our previous research, we synthesized 
a phosphazene-based flame retardant (PBFA) using HCCP 
and N-aminoethylpiperazine (AEP) [14]. PBFA is a kind 
of cross-linked product which is insoluble in water and 
organic solvent. During combustion, it can release non-
flammable gas and phosphorous substance. On the one 
hand, the released nonflammable gas can play the role of 
gas source—diluting combustible gas; on the other hand, 
phosphorous substance can be used as acid source to form 
char in condensed phase. Consequently, PBFA is an ideal 
gas source and acid source material in IFRs.

The modification of polyhydroxy compounds has 
received more and more attention for increasing the water 
resistance of traditional carbon source. In the middle and 
late twentieth century, Verkade et al. synthesized a PER 
derivative with cage structure for the first time, namely 
1-oxo-4-hydroxymethyl-2,6,7-trioxa-1-phosphabicy-
clo[2.2.2]octane (PEPA) [12]. It still has a hydroxyl group 
in its structure which has lower hydrophilicity than mul-
tiple hydroxyl groups in PER. Then, a macromolecular 
carbonization agent PEPADC with a water resistance was 
synthesized by PEPA, diethylenetriamine and cyanuric 
chloride, and was added with APP to flame-retardant PP 
[13]. When the mass ratio of APP:PEPADC is 4:1, the LOI 

value of PP composites reached 35.5% and the char residue 
rate of the flame-retardant PP composites can reach 29.1%,

To build a water resistance and high-efficiency IFRs, 
PBFA [14] and PEPA were designed and evenly mixed by 
mechanical method. Then, the flammability and thermal 
properties of PP composites were investigated by vertical 
burning test (UL-94), LOI, thermogravimetric analysis 
(TGA) and cone calorimeter test (CCT). The flame-retard-
ant mechanism was studied by Fourier transform infrared 
spectrometer (FTIR) of the residual char after the CCT.

Experimental section

Materials

AEP was purchased from Aladdin Industrial Co. Ltd. 
(Shanghai, China). 1,4-dioxane was obtained from Tian-
jin Kemiou Chemical Reagent Co. Ltd. (Tianjin, China). 
Triethylamine (TEA) was provided by Tianjin Fuchen 
Chemical Reagent Factory (Tianjin, China). PP parti-
cles were supplied by Shanghai Secco Petrochemical 
Co., Ltd. (Shanghai, China). Pentaerythritol phosphate 
was obtained from Jiangsu Vicotrey Chemical Co., Ltd. 
(Jiangsu, China). HCCP was purchased from Zibo Lanyin 
Chemical Co. Ltd. (Zibo, China).

Preparation of PBFA

Phosphazene-based flame retardant was prepared accord-
ing to the steps of our previous research. PBFA was syn-
thesized by substituting AEP for the active chlorine atom 
on the cyclophosphazene The results of X-ray photoelec-
tron spectroscopy, FTIR, solid-state 31P nuclear magnetic 
resonance and TGA showed that PBFA was a water-insolu-
ble and cross-linking flame retardant with thermal decom-
position temperature of 247.2 °C [14].

Preparation of different mass proportions of PBFA/
PEPA

First, 24-g PBFA and 6-g PEPA were mixed together in 
a crusher to prepare evenly flame-retardant PBFA/PEPA 
with a mass proportion of 4:1 noting PBFA/PEPA (4:1). 
Then, the flame retardants PBFA/PEPA with different 
mass ratios of 1:2, 1:1, 2:1 and  3:1 were obtained in the 
same preparation method of PBFA/PEPA (4:1), which 
were noted as PBFA/PEPA (1:2), PBFA/PEPA (1:1), 
PBFA/PEPA (2:1) and PBFA/PEPA (3:1), respectively.
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Preparation of PP‑PBFA/PEPA

A typical preparation process of PP composite with 
30 mass% PBFA/PEPA (2:1) was listed below: first, 18-g 
PBFA/PEPA (2:1) and 42-g PP were dried in a vacuum 
oven at 60 °C for 6 h. Second, the prepared samples were 
blended at 160 °C for 8 min in a two-roll mill and hot 
pressed at 170 °C for 8 min in a flat vulcanizer, followed 
by cold pressing for 8 min. Finally, the prepared sheet was 
cut into the appropriate specimens for the following test. 
The preparation of pure PP, PP-PBFA/PEPA (1:2), PP-
PBFA/PEPA (1:1), PP-PBFA/PEPA (3:1) and PP-PBFA/
PEPA (4:1) composites followed the same process.

