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Abstract
Melamine–formaldehyde resin-microencapsulated ammonium polyphosphate (MFAPP) was prepared by in situ polymeri-
zation using melamine–formaldehyde (MF) resin as the shell material. MFAPP was characterized by X-ray photoelectron 
spectroscopy (XPS), Fourier transform infrared spectroscopy (FTIR), thermogravimetric analysis (TGA), and scanning 
electron microscopy (SEM), which confirmed its successful fabrication. MFAPP was further introduced to prepare rigid 
polyurethane foam/microencapsulated ammonium polyphosphate composites (RPUF/MFAPP). The flame retardancy, water 
resistance, physical properties, and thermal stability of RPUF/MFAPP were compared with virgin RPUF and RPUF/APP 
composite. RPUF/MFAPP30 possessed excellent flame retardancy. Even after immersion in water for 15 days, RPUF/
MFAPP30 achieved V-1 rating in UL-94 test with limiting oxygen index (LOI) of 21.3 vol%, which was better than that 
of RPUF/APP30 with equivalent APP loading. The compressive strength of RPUF/MFAPP30 was 0.295 MPa, which was 
13.5% higher than that of RPUF/APP30. Thermogravimetric analysis-Fourier transform infrared spectroscopy (TGA-FTIR) 
was applied to investigate gaseous products of the decomposition process for RPUF/APP and RPUF/MFAPP. It was found 
that the intensities of CO2, isocyanate compounds, and CO for RPUF/MFAPP were lower than the values for RPUF/APP, 
indicating superior fire safety of RPUF/MFAPP. SEM and Raman spectra confirmed that RPUF/MFAPP30 possessed more 
compact char residue with higher thermal resistance, which was thus better able to inhibit mass and heat transmission in 
combustion. Consequently, a possible gas–solid flame-retardant mechanism of the RPUF/MFAPP composite was proposed.
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Introduction

Rigid polyurethane foam (RPUF) is a novel porous material 
fabricated by reaction of polyols and isocyanates. Because of 
its excellent insulation performance, low cost, and corrosion 
resistance properties, RPUF is widely applied in applications 
such as building insulation, refrigeration, the petrochemical 
industry, and home decoration [1–7]. However, RPUF is rich 
in carbon and hydrogen, with a porous structure, making it 
easily combustible; this shortcoming limits its further appli-
cation in related fields [8, 9]. Therefore, the development 
of methods to improve the flame-retardant performance of 
RPUF composites is important.

Generally, reactive and additive flame-retardant strate-
gies have been the most common methods used to enhance 
the fire performance of RPUF composites [10]. Recently, 
a novel surface flame-retardant technique was proposed by 
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Jiang et al., who developed a halogen-free UV-curable self-
extinguishing coating, which was introduced onto the surface 
of RPUF to obtain a surface flame-retardant RPUF system 
(SFR-RPUF). SRF-RPUF demonstrated excellent fire per-
formance with a coating thickness of 25 μm, exhibiting fast 
self-extinguishing behavior in fire [11]. Huang et al. incor-
porated 2-isocyanatoethyl methacrylate-modified MXene 
(m-MXene) into an intumescent flame-retardant (IFR) 
coating system, which was further used to prepare coated 
RPUF via spray-coating and UV-curing. It was observed 
that IFR/MXene-coated RPUF with only 1 wt% m-MXene 
loading possessed outstanding fire retardancy, with fast self-
extinguishing, and maintained the initial shape after burning 
[12]. These flame-retardant strategies for RPUF and RPUF 
composites mainly used additives. Among the additive flame 
retardants, ammonium polyphosphate (APP) has the advan-
tages of low cost and high flame efficiency, and is widely 
used in wood, rubber, and plastic products [13]. Wang et al. 
[14] combined APP with aluminum hydroxide (ATH) to 
improve the flame retardancy of wood-flour/polypropylene 
composites (WPC). It was found that when the mass ratio 
of APP/ATH was 2:1, WPC demonstrated the lowest total 
heat release with the highest graphitization. Yin et al. [15] 
combined APP with PER to form an IFR system and inves-
tigated the effect of the mass ratio of APP/PER on the fire 
performance of the PP composites. When the mass ratio of 
APP/PER was 2:1, the PP composites showed a limiting 
oxygen index (LOI) of 32.8 vol%, with a V-0 rating in the 
UL-94 test.

