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Ammonium polyphosphate (APP) with different polymerization degrees were modified by a
novel phosphorus-containing organosilicon compound (PCOC), and the products
obtained were coded as MAPP-30 and MAPP-1000. Then they were applied to
prepare flame-retardant rigid polyurethane foam (RPUF) separately. The impact of
modified APP (MAPP) on the flame-retardant properties of RPUF was investigated by
the limited oxygen index (LOI) test, horizontal burning test, and cone calorimeter test. The
morphologies of the char residues were observed by SEM. Furthermore, the mechanical
properties of RPUF composites were measured by the compressive strength test. The
results showed that whether the degree of polymerization of MAPP is 30 or 1000, they
both had greater charring ability and better flame-retardant properties than unmodified
APP. The residual char yield of RPUF/MAPP-30 (37.3%) and RPUF/MAPP-1000 (36.5%)
were both significantly higher than RPUF/APP-30 (22.8%) and RPUF/APP-1000 (24.9%).
The peak heat release rate value of RPUF/MAPP-30 was 29.9% lower than that of RPUF/
APP-30, and the drop of RPUF/MAPP-1000 was 50.9% compared to RPUF/APP-1000.
Moreover, the total heat release of RPUF/MAPP-1000 (9.7 MJ/m2) was much lower than
that of RPUF/MAPP-30 (11.3 MJ/m2). In summary, MAPP-1000 has the best flame-
retardant properties among all RPUF composites. In addition, the results also showed that
flame-retardant performance and the mechanical properties dramatically decreased with
the increase in the addition of MAPP-1000, and the RPUF composite had the best
comprehensive performance with 20% content of MAPP-1000.

Keywords: rigid polyurethane foam, ammonium polyphosphate, surface modification, flame retardancy, charring
ability

INTRODUCTION

Rigid polyurethane foam (RPUF), a polymer material, is widely used in the fields of insulation,
packaging material, construction panels, and furniture due to its excellent properties, which include
low heat conductivity, low density, high strength-to-weight ratio, and aging resistance (Yang et al.,
2015; Yang et al., 2017; Yang et al., 2019). Nevertheless, RPUF is highly flammable and easily
ignitable due to its unique chemical structure (Levchik and Weil, 2004). Moreover, it generates a
large amount of heat and releases some toxic gases during combustion, and the fire hazard greatly
endangers the safety and health of humans, significantly limiting its application in many fields (Chen
et al., 2019a). Therefore, it is essential to develop excellent flame retardant RPUF materials.
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The traditional flame-retardant treatment of polyurethane foam is
the addition of halogenated flame retardants (Shaw et al., 2010).
However, most of the halogenated flame retardants had high
environmental persistence and harmful bioaccumulation. With the
increasing awareness of environmental protection, halogen-free flame
retardants (Yang et al., 2009; Sypaseuth et al., 2017; Zheng et al., 2017;
Bhoyate et al., 2019; Li et al., 2019a; Chen et al., 2020a) have been
developed and applied in flame-retardant RPUF materials due to
their advantages of low-smoke, low-toxicity, and high-efficiency.

At present, organic-inorganic hybrid flame retardants (Qin et al.,
2015; Chen et al., 2019b) have been widely used and deeply studied
due to their good compatibility with polymers and high flame
retardant efficiency. Intumescent flame retardants (Camino et al.,
1989; Xi et al., 2016; Yuan et al., 2016a; Zhang et al., 2020a) and
phosphorus-containing compounds (Liu et al., 2016; Yuan et al.,
2016b; Zhang et al., 2020a) such as ammonium polyphosphate
(APP), dimethyl methylphosphonate (DMMP), triethyl phosphate,
and aluminum hypophosphite draw people’s attention due to their
low toxicity and high efficiency. They have been widely used
in many polymer-based materials. As a typical phosphorus-
and nitrogen-containing halogen-free flame retardant, APP
has been widely used in many polymers including RPUF
(Deodhar et al., 2011; Hazer et al., 2019; Wu et al., 2019). The
degree of polymerization is an important factor affecting the flame
retardancy of APP and also affects the compatibility between APP
and the polymermatrix. There are six crystal types of APP, of which
type I and type II are commonly used (Watanabe et al., 2000). The
degree of polymerization of APP (type I) is usually less than 100,
while that of APP (type II) is as high as 1,000 or more. APP with a
high degree of polymerization is widely used in materials and
coatings. In addition, the poor dispersibility and compatibility of
APP with the RPUF matrix result in a low flame-retardant
efficiency (Chen et al., 2017a). Therefore, it is necessary to
modify APP to improve its flame-retardant efficiency in RPUF.
At present, the main methods to solve this problem
are microencapsulation or surface treatment with the silane
coupling agent (Qin et al., 2015; Xu et al., 2015; Zhang et al., 2020b).