Characterization

TGA was performed on a SAT 449C thermal analyzer 
(NETZSCH, Germany) instrument under nitrogen 
atmosphere. The FTIR (TENSOR 27, Bruker, Germany) 
was collected at room temperature. The combustion 
behaviors of PP composites were investigated by CCT 
(Fire Testing Technology, UK).The specimen was 
100 mm × 100 mm × 3 mm. The LOI was tested on a JF-3 
oxygen index meter (China Jiangning Analytical Instru-
ment Co., Ltd.) at room temperature with sample size of 
130 mm × 6.5 mm × 3 mm. The PX-03-001 instrument 
(PHINIX, China) was used to obtain the results of UL-94 
with specimen of 130 mm × 6 mm × 3 mm.

Results and discussion

Flammability of PP‑PBFA/PEPA composites via UL‑94 
and LOI

To examine the flame-retardant effect of PBFA and PEPA 
on PP, LOI and UL-94 test were carried out. The results are 
shown in Table 1.

The results suggest that the LOI of PP-PBFA/PEPA com-
posites were significantly improved than pure PP. And PP-
PBFA/PEPA (2:1) composite had the best effect with LOI 
value of 31.2%. In all PP-PBFA/PEPA samples, PP-PBFA/
PEPA (2:1) and PP-PBFA/PEPA (4:1) composites reached 
the V 0 rating, indicating that they have good flame-retard-
ant effect. Both LOI and UL-94 results show that the flame 
retardancy of PP can be improved by PBFA/PEPA.

Combustion behaviors of PP‑PBFA/PEPA composites 
via CCT​

Cone calorimeter test is a very effective flame-retardant test 
method for simulating and estimating material combustion 
behavior in fire under laboratory conditions. Many valuable 
data can be acquired from the CCT displaying the combus-
tion status of the prepared flame-retardant composites [15]. 
The combustion data, such as time to ignition (TTI), peak 
heat release rate (PHRR), total heat release (THR), peak 
heat release time (tPHRR), fire performance index (FPI), fire 
growth index (FGI), peak smoke production rate (PSPR), 
total smoke production (TSP) and residual mass are shown 
in Table 2. According to the LOI and UL-94 results, PP-
PBFA/PEPA ratio 1:1, 2:1, 4:1 composites were selected 
for analysis.

Heat release analysis

The HRR curves of PP-PBFA/PEPA composites are shown 
in Fig. 1. The HRR value of pure PP increased rapidly after 
ignition and reached the PHRR value of 870 kW m−2 at 
145 s. However, the PHRR values of PP composites incor-
porating with PBFA/PEPA decreased drastically. The PHRR 

Table 1   UL 94 and LOI results of PP-PBFA/PEPA composites

Sample LOI /vol% UL 94

t1/s T2/s Rating

Pure PP 18.2 – – No rating
PP-PBFA/PEPA (1:2) 26.5 1.8 45.6 No rating
PP-PBFA/PEPA (1:1) 27.7 2.0 31.2 No rating
PP-PBFA/PEPA (2:1) 31.2 2.2 3.2 V–0
PP-PBFA/PEPA (3:1) 28.3 1.5 15.3 V–1
PP-PBFA/PEPA (4:1) 30.1 1.3 5.6 V–0

