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In this paper, the flame-retardant Polypropylene (PP) composites were prepared by melt
blending. Ammonium Polyphosphate (APP) and bamboo flour (BF) were selected as flame
retardant and smoke suppressant of the composite material. Among them, BF as a
synergist can effectively improve the flame retardancy and smoke suppression effect of
PP/APP composites. The effects of BF on the mechanical properties, crystallization
behavior, thermal degradation, flame retardancy, and especially the smoke
suppression effect of PP/APP composite materials were studied. thermogravimetric
analysis, limiting oxygen index, cone calorimetry, scanning electron microscopy and
other characterization methods were used to study the thermal stability, flame
retardancy and combustion characteristics of the composites and the microscopic
morphology of carbon residue. Experimental results showed that when the total
addition amount of APP/BF (2:1) in PP55/APP30/BF15 composite is 45%, the residual
carbon had more specific surface area and micro-pores, which causes the composite to
have the best smoke suppression effect. The PHRR of the PP55/APP30/BF15 composite
was reduced to 308.2 kW/m2 and the amount of carbon residuewas 25%. The continuous
carbon layer, formed during combustion can effectively protect the matrix material and
prevent the transfer of heat.
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INTRODUCTION

Polypropylene (PP) is a thermoplastic polymer with excellent comprehensive properties, and it is
now widely used in construction, packaging, transportation and furniture (Kumar et al., 2017). Due
to the poor heat resistance and the poor flame retardancy of PP, its application is limited to a
relatively low temperature (Abu Bakar et al., 2010; Xu et al., 2019). At present, halogen-free flame-
retardant technology is a research focus in the field of flame retardancy for environmental and health
consideration. In this field, many scholars are focusing on 2D flame retardant materials, such as
transition metal compounds because they have excellent catalytic oxidation properties (Kong et al.,
2019; Shi et al., 2019; Yu et al., 2020), but the preparation of such flame retardants is usually more
complicated and the actual cost of application is higher. In addition, phosphorus-containing flame
retardants are often used for flame retardant treatment of polymer because they are rich in
phosphorus elements, such as melamine pyrophosphate, aluminum diethylphosphinate, etc.
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(Tang et al., 2020b; Tang et al., 2020c). This type of flame
retardant usually needs to be compounded with carbon
sources such as expanded graphite (Tang et al., 2020a). Most
of them are additive-type flame retardants, which require a large
amount of addition. Therefore, it will increase the cost of flame-
retardant treatment. In summary, the development of low-cost
environmentally friendly additive-type flame retardants will be of
great significance to actual production.

Phosphorus-based intumescent systems have a wide
application range and high flame-retardant efficiency, so they
are suitable for polymers flame retardant (Yang et al., 2011; Wang
et al., 2012). Ammonium polyphosphate (APP) is a typical
representative of halogen-free flame retardants, which has the
advantages of high efficiency and is environmentally friendly. In
addition, the production process of APP is simple, and it is widely
used in the market. Therefore, APP as an intumescent flame
retardant is widely used in polymer materials (Zhou et al., 2011;
Zhao et al., 2018; Dong et al., 2020; Wu et al., 2020a; Wu et al.,
2020b; Xu et al., 2020). When APP is pyrolyzed, it will promote
the dehydration of the matrix and be decomposed by heat to form
carbides and phosphoric acid, and then cover the surface of the
matrix with a carbon layer. At the same time, APP is decomposed
by heat to generate NH3 and H2O, which can dilute the
concentration of flammable gas in the air, thereby taking effect
as a flame retardant (Wang et al., 2020). The addition of APP into
the PP matrix can improve the flame retardancy of PP,
nevertheless the smoke suppression performance of this
composite material is poor. We found that when bamboo
flour (BF) and APP were added in PP with a certain
proportion, the smoke suppression effect of PP is improved.