In our previous study, a novel phosphorus-containing
organosilicon compound (PCOC) was synthesized and
characterized (Chen et al., 2018). In our research, APP with
different polymerization degrees (APP-30 and APP-1000)
was modified by PCOC, and the products obtained were
coded as MAPP-30 and MAPP-1000. The effect of MAPP-30
and MAPP-1000 on the key performance parameters of RPUF
materials, such as oxygen index, thermal stability, and cone
calorimetry, were explored and compared. The morphologies
of residue char were observed, and the mechanical properties
of RPUF composites were also investigated. In addition, the
effect of the amount of MAPP-1000 on the performance of
RPUF was also studied.

EXPERIMENT

Materials
Phenylphosphoryl dichloride (BPOD) was purchased from
Shanghai Macklin Biochemical Co., Ltd. Low molecular

weight polyether polyol (DP400) was supplied by Kukdo
Chemical Co., Ltd. 3-aminopropyltriethoxysilane (KH-550)
was supplied by Sinopharm Chemical Reagent Co., Ltd. 1,4-
Dioxane was supplied by Tianjin Fuchen Chemical Reagents
Factory. Tetrahydrofuran (THF) was purchased from
Sinopharm Chemical Reagent Co., Ltd. Triethylamine was
purchased from Tianjin Kwangfu Fine Chemical Industry
Research Institute. APP-30 (30 < n < 50) and APP-1000
(n > 1,000) were purchased from Hangzhou JLS Flame
Retardants Chemical Co., Ltd. Premixed polyether polyol
(ELASTOSPRAY 81305) was purchased from the German
BASF Company (viscosity at 25°C: 640 mPa×s; hydroxyl
value: 320 ± 10 mg KOH/g). Polyisocyanate (PAPI, 44V20)
was purchased from Covestro Polymers (China) Co., Ltd.
(-NCO%: 30; monomer methylene diphenyl diisocyanate
(MDI)%: 52).

Synthesis of Phosphorus-Containing
Organosilicon Compound
PCOC was synthesized according to the methods reported in
our previous literature (Chen et al., 2018); the chemical
structure is shown in Figure 1. Moreover, in this study, a
small amount of ammonia water was added to the PCOC at
room temperature, and then the PH value was tested after
stirring for a while. The process was repeated until the PH
value of PCOC was neutral. Finally, the surface treatment
agent PCOC was obtained after the vacuum distillation
process.

Preparation of MAPP-30
12 g of PCOC and 88 ml of anhydrous ethanol were added into
a 250 ml three-necked round-bottom glass flask, and then
11 ml distilled water was added in drops into the flask. After
the dripping was completed, the mixture was stirred at 25°C
for 15 min to derive homogeneous PCOC dispersion (the
volume ratio of PCOC, water, and anhydrous ethanol is 1:
1:8). Simultaneously, 40 g APP-30 and 200 ml anhydrous
ethanol were introduced in a 500 ml three-neck flask, and
ultrasonic dispersion was performed at 40°C for 40 min.
Afterward, the hydrolyzed PCOC was added to the APP
suspension at a rate of 2–3 drops per second while
maintaining the temperature at 40°C. The latest mixture
was slowly heated to 60°C, and the reaction was allowed to
proceed at 60°C for 3 h. After the reaction, the solvent in the
reaction mixture was removed by vacuum distillation. Finally,

FIGURE 1 | Chemical structure of PCOC.
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the system was distilled under pressure, and the product was
then dried in a vacuum oven at 85°C for 8 h. The final product
was referred to as MAPP-30. The schematic process of MAPP-
30 is shown in Figure 2. MAPP-1000 was synthesized
according to the methods reported in our previous
literature (Chen et al., 2018). MAPP-30 was obtained by
using PCOC-modified APP-30, and MAPP-1000 was
obtained by using PCOC-modified APP-1000.