Table 2   Combustion index obtained from cone calorimeter

Sample PHRR/kW 
m−2

PSPR/m2 
s−1

THR MJ 
m−2

tPHRR/s TSP m2 
kg−1

TTI/s FPI/m2 s−1 
kW−1

FGI/kW m−2 
s−1

Residual char/%

Pure PP 870.09 0.10 116.75 145 13.93 35 0.04 6.00 4.32
PP-PBFA/PEPA (1:1) 244.04 0.05 111.95 200 16.18 17 0.07 1.22 20.10
PP-PBFA/PEPA (2:1) 214.19 0.06 99.27 225 14.75 24 0.12 0.95 37.86
PP-PBFA/PEPA (4:1) 210.87 0.05 107.87 305 15.34 28 0.13 0.69 21.46
PP-PBFA 403.86 0.11 111.37 160 25.98 26 0.06 2.69 8.68
PP-PEPA 411.67 0.12 102.80 75 24.92 33 0.08 5.89 11.29
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values of PP-PBFA, PP-PEPA, PP-PBFA/PEPA (1:1), PP-
PBFA/PEPA (2:1) and PP-PBFA/PEPA (4:1) decreased by 
53.58%, 52.69%, 71.95%, 75.38% and 75.76%, respectively. 
From Fig. 1, all the curves of flame-retardant PP compos-
ites except that of pure PP have two peaks with a typical 
“M” characteristic peak which appears in high-efficiency 
intumescent flame-retardant system [16]. After ignition, the 
PP composites burn rapidly with the release of heat. At the 
same time, PBFA and PEPA catalyze PP to form char layer, 
which acts as a barrier of heat and oxygen, resulting in the 
reduction of HRR. As the combustion proceeds, the char 
layer is not unstable; so it can further burn and release heat 
under the radiation.

The decrease of PHRR value in PP-PEPA can be 
described as the catalytic carbonization of PEPA. PEPA 
can be used not only as a carbon source, but also as an acid 
source promote PP to form a stable and heat-resistant char 
layer in condensed phase. The char layer coated on the sur-
face of the matrix can prevent heat transfer and flammable 
gas release during combustion. Moreover, PEPA produces 
PO· in thermal decomposition, which can capture the high-
energy free radical H· produced by PP decomposition to 
further reduce the degree of combustion [17].

The decrease of PHRR value in PP-PBFA can be 
described as the large amount of cyclotriphosphate and pip-
erazine in PBFA. One the one hand, the cyclotriphosphate 
and piperazine can produce a large amount of N2 and NH3 
during combustion to dilute flammable gas and oxygen and 
foam the char layer. On the other hand, phosphazene struc-
ture can promote the formation of char residue and produce 
PO· working as the free radical capturing mechanism in the 
combustion process [14]. PBFA acted as gas source and acid 
source to slow down the fierce combustion of PP composites.

The PHRR values of PP corresponding with PBFA/PEPA 
were significantly lower than that of PP composites only 
adding PBFA or PEPA. The PHRR values of PP-PBFA/

PEPA (2:1) and PP-PBFA/PEPA (4:1) composites were 
almost the same, and they were better than that of PP-PBFA/
PEPA (1:1). This is because PBFA/PEPA not only has the 
characteristics of PBFA as acid source and gas source, but 
also PEPA as carbon source and acid source. Within a cer-
tain mass mixing ratio, PBFA/PEPA can form a IFRs to play 
a good synergistic role.

THR curves of PP-PBFA/PEPA composites are shown 
in Fig. 2. THR values within 800 s of pure PP, PP-PBFA, 
PP-PEPA, PP-PBFA/PEPA(1:1), PP-PBFA/PEPA (2:1) 
and PP-PBFA/PEPA(4:1) were 116.75, 111.37, 102.80, 
111.95, 99.27 and 107.87 MJ m−2, respectively, decreasing 
by 4.61%, 11.95%, 4.10%, 14.97% and 7.61%, respectively, 
than pure PP. Among the PP-PBFA/PEPA composites, the 
THR value of PP-PBFA/PEPA (2:1) reduced the most, while 
that of PP-PBFA/PEPA (1:1) was basically unchanged. This 
indicated that 2:1 of PBFA/PEPA is suitable mass propor-
tion, in which the rate of gas produced of PBFA just keeps 
space with the charring rate of PEPA to form a closed foam-
ing char layer to prevent heat release. Combined with the 
analysis of UL-94, LOI and heat release of PP-PBFA/PEPA 
composites, it was concluded that the PP-PBFA/PEPA (2:1) 
has the best fire resistance.