Bamboo has a short growth cycle and wide range of planting.
Therefore, bamboo resources are abundant. As a biomass
material, BF has the advantages of good thermal stability, low
cost and degradability (Nie et al., 2013). Because BF has so many
advantages, its application is increasingly extensive (Lee et al.,
2009; Chattopadhyay et al., 2011; Li et al., 2019; Fang et al., 2020).
However, the effect of flame retardancy via adding BF and APP
into PP and studying of its smoke suppression performance has
rarely been reported.

In this study, BF and APP were used as a compound flame
retardant for PP flame retardant modification, and an
environmentally friendly PP composite with flame retardancy
was prepared by a blending process. Flame retardancy and smoke
suppression tests were carried out on the prepared PP composites
by the limiting oxygen index (LOI), the vertical burning method
(UL-94), and the cone calorimeter test, and the thermal stability
of materials by thermogravimetric analysis (TGA). Then, the
scanning electron microscopy (SEM) was used to analyze the
morphology of the samples after the cone test.

EXPERIMENT

Materials
Polypropylene (PP, PPR-4220, random copolymer, MFI: 0.4 g/
10 min) was supplied by China Petrochemical, Co., Ltd. (China).
Ammonium polyphosphate (APP, Degree of polymerization

≥1,000) was bought from Shandong Taixing New Material,
Co., Ltd. (China). BF was bought from Quanzhou Baixin
Biotechnology, Co., Ltd. (China), and the particle size of BF is
about 60 µm.

The Preparation of Samples
PP, APP and BF were dried in a blast drying oven (DHG-9070A)
at 80°C for 12 h before the experiment. First, APP and BF were
added in a small high-speed mixer (FW177) at a fixed speed of
500 rpm and were mixed for 10 min to obtain a compound flame
retardant. Second, the samples were prepared by mixing the
compound flame retardant with PP in a two-roll mill (ZG-
200) at 190°C for 15 min, with a roller speed of 30 rpm. The
components of samples are shown in Table 1. Third, the right
amount of material was weighed and put in a flat vulcanizing
machine (ZG-80T), removing the samples after being pressed for
15 min under 10 MPa pressure. Finally, the samples were dried at
room temperature for 24 h, and various test splines were cut
through a universal sample preparation machine (WZY-240).

Mechanical Properties Test
The tensile strength test and flexural strength test were performed
on a CMT-4104 universal mechanical testing machine (produced
by Shenzhen Xinsansi Material Testing, Co., Ltd), where the
tensile speed is set as 50 mm/min, and the bending speed is 2 mm/
min. The simple supported beam impact test was performed on a
ZBC500 testing machine (produced by Shenzhen Xinsansi
Material Testing, Co., Ltd.).

Cross-Section Topography
The samples were brittle after being frozen in liquid nitrogen and
a part of the complete section of the samples was cut out. Then,
the sections were subjected to gold spraying treatment and the
cross-section morphology was observed at 5 kV by a Regulus
8100 cold field emission scanning electron microscope (produced
by Japan Hitachi Company).

DSC Test
The Q20 differential scanning calorimeter (TA Instruments)
was used to study the melting and crystallization behavior of the
samples. Approximately 7 mg of the sample was weighed and
placed in an alumina crucible. First, the samples were heated
from 30 to 200°C at a rate of 10°C/min and equilibrated for
5 min to eliminate thermal history under nitrogen atmosphere
protection. Then, the temperature was reduced to 30°C at a rate
of 10°C/min and equilibrated for 5 min. Finally, the samples
were heated to 200°C at a rate of 10°C/min and the DSC curve
was recorded.

Flame Retardancy Test
The LOI was measured by a HC-2C oxygen index meter (Nanjing
Shangyuan Analysis Instrument Company, China). The LOI test
was performed according to the ASTMD2863-77. The LOI refers
to the volume fraction concentration of oxygen just supporting
combustion in the oxygen and nitrogen mixed gas. The specimen
dimensions were 125 mm × 6.5 mm × 3.2 mm and five samples
for each group were tested.
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The UL-94 vertical burning test was performed on a CZF-4
vertical burning tester (Nanjing Shangyuan Analysis Instrument
Company, China), according to ASTM D635-77. The specimen
dimensions used for the test were 125 mm × 13 mm × 3.2 mm.