Preparation of Flame-Retardant RPUF
Composites
The flame-retardant RPUF composites (FR-RPUFs) were prepared
by free-foaming in our laboratory. The compositions of FR-RPUFs
are listed inTable 1. Polyether polyol andMAPP (or APP) was first

added into a container according to the ratio with stirring to form a
uniform mixture. PAPI was immediately added into the same
container, followed by stirring at 3,000–4,000 rpm for 10–15 s to
obtain the latest mixture. After the foam was prepared,
it demanded for 24 h curing. Finally, after curing, the foam was
cut to prepare standard size samples, accordingly, for testing.

Characterizations
The molecular structures of APP-30 and MAPP-30 were
characterized by Fourier transform infrared (FTIR)
spectroscopy on a Nicolet iN10MX spectrometer (Nicolet
Instrument Company, Madison, Wisconsin, United States)
over the wavenumber range from 500 to 4,000 cm−1 with 32
scans. The test specimens were prepared by the potassium
bromide-disk technique.

FIGURE 2 | Surface modification of APP-30.

TABLE 1 | Formulas compositions of RPUF composites.

Sample Polyether polyol (g) PAPI (g) H2O (g) APP-30 (g) APP-1000 (g) MAPP-30 (g) MAPP-1000 (g)

Pure RPUF 100 100 1 0 0 0 0
RPUF/APP-30 100 100 2.5 40 0 0 0
RPUF/APP-1000 100 100 2.5 0 40 0 0
RPUF/MAPP-30 100 100 2.5 0 0 40 0
RPUF/MAPP-1000 100 100 2.5 0 0 0 40
RPUF/25MAPP-1000 100 100 2.5 0 0 0 50
RPUF/30MAPP-1000 100 100 2.5 0 0 0 60
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The thermal properties of RPUF composites were
characterized by thermogravimetric analysis (TGA)
measurements performed using a Q50 IR (TA Instruments,
United States) thermal gravimetric analyzer. About 4 mg of
the sample was placed in an alumina crucible and heated from
50 to 800°C at a rate of 20°C/min−1 under N2 atmosphere.

The limiting oxygen index (LOI) values were measured with a
Dynisco LOI instrument (Fire Testing Technology (FTT),
United Kingdom) according to ASTM D 2863-97 with a
dimension specimen of 100.0 mm × 10.0 mm × 10.0 mm.

The horizontal burning test was performed on an FTT 0082
instrument (Fire Testing Technology Ltd., United Kingdom) in
accordance with ISO 09772-2001. The dimension of the samples
was measured as 150.0 mm × 50.0 mm × 13.0 mm (length ×
width × thickness).

The fire behavior was characterized by using an FTT cone
calorimeter (Fire Testing Technology Ltd., United Kingdom) at a
heat flux of 50 kW/m2 according to ISO 5660, and the dimension
of the samples was 100.0 mm × 100.0 mm × 3.0 mm. The
measurement for each sample was repeated thrice, and the
typical cone calorimetry data were reproducible within ±10%.

The micromorphology of the residues of FR-RPUFs after the
cone calorimeter test was observed by using a Phenom Pro
scanning electron microscope (SEM, Phenom World,
Netherlands) under high vacuum conditions with an
accelerating voltage of 5 kV.

The compressive properties of the FR-RPUFs were
characterized by a CMT6104 universal testing machine (Sheng
Zhen, China) according to ISO 844-1787. The measurement for
each sample was repeated three times at least to obtain average
values. The dimension of each specimen was 50.0 mm × 50.0 mm
× 50.0 mm (length × width × thickness).