Smoke release analysis

In general, smoke is the main cause of fire deaths. SPR and 
TPS curves of PP-PBFA/PEPA composites are depicted in 
Figs. 3 and 4, respectively. The peak of pure PP in SPR was 
0.10 m2 s−1 occurring at 155 s. In Fig. 3, the SPR values 
of PP-PBFA and PP-PBFA are higher than that of pure PP 
in the initial stage of combustion. It can be interpreted as 
that PBFA and PEPA can promote the formation of more 
char residue, but some of the char residues could not stay 
in the condensed phase but enter into the gas phase to form 
smoke. While, the peak SPR value of PP-PBFA/PEPA (1:1), 
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PP-PBFA/PEPA (2:1) and PP-PBFA/PEPA (4:1) decreased 
to 0.05 m2 s−1 at 205 s, 0.06 m2 s−1 at 235 s and 0.05 m2 s−1 
at 330 s, respectively. This phenomenon indicated that dif-
ferent mass proportion of PBFA/PEPA can reduce the SPR 
value and extend the time to reach the peak. This is because 
the synergistic effect of PBFA and PEPA. PBFA/PEPA can 

form a phosphate ester in thermal decomposition, which are 
closely attached to the char layer and reduced the gaps and 
voids in the char layer [18].

In general, the TSP is discussed for a certain period. Fig-
ure 4 shows that pure PP released 13.93 m2 kg−1 of smoke 
during 0 ~ 465 s. The TSP value of PP-PBFA/PEPA (1:1) 
during 0–465 s was 14.75 m2 kg−1 increased by 5.89% than 
that of pure PP, which is corresponded to the result of LOI 
and UL-94. While, the TSP values of PP-PBFA/PEPA (2:1) 
and PP-PBFA/PEPA (4:1) were 10.85 m2 kg−1 and 13.02 m2 
kg−1, respectively, which decreased by 22.11% and 6.53% 
comparing with pure PP.

The TSP value of PP-PBFA/PEPA (2:1) is the lowest 
in that of PP-PBFA/PEPA. That is because the synergistic 
effect of PBFA and PEPA in mass proportion of 2:1 can 
effectively catalyst the formation of more stable char layer, 
which could  suppress the release of smoke. However, with 
complete combustion of the PP composites, the TSP value of 
pure PP is lower than PP composites. On the one hand, pure 
PP is mainly a linear chain composed of propylene, which 
is easy to fully burn with releasing small amount of smoke 
during combustion. On the other hand, the mass of residual 
chars for PP-PBFA/PEPA composites were increased. The 
residual chars were unstable and part of them in high-tem-
perature irradiation of CCT entered the gas phase resulting 
in the increase of TSP.

Thermal degradation properties of PP‑PBFA/PEPA 
composites

The thermal degradation behavior of PP-PBFA/PEPA com-
posites was investigated by TGA. Thermogravimetric (TG) 
and differential thermogravimetric (DTG) curves of PP-
PBFA/PEPA composites under N2 atmosphere are shown 
in Fig. 5 and the related data are shown in Table 3. The 
onset of decomposition temperature (Td) (Table 3) was the 
temperature corresponding to 5% mass loss. The temperature 
of maximum rate (Tmax) of mass loss could be acquired from 
DTG curves. Pure PP began to decompose at 417.7 °C and 
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rapidly degraded in the temperature range of 417.7–486.0 °C 
with a sharp DTG peak at 462.3 °C (Tmax). And the residual 
char of pure PP was only 2.53% at 800 °C. These indicated 
that the pure PP was thermally decomposed quickly and 
completely. The Td of PP composites with PBFA/PEPA, 
pure PBFA and pure PEPA were all advanced to the range 
of 310–330 °C. This is because the stability of PBFA and 
PEPA was lower than PP, which make PBFA and PEPA 
decompose in advance. However, the char residual mass 
was improved by adding PBFA/PEPA, pure PBFA and pure 
PEPA (the lowest was 10.23% compared to 2.53% in pure 
PP). The reason why the amount of char was increased is 
that PBFA and PEPA can generate phosphoric acid during 
the combustion, which can catalyze the formation of sta-
ble expanded char layer, thereby reducing the combustion 
intensity. Meanwhile, as the mass proportion of PBFA/PEPA 
increases, the Tmax value also increases. This is because of 
that as the PBFA increases, the more phosphoric acid pro-
duced in the decomposition can make the char layer tighter 
and enhance the heat insulating ability.