Thermal Stability Test
The TGA was carried out using a SDT Q600 (TA Instruments)
thermo-analyzer instrument at a linear heating rate of 10°C/min
under a nitrogen atmosphere, and the test temperature ranged
from 30 to 700°C. Samples with a mass of about 5–10 mg were
weighed in a clean alumina crucible.

Cone Calorimeter Test
The cone calorimeter test is a method that can effectively reflect
the fire level. The materials were tested for burning performance
using a cone calorimeter (FTT classic, United Kingdom), and the
specimen dimensions were 100 mm × 100 mm × 4 mm. The test
was carried out under the ISO 5660-1 standard with a heat flow of
35 kW/m2.

Scanning Electron Microscopy Analysis
The microscopic morphology of the char residues after the cone
test was examined by a Regulus 8100 cold field emission scanning
electron microscope (produced by Japan Hitachi Company).

RESULTS AND DISCUSSION

Section Characterization
In order to analyze and study the dispersion of flame retardants in
PP, the splines were brittlely broken under the condition of liquid
nitrogen, and the cross-sectional morphology of the samples was
analyzed by SEM. Figure 1 is the SEM images of the samples at
different magnifications. As can be seen from Figure 1A, the section
of pure PP is relatively flat, with a lamellar structure, and behaves as a
typical ductile fracture. After joining APP, the sectional view is
shown in Figure 1B. The cross section is smooth and tidy, showing a
uniform shape which is a typical brittle fracture. As can be seen from
Figure 1C, fibrous BF is evenly wrapped by PP and disperses well.
Comparing D, E, F in Figure 1, it can be seen that the interface
becomes rough and fuzzy when APP and BF were mixed, and some
flours were pulled out. This is due to the agglomeration of APP and
BF, which reduces the compatibility with the matrix. At the same
time, larger roughness caused a larger gap between the flame
retardant and the matrix PP. If an external force was applied,
these gaps will form stress concentrations.

Mechanical Properties
The tensile strength, flexural strength and impact strength of the
samples are shown in Figure 2-4, respectively. It can be seen from

TABLE 1 | The components of samples.

Samples PP PP70/APP30 PP70/BF30 PP65/APP30/BF5 PP60/APP30/BF10 PP55/APP30/BF15

PP/% 100 70 70 65 60 55
BF/% 0 0 30 5 10 15
APP/% 0 30 0 30 30 30

FIGURE 1 | SEM micrographs of PP and composites. ((A) PP; (B) PP70/APP30; (C) PP70/BF30; (D) PP65/APP30/BF5; (E) PP60/APP30/BF10; (F) PP55/
APP30/BF15).
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Figure 2 that the tensile strength of PP was 25.4 MPa. After
adding APP, the tensile strength decreased sharply due to APP
agglomeration. When 30% BF was added, the tensile strength
of the PP70/BF30 sample reached 29.3 MPa, which might be
ascribed to BF having a good strengthening effect. Among the
PP65/APP30/BF5, PP60/APP30/BF10, and PP55/APP30/BF15
samples, the mechanical properties of the three samples were
decreased when the compound flame retardants were added.
This is due to the poor compatibility between flame retardants
and the matrix. However, the addition of BF could properly
enhance the flexural strength of PP/APP composites, as seen
from the result of samples PP65/APP30/BF5, PP60/APP30/
BF10, and PP55/APP30/BF15 in Figure 3. It is possible that BF

was arranged in the matrix along the stress direction, resulting
in the increase of the bending strength. It can be seen from
Figure 2-4 that the tensile strength and impact strength of the
samples PP65/APP30/BF5, PP60/APP30/BF10, and PP55/
APP30/BF15 were slightly decreased. This may be because
the flame retardants cannot be well dispersed in the matrix,
and agglomeration occurs in some places, and stress
concentrations formed around the agglomerated particles.
At the same time, due to the large particle size of the
agglomerated particles, their compatibility with the matrix
is poor. Therefore, the tensile strength and impact strength
of the composites are reduced.