RESULTS AND DISCUSSION

Characterization of Modified APP
Figure 3 shows the FTIR spectra of APP-30 and APP-1000 before
and after modification. It could be seen from Figure 3A that
typical peaks of APP-30 mainly include N-H (3,250 cm−1,
1,400 cm−1), P�O (1,270 cm−1), and P-O-P (850 cm−1).
Compared with the spectrum of APP-30, the absorption peaks
of Si-O-C groups can be clearly observed at 1,000∼1,100 cm−1 for
MAPP-30, and the stretching vibration peaks of the C-H groups
of aromatic rings also can be found at 2,960∼2,850 cm−1. From
the results, it can be concluded that PCOC has been successfully
grafted onto the surface of APP-30. As shown in Figure 3B, the
most characteristic peaks of APP-1000 and PCOC still existed in
MAPP-1000. The typical characteristic peaks of APP-1000 are at
3,200 (N-H), 1,250 (P�O), and 830 cm−1 (P-O-P). The peaks at
2,960∼2,850 cm−1 were assigned to the characteristic peaks of
C-H stretching vibrations, which came from PCOC. The peaks at
1,480 cm−1 is due to C-C of aromatic rings skeletal vibrations.
Moreover, the stronger absorption peaks emerging at about
1,100 cm−1 corresponded to the Si-O-C stretching vibrations.
The above information indicates that the modification of APP-
1000 was also successful.

Thermal Stability of Ammonium
Polyphosphate and Modified APP
Flame-Retardant Additives
The thermal stability and amount of residue at high temperature
are essential indicators to evaluate flame retardants (Chen et al.,
2017b). A comparative thermal degradation behavior of
unmodified and modified APP under N2 can further analyze
the thermal decomposition behavior of MAPP. The
thermogravimetric analysis (TGA) and derivative
thermogravimetric (DTG) curves of APP-30, APP-1000, MAPP-
30, and MAPP-1000 under N2 are shown in Figure 4. The typical
data are summarized in Table 2, such as the initial decomposition

FIGURE 3 | FTIR spectra of APP-30, MAPP-30 (A) and APP-1000,
MAPP-1000 (B).
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temperature (Td,5%), the maximum decomposition temperature
(Tmax), and residuals at 800°C.

According to the TGA curves, the thermal degradation of
APP-30 and APP-1000 both involve two stages in the nitrogen
atmosphere. The first degradation stage occurred before 500°C;
the evolved products at this stage were mainly NH3, H2O, and
phosphoric acid. Then, the second degradation stage occurred
above 500°C; polymetaphosphate and polyphosphoric acid were
formed. The Tmax of APP-30 (578.2°C) in the second stage was
similar to that of APP-1000 (578.8°C). In contrast, the Td,5% of
APP-30 (154.7°C) was lower than that of APP-1000 (325.7°C),

and the weight loss of APP-30 is 40% in the first stage, while APP-
1000 is 20%. Through literature review, we find that the initial
decomposition temperature of APP with a low degree of
polymerization is about 150–250°C, which is due to the short
molecular chain (Hazer et al., 2019).

MAPP-30 was the final product of APP-30 modified by PCOC,
and it showed three decomposition stages. As can be seen from
Table 2, the Td,5% of MAPP-30 (177.5°C) was higher than APP-30
(154.7°C), indicating the better thermal stability of MAPP-30 after
the modification of PCOC. The reason for higher initial
decomposition temperature of MAPP-30 than APP-30 is that
the initial decomposition temperature of PCOC is above 200°C.
Combined with Table 2, the second stage was from 200 to 300°C,
attributing to the decomposition of PCOC. The third degradation
stage occurred above 500°C, which was the main degradation stage
ofMAPP-30. The Tmax in this stage was 575.1°C, which was similar
with APP-30, indicating the same degradation process of APP-30
and MAPP-30 in this stage.

MAPP-1000 also showed three degradation processes. From
200 to 400°C, APP decomposed and released NH3 and H2O.
PCOC also decomposed at this stage. The Td,5% of MAPP-1000
(277.9°C) was lower than that of APP-1000 (325.7°C), which was
due to the induced decomposition effect of PCOC to promote the
earlier decomposition of MAPP-1000. From 500 to 600°C,
MAPP-1000 had a slight weight loss, but APP-1000 mainly
decomposed during this temperature range. It indicated that
the degradation process of MAPP-1000 was not the same as
APP-1000. MAPP-1000 mainly decomposed in the third stage
(700–800°C). The Tmax for MAPP-1000 (732.4°C) was
significantly higher than that of APP-1000 (578.8°C). It
demonstrated that more stable structures, which may be
produced by the reaction between PCOC and APP-1000, were
formed during high temperatures. It is noteworthy that the
residual char at 800°C of MAPP-30 and MAPP-1000 were
21.8 wt% and 22.0 wt%, which were obviously higher than
APP-30 (10.8 wt%) and APP-1000 (10.9 wt%), respectively. In
summary, the Td,5%, Tmax, and char yield of MAPP-1000 were
higher than that of MAPP-30, indicating that MAPP-1000 had a
better thermal stability.