From the DTG curve, the Tmax of pure PP was the larg-
est. And the Tmax of PP-PBFA/PEPA composites were all 
lower than that of pure PP. This is mainly because more 
non-combustible gas was generated with the increasing of 
the nitrogen content in the IFRs and more phosphoric acid 
was produced by the decomposition of PBFA and PEPA, 
which both can make the char layer tighter and enhance the 
heat insulating ability, thereby decreasing the mass decom-
position rate of PP-PBFA/PEPA composites.

Practical security application analysis

It is also meaningful to consider whether the flame retard-
ant can give a better escape condition in the combustion. 
Two important parameters were analyzed for the assess-
ment of fire hazard, one for the FPI and the other for the 
FGI [19]; FPI (m2 s−1 kW−1) = TTI/PHRR; FGI (kW m−2 
s−1) = PHRR/tPHRR [20]. The greater the FPI, the higher the 

safety factor of the flame retardant. Conversely, the greater 
the FGI, the lower the safety factor of the flame retardant.

To understand the fire hazard clearly, the FPI and FGI 
were obtained in Fig. 6. It showed that pure PP had the 
smallest FPI value and the largest FGI value, indicating that 
PP needs to add flame retardant to improve its fire safety. 
The FPI and FGI of PP-PBFA/PEPA composites were supe-
rior to the PP-PBFA and PP-PEPA. Among the different 
mass proportion of PP-PBFA/PEPA composites, the PP-
PBFA/PEPA (4:1) is the safest proportion with the lowest 
FGI value and the largest FPI value when fire occurring.

Residual char analysis

Residual char curves of PP-PBFA/PEPA composites were 
shown in Fig. 7. The mass loss rate of pure PP was very 
fast and the char residue was 4.32%, indicating that the 
char-forming property was very poor. This is also indirectly 
seen from the HRR curve. The slope of the PP-PBFA/PEPA 
composites residual char curve of different mass propor-
tions was smaller than that of pure PP, probably because a 

Table 3   Thermogravimetric data of PP-PBFA/PEPA composites

Sample Td/°C Tmax/°C Residue char 
at 800 °C/
mass%

Pure PP 417.7 462.3 2.53
PP-PBFA/PEPA (1:1) 311.2 464.3 10.23
PP-PBFA/PEPA (2:1) 324.2 473.1 11.57
PP-PBFA/PEPA (4:1) 325.1 474.0 13.32
PP-PBFA 330.2 465.2 10.32
PP-PEPA 319.9 474.0 13.21
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Fig. 6   FGI and FPI images of PP-PBFA/PEPA composites
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heat-resistant char layer was formed on the surface of the 
substrate, which prevents the rapid burning of the PP com-
posites. Moreover, the char residue of PP-PBFA/PEPA com-
posites with a mass ratio of 1:1, 2:1 and 4:1 were increased 
by 20.10%, 37.86% and 21.46%, respectively. The char resi-
due of PP-PBFA and PP-PEPA composites was 8.68% and 
11.29%. The results show that PBFA/PEPA can inhibit the 
combustion of PP.

Analysis of char residue

Figure 8 shows digital photos of char residues after CCT. 
The pure PP in Fig. 8a1 was almost completely burned and 
there was no residual char. The TGA and CCT also con-
firm this Fig. 8b–f showed that PP-PBFA/PEPA had more 
char residue than PP-PBFA and PP-PEPA. Figure 8b1–f1 
showed that the residual char of PP-PBFA and PP-PEPA was 
relatively compact with relatively regular structure; and the 
residual char of PP-PBFA/PEPA weasloose, expansive and 
foaming, indicating that PBFA and PEPA work synergisti-
cally to form IFRs.