Thermal Performance
The DSC chart of PP and composite materials is shown in
Figure 5, and the main data of the samples after DSC tests
are listed in Table 2. As can be seen from Figure 5 and Table 2,
the crystallization temperature and melting temperature of pure
PP were 109.6 and 144.7°C, respectively. When APP and BF were
added separately, the crystallization temperature and melting
temperature of the samples increased. This is due to the
heterogeneous nucleation of APP or BF in the PP phase. PP
or BF forms a crystal nucleus, which reduces the mobility of the
PP molecular chain, thus leading to a higher crystallization
temperature and melting temperature of the composite
material. When APP and BF are mixed, there may have a
hydrogen bonding which weakens heterogeneous nucleation to
a certain extent (Kumar and Tumu, 2019; Ding et al., 2020; Yang
et al., 2020). As the amount of BF addition increases, the
crystallization temperature increased gradually. The
crystallization temperatures of the samples PP65/APP30/BF5,
PP60/APP30/BF10 and PP55/APP30/BF15 were 108.4, 110.9,
and 111.4°C, and there was no significant change in the
melting temperature of these samples.

FIGURE 2 | Tensile strength of PP and composites.

FIGURE 3 | Flexural strength of PP and composites.

FIGURE 4 | Impact strength of PP and composites.
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Flame Retardant Properties
The results of LOI and UL-94 vertical burning test are shown in
Table 3. According to Table 3, pure PP had a LOI oxygen index of
21, which is easy to burn in air. The LOI of sample PP70/BF30 was
20, which was lower than the pure PP sample, indicating that the
addition of BF promotes the flammability of PP. This result was
confirmed by the TTI (time to ignition) value in the subsequent
cone test, because the BF is a flammable material which reduces the
thermal stability of BF/PP. The LOI values of samples PP65/APP30/
BF5, PP60/APP30/BF10, and PP55/APP30/BF15 were 33, 34, and
32, respectively. This indicates that the presence of APP, the LOI
value of these samples is not significantly affected as the content of
BF increases. It can be seen from the UL-94 grade listed in Table 3
that adding BF or APP alone does not achieve a higher flame-
retardant grade of PP. When the content of APP in the sample is
30%, the UL-94 grade of the sample increased as the content of BF
increases. The UL-94 grades of samples PP65/APP30/BF5, PP60/
APP30/BF10, and PP55/APP30/BF15 were no rating, V-2, and V-1,
respectively. The samples which added both APP and BF showed a
dense carbon layer after combustion. This indicates that the
addition of BF can effectively improve the flame retardancy of
PP/APP composites and promote the formation of charcoal.

Thermal Stability Test
The TGA and DTG curves of samples are shown in Figure 6. Pure
PP begins to decompose at around 320°C and the maximum

decomposition temperature (Tmax) was 450°C. Due to the poor
thermal stability of BF, the PP70/BF30 composite had poor
stability. Figure 7A shows that the sample PP70/BF30
underwent two stages of the pyrolysis and decomposition of
residual carbon. The main peak between 340 and 370°C was
assigned to the degradation of a-cellulose (Lewin and Basch,
1978). This sample has almost no residue at 700°C. This result
shows that adding BF or APP reduced the initial decomposition
temperature of the samples. Because APP is thermally decomposed
to form ammonium polymetaphosphate, it promotes the
decomposition of BF and the matrix to form a carbon layer
covering the surface of the substrate. It can be seen from the
DTG curve that when BF or APP was added, the temperature
corresponding to the maximum decomposition rate of the sample
moves in the direction of a high temperature. The temperature
corresponding to the maximum decomposition rate of the PP65/
APP30/BF5, PP60/APP30/BF10, and PP55/APP30/BF15 increased
to 483, 485, and 491°C, respectively. This is probably due to the fact
that when APP and BF were added into PP, the samples formed a
highly stable carbon layer under the flame which can protect the
matrix from further decomposition. The residue data of the
thermogravimetric analysis was consistent with the residue data
after the cone test. Pure PP residue content was only 0.5% at 700°C,
while the residue content of the PP55/APP30/BF15 sample was as
high as 11.4%, as shown inTable 4. This indicates that the addition
of APP and BF allows PP to form a dense protective carbon layer.