Flame-Retardant Performance of RPUF
Composites
Horizontal burning and LOI tests are commonly used to
characterize the flammability of RPUF composites (Jing et al.,

FIGURE 4 | TGA and DTG curves of APP-30, MAPP-30 (A), and APP-
1000, MAPP-1000 (B).

TABLE 2 | TGA Data of APP-30, MAPP-30, APP-1000, and MAPP-1000.

Samples Td,5% (°C) Tmax (°C) Residuals
at 800°C (wt%)

APP-30 154.7 578.2 10.8
MAPP-30 177.5 575.1 21.8
APP-1000 325.7 578.8 10.9
MAPP-1000 277.9 732.4 22.0

TABLE 3 | Results of LOI test and horizontal burning test for RPUF composites.

Samples LOI (%) Horizontal burning rating

Pure RPUF 20.6 HBF
RPUF/APP-30 24.2 HF-1
RPUF/APP-1000 24.6 HF-1
RPUF/MAPP-30 24.2 HF-1
RPUF/MAPP-1000 24.5 HF-1
RPUF/25MAPP-1000 24.9 HF-1
RPUF/30MAPP-1000 24.9 HF-1
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2018; Li et al., 2019b; Sai et al., 2021). Table 3 shows the LOI
values and the results of the horizontal burning test. It could be
seen that pure RPUF had an LOI value of only 20.6% and reached
HBF is a level of UL 94 horizontal burning rating. As could be
seen from Table 3, the LOI values were almost unchanged when
MAPP-30 orMAPP-1000 were added into RPUF alone compared
with that of RPUF/APP-30 or RPUF/APP-1000. The LOI value of
RPUF/MAPP-1000 was 24.5%. With the increase in the addition
of MAPP-1000, the LOI values of RPUF composites containing
MAPP-1000 had a slight increase. The LOI values of RPUF/
25MAPP-1000 and RPUF/30MAPP-1000 were both 24.9%. In
addition, the results of the horizontal burning test show that
RPUF/APP systems and RPUF/MAPP systems can all reachHF-1
rating.

The cone calorimeter test is a widely applied technique in
evaluating the fire performance (Bhoyate et al., 2018). In this
work, the flame-retardant behavior of MAPP on RPUF was
further evaluated by means of the cone calorimeter test. The
heat release rate (HRR) and char yield curves for FR-RPUFs are
presented in Figure 5. In addition, partial data, such as the peak

heat release rate (PHRR), average value of effective heat of
combustion (av-EHC), total heat release (THR), total smoke
release (TSR), average value of mass loss rate (av-MLR), and
char yield, are listed in Table 4.

Figure 5A gives the HRR curves of pure RPUF and RPUF
composites with different flame retardants. It could be seen that
pure RPUF burns rapidly after ignition and its PHRR value is
310 kW/m2. When APP-30 is added into RPUF, the HRR of
RPUF/APP-30, the PHRR (227.4 kW/m2) is lower than that of
pure RPUF. After the addition of untreated APP into RPUF,
APP-30 decreased the PHRR, and the addition of APP-1000
increased the peak heat release rate slightly. This may be due to
the poor dispersion of APP in RPUF due to the increase in the
degree of polymerization (Zhang et al., 2018). The PHRR value of
RPUF/MAPP-30 is 158.6 kW/m2, which was decreased by 48.9%
compared with RPUF/APP-30. The similar phenomenon also
occurred in RPUF/MAPP-1000, and the drops were 30%. It is
obvious that the PHRR values of RPUF composites containing
modified APP were all reduced, as compared to the RPUF/APP
systems. The reduction of PHRR values may be related to the
formation of high amount of table char residues, which can be
proved by the char yields data in Table 4. Moreover, the PHRR
value of RPUF gradually increases as MAPP-1000 loading
increases, which may be due to the weak protective effect of
the char layer.