Char residues were characterized by FTIR to determine 
functional groups. As shown in Fig. 9a, the curves of PP-
PBFA and PP-PEPA were almost the same, and both had 

infrared peaks around 3421 cm−1 (stretching vibration 
of –NH– or –OH) [21]. –NH– was mainly derived from 
the piperazine structure in the PBFA, while –OH was due 
to the P–OH bond generating from PBFA with O2; The 
char of PP-PEPA showed characteristic absorptions at 
2955 cm−1 (stretching vibration of –CH2–) and 983 cm−1 
(P–O–P characteristic peak) [22], indicating that PBFA 
and PEPA form P–O–P structure during combustion. 
Since the peaks appearing in the infrared characterization 
of char residue of PBFA/PEPA composites were basically 
the same, the char residue of PP-PBFA/PEPA (2:1) com-
posite was selected for analysis. It can be seen in Fig. 9b 
that the peak at approximately 986 cm−1 was attributed 
to the P–O–P groups, the peak appearing at 3417 cm−1 
was assigned to –NH– and –OH stretching vibration and 
the peak appearing at 2955 cm−1 was due to the absorp-
tion of –CH2–. In general, combining with the increase 
in the mass of PP-PBFA/PEPA residual char with differ-
ent proportions, the char residue photos and the residual 
char infrared indicate that there was a synergistic effect 
between PBFA and PEPA during the combustion process. 
The pyrophosphoric acid produced by PBFA and PEPA 
can catalyze the formation of multiple foaming char layer 

Fig. 8   Digital photos of residual char after CCT: PP (a, a1); PP-PBFA/PEPA (1:1) (b, b1); PP-PBFA/PEPA (2:1) (c, c1); PP-PBFA/PEPA (4:1) 
(d, d1); PP-PBFA (e, e1); PP-PEPA (f, f1)

Fig. 9   FTIR spectrum of char 
residues of PP-PBFA/PEPA 
composites
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to block the heat release and prevent the combustion in the 
condensed phase.

Flame‑retardant mechanisms

The av-EHC was used to analyze the working mechanism 
of a gas-phase flame retardant. The av-EHC is the ratio of 
HRR to mass loss referring to the heat released by the vola-
tilization of each unit mass of gaseous substance into the 
gas phase. A low av-EHC value indicates that these flame 
retardants have gas-phase flame-retardant effect with non-
flammable gases existing during combustion. In Table 4, the 
av-EHC for different mass proportions of PP-PBFA/PEPA, 
PP-PBFA and PP-PEPA were decreased. This is because 
PBFA and PEPA can release nonflammable gases, such 
as N2 and NH3 during the combustion process [23]. These 
gases reduce the risk of fire by diluting flammable gases 
to hinder the spread of the fire. Moreover, since PBFA and 
PEPA both contain P element, it can be ascribed to the fact 
that PBFA and PEPA were thermally decomposed to form 
PO· during combustion [17].

According to the image of char residue in Fig. 8 and the 
FTIR curve of char residue in Fig. 9, it can be concluded 
that the phosphoric acid and pyrophosphoric acid produced 
by the PBFA and PEPA during the combustion process can 
catalyze the formation of char. These results also show that 
there is indeed a gas-phase flame-retardant mechanism, but 
the condensed-phase flame-retardant mechanism plays a 
major role.

Conclusions

In this research, water resistance IFRs were formed by 
mechanical mixing of a synthesized cross-linked PBFA and 
PEPA, which greatly enhances the flame retardancy of PP. 
The PP-PBFA/PEPA (2:1) composite has the best flame-
retardant efficiency with the LOI value of 31.2% and the 
UL-94 V 0 rating. The CCT results showed that the PHRR, 
THR and TSP (during 0–465 s) of PP-PBFA/PEPA (2:1) 
decreased by 14.97%, 75.38% and 22.11%, respectively. The 
TGA results demonstrated that PBFA/PEPA could improve 

the amount of char residue at 800 °C. The digital photos 
and FTIR spectrum of residual char after CCT were carried 
out to explain the flame-retardant mechanism. On the one 
hand, PBFA and PEPA can produce the phosphoric acid 
and pyrophosphoric acid during the combustion, which 
can increase the amount of char and catalyze the formation 
of multi-layered and foaming char layer to block the heat 
release. On the other hand, PBFA and PEPA can thermally 
decompose to form PO·, which can capture the high-energy 
free radical H· produced by PP decomposition to further 
reduce the degree of combustion.
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