FIGURE 5 | DSC curves of PP and composites. ((A) cooling curves; (B) heating curves).

TABLE 2 | Main data of DSC tests obtained for PP and composites.

Samples Tc (°C) Tm (°C)

PP 109.6 144.7
PP70/APP30 114.1 148.7
PP70/BF30 114.5 148.4
PP65/APP30/BF5 108.4 147.2
PP60/APP30/BF10 110.9 147.7
PP55/APP30/BF15 111.4 147.7

Tc is the crystallization temperature of sample, Tm is the melting temperature of sample.

TABLE 3 | Results of flame-retardant test.

Samples LOI/vol% UL-94

PP 21 ± 0.5 No rating
PP70/APP30 33 ± 0.5 No rating
PP70/BF30 20 ± 0.5 No rating
PP65/APP30/BF5 33 ± 0.5 No rating
PP60/APP30/BF10 34 ± 0.5 V-2
PP55/APP30/BF15 32 ± 0.5 V-1

Frontiers in Materials | www.frontiersin.org November 2020 | Volume 7 | Article 5749245

Liu et al. Flame-Retardant and Smoke Suppression Composites

https://www.frontiersin.org/journals/materials
www.frontiersin.org
https://www.frontiersin.org/journals/materials#articles#articles


Cone Calorimeter Test
The graph of the cone calorimeter test is shown in Figure 7 and
the main data is listed in Table 5. The cone calorimeter test can
truly reflect the level of material burning and can derive many

combustion characteristics (Nie et al., 2008). From Figure 6A, it
can be seen that the PP sample had a sharp and high peak at a heat
flux of 35 kW/m2, this shows that pure PP will burn quickly and
release more heat in a short time. Within 400 s, the peak heat

FIGURE 6 | TGA (A) and DTG (B) curves of PP and composites.

FIGURE 7 | HRR (A), THR (B), TSP (C), and Mass loss (D) curves of PP and composites.
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release rate (PHRR) reached 761.6 kW/m2 and the total heat
release (THR) was 146 MJ/m2 (Figure 6B). The PHRR of
samples PP70/APP30, PP70/BF30, and PP55/APP30/BF15
was reduced to 373.4, 472.4, and 308.2 kW/m2, respectively.
The PP55/APP30/BF15 (APP/BF � 2:1) sample had the lowest
PHRR, and this indicates that the BF and APP have an obvious
synergistic flame-retardant effect in PP. The result shows that
the flame-retardant effect of PP55/APP30/BF15 is the best. This
is due to the fact that APP and BF have a certain synergistic
effect and a dense carbon layer formed during the combustion
process. This carbon layer can effectively block the entry of
oxygen and the release of heat, thus reducing the PHRR of the
sample. It can be seen from Figure 6A that the burning time of
PP55/APP30/BF15 was significantly longer than that of pure PP.
It is due to the decomposition of transient carbon (Bai et al.,
2014). To a certain extent, the addition of APP and BF can
effectively inhibit the spread of the flame and reduce the risk
factor of fire.