After the modification of APP by PCOC, the THR of all RPUF/
MAPP composites decreased. In contrast, the THR values of
RPUF/MAPP-1000 (9.7 MJ/m2) was lower than that of RPUF/
MAPP-30 (11.3 MJ/m2). When the addition of MAPP-1000
increased to 25 and 30% from 20%, the THR values of RPUF/
25MAPP-1000 and RPUF/30MAPP-1000 were increased
compared with RPUF/MAPP-1000. This was because of the
poor compatibility between excessive MAPP-1000 and RPUF
matrix, which reduced the flame retardancy of the RPUF
composites.

Figure 5B shows the char yield curves of the RPUF composite
samples. For pure RPUF, the amount of char yield was only
12.2%. Additionally, the char yields for RPUF/APP-30 and
RPUF/APP-1000 was 22.8 and 24.9%, while the values for
RPUF/MAPP-30 and RPUF/MAPP-1000 were 37.3 and 36.5%,
respectively, indicating an efficient char forming ability of MAPP
for RPUF. It was worth noting that in the RPUF/MAPP systems,
when the amount of MAPP was only 20%, the char yield of the
composites was the highest. The protective char layer formed
during the combustion of RPUF/MAPP can isolate the RPUF
from the flame and prevent the heat transfer, thus leading to
better flame retardancy. Themore char residue formed during the
combustion leads to the better barrier protection.

The change in the residual char also affects the TSR values of
RPUF. The TSR value of pure RPUF is 505.7 m2/m2; after the
addition of APP, the TSR values increase obviously. The reason is
APP can promote the carbonization of RPUF, leading to
incomplete combustion of RPUF and thus yielding more
smoke. In addition, TSR of RPUF/MAPP systems were much
lower than RPUF/APP systems, indicating that the modification
procedure by PCOC can lock more combustion products in the
condensed phase and effectively inhibit the release of smoke

FIGURE 5 | HRR (A) and Char yield (B) curves of FR-RPUFs.
Macroscopic and Microscopic Morphologies of Residual Char.
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(Bhoyate et al., 2018). For pure RPUF, the value of TSR is
505.7 m2/m2 and decreases significantly to 326.0 m2/m2 for
RPUF/MAPP-1000, which can be interpreted as formation of
the dense carbon layer; the total amount of smoke is decreased
during the combustion process. Moreover, the av-EHC values of
RPUF/APP-30, RPUF/APP-1000, RPUF/MAPP-30, and RPUF/
MAPP-1000 are 16.2 MJ/kg, 15.7 MJ/kg, 16.7 MJ/kg, and
17.1 MJ/kg, a drop of 16.5, 19.1, 13.9, and 11.8% than that of
pure RPUF (19.4 MJ/kg). It can be deduced that APP exhibits
good flame-retardant efficiency in the gas phase. Additionally, the
av-EHC values of RPUF/MAPP samples were slightly higher than
that of RPUF/APP, indicating the RPUF/MAPP composites
worked mainly through condensed phase. In conclusion,
MAPP-1000 could exert a better flame retardancy with a
proper addition (20%) in RPUF.

In order to further explore the effect of the polymerization
degree of APP on the flame retardant performance of MAPP in
RPUF, the morphology of residual char after cone calorimetry
was analyzed in detail. Figure 6 showed the digital photos of
RPUF composites after the cone calorimeter test. As can be seen
from Figure 6, there was almost no residual char after the
combustion of pure RPUF. As can be seen from Figures 6B,C,
the char layers of both RPUF/APP-30 and RPUF/APP-1000 had

no height. Compared with RPUF/APP-1000, the char layer of
RPUF/APP-30 was more complete, but its surface was cracked.
Moreover, the char layer of RPUF/APP-1000 presented an “island
structure,” indicating that the dispersion of APP-1000 in the
matrix was poor. Compared with RPUF/APP systems, the
residual char of RPUF/MAPP systems were significantly
increased, and the intumescent phenomenon of the char layer
was also observed. Compared with Figures 6D,E, it showed that
the residual char of RPUF/MAPP-1000 was more than that of
RPUF/APP-1000, and the height of RPUF/MAPP-1000 carbon
layer was the largest. The char layer generated by RPUF/MAPP-
1000 was more complete and compact with no obvious cracks on
its surface and presented the morphology of the intumescent char
layer, which indicated that RPUF/MAPP-1000 had a better char-
forming ability. The formation of the intumescent char layer was
due to uniform dispersion of APP after coating on the one hand
and the surface treatment agent PCOC acting as the carbon
source on the other hand; so the carbon layer presented a typical
morphology of the intumescent char layer. It is well known that
the char layer can block the transfer of oxygen and heat, which
decreased the combustion intensity of materials (Chen et al.,
2016; Chen et al., 2017c; Li et al., 2018; Guo et al., 2019; Xu et al.,
2019). From Table 4, the char yield of RPUF/MAPP-1000

TABLE 4 | Results of cone calorimeter test for RPUF composites.