However, APP has poor compatibility with the polymer 
matrix, poor water resistance, and is susceptible to moisture, 
which causes APP particles to easily migrate to the surface 
of the material, especially in high-temperature and humid 
environments, resulting in deterioration of the mechanical 
properties and flame retardancy of the material [16].

Microencapsulation is a novel technology which uses 
natural or synthetic polymer to encapsulate solid or liq-
uid in capsules with diameters of 1–1000 μm, generating 
a core–shell structure which can effectively improve the 
environmental resistance of the composites by forming a 
new interface on the surface of the core particles [17–19]. 
Shen et al. [20] prepared 4-oxydiphenylamine-formaldehyde 
(OF) resin-microencapsulated APP (OFAPP) and applied 
it to polyurethane composites to enhance their flame retar-
dancy. The OFAPP exhibited improved hydrophobicity, and 
PU composites with OFAPP loading showed better flame 
retardancy compared with their counterparts with equivalent 
APP addition. Li et al. [21] fabricated polymethyl meth-
acrylate-microencapsulated APP (PMAPP) and further 
investigated the flame retardancy and mechanical properties 
of RPUF/PMAPP composites. It was confirmed that PMAPP 
exhibited reduced hygroscopicity, and RPUF/PMAPP com-
posites with 25% PMAPP loading demonstrated an LOI 

value of 25.3 vol%, and also showed higher compressive 
strength than that of the RPUF/APP composite. Zheng et al. 
[22] prepared microencapsulated ammonium polyphosphate 
(MAPP) by in situ polymerization of melamine (MEL) with 
diphenyl methane diisocyanate (MDI). MAPP was combined 
with expandable graphite (EG) to fabricate flame-retardant 
PU rigid foam composites. It was confirmed that the hydro-
phobicity and thermal stability of MAPP were signifi-
cantly improved. PU rigid foam composites showed greatly 
enhanced flame retardancy, which was attributable to the 
synergistic effect between MAPP and EG.

Melamine–formaldehyde resin is often used as shell 
material for flame-retardant particles, and can significantly 
improve the compatibility of the flame-retardant particles 
with the polymer matrix, effectively inhibiting the migration 
of flame-retardant particles and improving the flame retar-
dancy of the composites. Wu et al. [23] encapsulated APP 
with urea-melamine–formaldehyde (UMF) and applied it to 
polypropylene (PP). The results showed that microencap-
sulation significantly reduced the water solubility of APP, 
and the PP/MCU-APP composite demonstrated a higher LOI 
value than the PP/APP composite. Wu et al. [24] prepared 
melamine–formaldehyde resin (MF)-microencapsulated alu-
minum hypophosphite (MFAHP) and applied it to ABS com-
posites. It was confirmed that MF resin enhanced the water 
resistance of AHP, and the addition of MFAHP effectively 
improved the mechanical properties of the ABS/MFAHP 
composites. In addition, a significant reduction was observed 
in the heat release rate (HRR), total heat release (THR), and 
total smoke production (TSR) of the ABS/MFAHP compos-
ites. Zhu et al. [25] prepared MF resin-microencapsulated 
double hydroxides (MCLDHs) and introduced them into 
epoxy resin (EP). The results showed that the contact angle 
of the MCLDHs was increased to 122.1° versus 8.9° with 
virgin LDH. In addition, the EP/ MCLDH composites pre-
sented a UL-94 V-0 rating with 30 wt% MCLDH loading.