When the test sample is pyrolyzed under the condition of heat
radiation, the local concentration of released flammable volatiles
reaches the lower limit of flammability, and combustion occurs
(Monti and Camino, 2013). Table 5 shows that the addition of
additives reduces the time to ignition (TTI) of the samples. The
TTI of the pure PP was 60 s and in the PP70/BF30 sample it was
46 s. The TTI of samples with BF additive alone was 14 s ahead of
the pure PP. The addition of BF had the greatest influence on the
flame retardancy of all samples and this result was substantiated in
the thermogravimetric data. When APP was added, the TTI of the
PP55/APP30/BF15 sample was extended and ignited at 52 s. This
is due to the presence of an expanded carbon layer in the presence
of APP which covered the surface of the substrate and prolonged
the ignition time. It can be seen from Figure 6B that the THR
slope of samples PP65/APP30/BF5, PP60/APP30/BF10, and
PP55/APP30/BF15 gradually slows down with the increase of
flame-retardant content. Within 500 s, the THR of PP55/APP30/
BF15 was only 86.2 MJ/m2, while in PP it was 151.9 MJ/m2.
Compared with PP, the THR of PP55/APP30/BF15 decreased
43.3%. The slope of the THR curve can reflect the spread fire of
samples. This result proves that the combination of APP and BF
can effectively inhibit the generation of heat.

When a fire occurs, the mortality caused by smoke is more than
that caused by flame. According to reports, about 50% of those
trapped in a fire were killed by inhaling toxic gases instead of from
fire damage (Manfredi et al., 2006; Manfredi et al., 2010). The initial

500 s is of great significance for escaping a fire (Araby et al., 2018;
Kruger et al., 2019; Blais et al., 2020). The total smoke production
(TSP) curve, as shown in Figure 6C, indicates that the TSP values
of samples where flame retardant were added, are more than, or
close to those of the pure PP within 500 s except for the PP55/
APP30/BF15 sample. The TSP value of the PP55/APP30/BF15
sample was 14.5 m2 which is 30.3% lower than PP. Decreasing the
value of TSP can improve the smoke suppression effect. The reason
“why the smoke suppression effect of the PP55/APP30/BF15
sample is so significant” (Dong et al., 2012; Sun et al., 2020; de
Juan et al., 2020) is that the synergistic action of BF and APP in the
combustion process is within 500 s. This process formed a dense
and porous structure of sintered carbon. This was confirmed by the
SEM image of the carbon residue after the cone test. This result
shows that APP and BF added in PP significantly promotes the
formation of residues. Cone test results show that the residue
content of the PP55/APP30/BF15 sample reached 25%, but the
pure PP had no residue formation. It can be seen from Figure 6D
that the PP55/APP30/BF15 sample has the lowestmass loss and the
highest residual amount. This indicates that the APP/BF system
effectively forms an expanded and dense carbon layer. The carbon
layer protects the underlying substrate from rapid degradation and
reduces the release of combustible gases during combustion.
Thereby, the residual carbon after burning was increased.

Microscopic Characterization
The digital photos of samples after the cone calorimeter test are
shown in Figure 8. There was almost no residue after the
combustion of pure PP as shown in Figure 8A. This is because
PP is a polyolefin compound and will burn completely when it is
ignited. APP can promote PP to form a continuous and expanded
carbon layer as shown in Figure 8B. However, the addition of BF
into PP only formed a small amount of gray charcoal, as shown in
Figure 8C. When the content of APP is 30%, as the content of BF
increases, the carbon layer becomes denser and denser. There are
no macro-cracks in the carbon layer, as shown in Figure 8E.
When combustion occurs, APP will decompose to produce acidic
substances such as polyphosphoric acid, which quickly dehydrates
the carbon source (BF) into char. The formed carbon layer is
continuous and dense, which can be observed in Figure 8. The
results in Figure 8 show that the addition of BF and APP into PP
can effectively promote char formation. BF and APP had a good
synergistic flame-retardant effect and had a certain cross-linking
effect.

TABLE 5 | Main data of cone calorimeter test of PP and composites.

Samples PHRR
(kW/m2)

THR
(MJ/m2)1

TSP (m2)2 Mass loss
(%)

TTI (s)

PP 761.6 151.9 20.8 100 60 ± 1
PP70/APP30 373.4 127.1 22.7 78 57 ± 1
PP70/BF30 472.4 156.8 23.9 99 46 ± 1
PP65/APP30/BF5 379.4 112.6 22.6 78 55 ± 1
PP60/APP30/BF10 346.3 90.0 18.4 77 56 ± 1
PP55/APP30/BF15 308.2 86.2 14.5 75 52 ± 1

THR (MJ/m2)1 means total heat release of sample at 500 s; TSP (m2)2 means total smoke
production of sample at 500 s.