Samples Pk-HRR (kW/m2) Av-EHC (MJ/kg) THR (MJ/m2) TSR (m2/m2) Char yields
(%)

Pure RPUF 310 19.4 12.2 506 12.2
RPUF/APP-30 227 16.2 12.7 595 22.8
RPUF/APP-1000 318 15.7 11.2 642 24.9
RPUF/MAPP-30 159 16.7 11.3 390 37.3
RPUF/MAPP-1000 156 17.1 9.7 326 36.5
RPUF/25MAPP-1000 189 17.2 12.1 454 35.1
RPUF/30MAPP-1000 236 19.0 11.7 543 34.2

FIGURE 6 | Residual char digital photos of Pure RPUF (A), RPUF/APP-30 (B), RPUF/MAPP-30 (C), RPUF/APP-1000 (D) and RPUF/MAPP-1000 (E).
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reached 36.5% at 400 s. The results indicated that MAPP-1000
with a high degree of polymerization was more conducive to
promoting the formation of the intumescent char layer with
higher thermal stability.

Figure 7 shows the SEM images of the residual char of
different flame retardant RPUF composites after cone
calorimetry. As shown in Figures 7A,C, the surface of RPUF/
APP carbon residue was wrinkled and uneven, and there were
obvious pores and cracks on the surface. This was caused by the
release of a large number of volatile gases during the combustion
process of the material, which weakened the protective effect of
the carbon layer on the matrix and increased the combustion
intensity of RPUF/APP (Zhang et al., 2020c). As can be seen from
Figures 7B,D, both RPUF/MAPP-1000 and RPUF/MAPP-30
exhibit a closed bubble structure, which is the characteristic
morphology of the intumescent flame retardant systems
(Zhang et al., 2021). It showed that modified APP was
conducive to promoting the formation of the expanded carbon
layer, thus inhibiting the exchange of heat and flammable gas, and
effectively preventing further degradation of the matrix. It was
found that the higher the degree of APP polymerization, the
higher the viscosity at high temperature, and the gas is not easy to
break through the carbon layer and overflow (Yuan et al., 2021).
Therefore, the bubble structure is obvious and the expansion
height of the char layer was high. On the other hand, the silicon
component in PCOC could increase the strength of the char layer,
which favored the formation of a complete char layer (Chen et al.,
2019c). Compared with RPUF/MAP-30, the pore structure of the
RPUF/MAP-1000 carbon layer was more obvious. The RPUF/
MAPP-1000 carbon layer has a honeycomb-like complete and
continuous pore structure. It was possible that the carbon layer
covers small molecules such as NH3 produced during the
combustion of MAPP, which expanded at high temperatures
to form honeycomb-like bubbles (Pan et al., 2020). This structure
could provide a good insulation effect and prevent the exchange
of material and heat between the flame and the foam, thus
improving the flame retardant performance of the material.
From the above comprehensive analysis of char residue
morphologies, it can be deduced that the combination of
phosphorus-containing organosilicon compounds (PCOCs)
and APP can effectively improve the charring ability of the

RPUF, as well as help to form intumescent, continuous, and
dense char layers with closed cells. The char in the form of these
structures offers a good shield and protective effect during
combustion.

The Mechanical Properties of Pure RPUF
and RPUF Composites
The compressive strength test has been performed to study the
effect of APP and MAPP on mechanical properties of RPUF.
After modification, APP-30 and APP-1000 have significantly
different influences on RPUF density. As can be seen from
Table 5, the density of RPUF/MAPP-1000 (28.1 kg/m3)
decreased by 9.6% compared with RPUF/APP-1000 (31.1 kg/
m3), while the density of RPUF/MAPP-30 (32.3 kg/m3)
increased by 4.9% compared with RPUF/APP-30 (30.8 kg/m3).
Studies have shown that free foaming can lead to uneven foam
density, and the addition of flame retardants can affect the
foaming rate of matrix. Mechanical properties are important
parameters in the application of materials (Xiong et al., 2019;
Chen et al., 2020b; Wang et al., 2020). It could be seen that the
compressive strength of the sample changed after MAPP-30 or
MAPP-1000 was added to RPUF. Moreover, the compressive
strength of RPUF/MAPP-30 (0.068 MPa) and RPUF/MAPP-
1000 (0.066 MPa) showed a slight difference. In summary, the
addition of MAPP-1000 has little effect on the mechanical
properties of composite materials and does not affect the
application of composite materials. However, the compressive
strength of RPUF/MAPP-1000 composites significantly
decreased with increasing MAPP-1000 content.

FIGURE 7 | SEM micro-morphologies of RPUF/APP-30 (A), RPUF/MAPP-30 (B), RPUF/APP-1000 (C), and RPUF/MAPP-1000 (D).

TABLE 5 | Mechanical properties of FR-RPUFs.

Samples Density (kg/m3) Compressive strength (MPa)

Pure RPUF 23.9 0.075
RPUF/APP-30 30.8 0.083
RPUF/APP-1000 31.1 0.067
RPUF/MAPP-30 32.3 0.068
RPUF/MAPP-1000 28.1 0.066
RPUF/25MAPP-1000 30.1 0.055
RPUF/30MAPP-1000 32.2 0.039
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CONCLUSION

In this work, PCOC was used to modify APP with different
polymerization degrees (APP-30 and APP-1000), and MAPP-
1000 and MAPP-30 were obtained. The influence of APP with
different degrees of polymerization and modified APP on the
flame retardant properties of RPUF was studied. Moreover, the
effect of the content of MAPP-1000 on the flame retardant
properties of the material was studied. The thermal, flame-
retardant properties and mechanical properties of pure RPUF
and RPUF composites with APP or MAPP were investigated.
TGA results showed that the residual char at 800°C of MAPP-30
and MAPP-1000 were 21.8 wt% and 22.0 wt%, which were
obviously higher than APP-30 (10.8 wt%) and APP-1000
(10.9 wt%), respectively. The Td,5%, Tmax, and char yield of
MAPP-1000 were higher than that of MAPP-30, indicating
that MAPP-1000 had a better thermal stability. The LOI
values of RPUF composites containing APP or MAPP were
similar. With the increase in the addition of MAPP-1000, the
LOI values of RPUF composites containing MAPP-1000 had a
slight increase. The LOI values of RPUF/25MAPP-1000 and
RPUF/30MAPP-1000 were both 24.9%. In addition, the results
of the horizontal burning test show that RPUF/APP systems and
RPUF/MAPP systems all reached HF-1 rating. The cone
calorimeter test results exhibited that no matter the degree of
polymerization of MAPP is 30 or 1000, they both had greater
charring ability and better flame-retardant properties than
unmodified APP. PCOC effectively improved the charring
ability of the RPUF by combining with APP. In addition,
the presence of silicon in PCOC can improve the stability of
the char layer at high temperatures. The char layer offers a good
shield and protective effect during combustion. The residual char
yield of RPUF/MAPP-30 (37.3%) and RPUF/MAPP-1000
(36.5%) were both significantly higher than RPUF/APP-30

(22.8%) and RPUF/APP-1000 (24.9%). The peak heat release
rate value of RPUF/MAPP-30 was 29.9% lower than that of
RPUF/APP-30, and the drop of RPUF/MAPP-1000 was 50.9%
compared to RPUF/APP-1000. Moreover, the total heat release of
RPUF/MAPP-1000 (9.7 MJ/m2) was much lower than that of
RPUF/MAPP-30 (11.3 MJ/m2). It was worth noting that MAPP-
1000 has the best flame-retardant properties among all RPUF
composites, and the amount of MAPP was only 20%. The
compressive strength test results showed that the addition of
MAPP-1000 has little effect on the mechanical properties of
composite materials and does not affect the application of
composite materials. However, the compressive strength of
RPUF/MAPP-1000 composites significantly decreased with
increasing MAPP-1000 content. In summary, MAPP-1000 was
a high-performance flame-retardant system with outstanding
charring ability, and the RPUF/MAPP-1000 composite had the
best comprehensive performance when the MAP-1000 content
was 20%.
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