TABLE 4 | TGA data obtained for PP and composites.

Samples T1wt% (°C) T5wt% (°C) Tmax (°C) Char residue at 700°C
(wt%)

PP 364.38 391.95 451.12 0.5
PP70/APP30 273.25 381.79 472.87 7.8
PP70/BF30 240.43 288.72 464.96 2.6
PP65/APP30/BF5 277.82 361.91 483.82 8.7
PP60/APP30/
BF10

261.79 324.48 485.63 9.9

PP55/APP30/
BF15

177.99 301.24 491.84 11.4
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In order to observe the microscopic morphology of the
carbon layer, residue after the cone calorimeter test was
observed by SEM. Since there was almost no residue
formation after the cone test of pure PP, no observation
was made for pure PP. It can be seen from Figure 9 that
although the microstructure of the carbon residue of the PP70/
APP30 sample was relatively smooth and continuous, the
carbon layer as a whole was brittle. It can be seen from
Figure 9B that by adding 30% BF alone, the carbonation
effect of the sample was poor, and the continuous carbon
layer did not form.

After compounding BF 5, 10, 15, and 30% into APP, it can be
seen from the SEM image that the continuity and compactness of
the carbon layer are gradually increased in Figures 9C–E. The
pores in the carbon layer became smaller and smaller. The
morphology of the carbon residue shows a rough and convex
appearance. These protrusions had many micropores which
greatly increased the specific surface area of the carbon layer.
At the same time, a cross-linking network was formed between
the protrusions, so the stability of the carbon layer was improved.
The carbon layer can effectively suppress the spread of heat. As
shown in Figure 9E, the existence of many microporous
structures in the carbon layer may be a significant cause of the

smoke suppression effect, because these micro-holes may absorb
part of the smoke.

CONCLUSIONS

A series of flame-retardant PP composites with a certain ratio of BF
and APP were prepared. BF was used as a synergistic smoke
suppressant. The influence of BF and APP as flame retardants
on PP was studied. The addition of BF alone will improve the
comprehensive mechanical properties of PP. However, when the
APP and BF were mixed, the particles will agglomerate due to the
higher amount of the addition. They will reduce some mechanical
properties of PP. DSC results showed that the addition of BF in PP
produced heterogeneous nucleation and affected the crystallization
behavior of the composites. When the ratio of APP to BF was 2:1
and the total addition amount was 45%, the smoke suppression
effect was most significant. The amount of carbon residue reached
25%. TGA and DTG data show that the PP55/APP30/BF15 sample
had the highest amount of carbon residue with 11.4%, while pure
PP had almost no carbon residue generation. The results of cone
calorimetry show that the PHRR, THR, and mass loss of the PP55/
APP30/BF15 sample were significantly lower than that of the pure

FIGURE 8 |Digital photo of surface intumescent carbon layer of PP and composites after cone calorimeter test. ((A,Aʹ) PP; (B,Bʹ) PP70/APP30; (C,Cʹ) PP70/BF30;
(D,Dʹ) PP65/APP30/BF5; (E,Eʹ) PP60/APP30/BF10; (F,Fʹ) PP55/APP30/BF15).
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PP, from 761.6 to 308.2 kW/m2, from 151.9 to 86.2 MJ/m2, and
from 100 to 75%, respectively. The SEM and the digital photos of
residual carbon show that the PP55/APP30/BF15 sample formed a
dense and continuous carbon layer, which hinders the transfer of
heat and flammable gases into the matrix. The carbon layer had
many convex structures, which contains many tiny holes that may
absorb a large amount of smoke. Thus, the PP55/APP30/BF15
sample exhibited a better smoke suppression effect. Therefore, it
substantiates that the combination of APP and BF is a potential
application for PP with flame retardancy and smoke suppression.
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