However, there are few reports about the application of 
melamine–formaldehyde resin-microencapsulated ammo-
nium polyphosphate in rigid polyurethane foam. This work 
aimed to fabricate microencapsulated ammonium polyphos-
phate (MFAPP) using melamine–formaldehyde resin as the 
shell material. The MFAPP was then applied to fabricate 
a RPUF/MFAPP composite. Thermal conductivity, ther-
mal stability, flame retardancy, and water resistance were 
investigated using a thermal conductivity meter, thermal 
gravimetric analysis (TGA), limiting oxygen index (LOI), 
UL-94 vertical burn test, and scanning electron microscopy 
(SEM). The gaseous products of the composites were char-
acterized by TGA-FTIR. The char residue of the composites 
was investigated by Raman spectra and scanning electron 
microscopy (SEM). Consequently, based on the results, a 
possible gas–solid flame-retardant mechanism was proposed 
for the RPUF/MFAPP composite.
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Experimental

Materials

Polyether polyol (LY-4110, viscosity: 2500 mPa·s, hydroxyl 
number: 430 mg KOH/g), triethylenediamine (A33, 33%), 
and silicone surfactant (AK8805) were kindly provided by 
Jiangsu Luyuan New Materials Co., Ltd, China. Polym-
ethylene polyphenyl polyisocyanate (PAPI) was provided 
by Wanhua Chemical Group Co., Ltd, China. Silicone oil 
foam stabilizer (AK8805) was provided by Jining Hengtai 
Chemical Co., LTD, China. Dibutyltin dilaurate (LC) was 
purchased from Air Products and Chemicals, Inc. Melamine 
(MEL), formaldehyde, triethanolamine (TEOA), sodium 
carbonate, hydrochloric acid, and ethanol were purchased 
from Sinopharm Chemical Reagent Co., Ltd, China. Ammo-
nium polyphosphate (APP, polymerization degree n > 1000) 
was purchased from Jinan Fine Chemical Co., LTD, China. 
Distilled water was made in our laboratory.

Preparation of MFAPP

10 g melamine, 17.9  ml formaldehyde, and 50  ml dis-
tilled water were added to a 500 ml three-neck flask with a 
mechanical stirrer, and the pH of the solution was adjusted 
to 8–9 by 10 wt% Na2CO3 solution. The temperature of the 
solution was increased to 80 °C and held for 30 min to obtain 
a transparent melamine–formaldehyde aqueous prepolymer 
solution.

60 g APP, 150 ml ethanol, and the melamine–formalde-
hyde aqueous prepolymer solution were put into a 500 ml 
three-neck flask with a mechanical stirrer. The pH value of 
the mixture was adjusted to 3–4 by 5wt% HCl solution. The 
mixture was then heated to 80 °C and held for 2 h. After 
that, the mixture was cooled to room temperature, filtered, 
washed with ethanol three times, and dried at 80 °C for 8 h 
to obtain MFAPP powder.

Preparation of RPUF composites

The RPUF composites were prepared by a one-step water-
blown method, and the formulation of the composites 
is listed in Table 1. LY-4110, LC, A33, AK-8005, TEA, 

distilled water, and flame retardants required for the experi-
ment were added to a 500 mL beaker and mixed well with a 
high-speed mechanical stirrer. Then PAPI was added to the 
beaker with vigorous stirring for 10 s and quickly poured 
into a mold (300 mm × 200 mm × 60 mm). Subsequently, the 
foams were cured at 80 °C for 5 h to complete the polymeri-
zation process. The foams were then cut into a suitable size 
for further characterization.

Measurement and characterization

Scanning electron microscopy (SEM; JSM-6490LV, JEOL 
Ltd., Japan) was used to investigate the morphology of the 
MFAPP particles, RPUF composites, and the char residues 
with accelerating voltage of 20 kV. In order to enhance the 
conductivity, the samples were coated with a thin conductive 
layer before observation.

X-ray photoelectron spectroscopy (XPS; VG ESCALAB 
MkII spectrometer, VG Co., Ltd., UK) was used to investi-
gate the elemental content of APP and MFAPP with Al Kα 
excitation radiation (hν = 1253.6 eV) in ultrahigh vacuum 
conditions.

Thermogravimetric analysis (TGA; Q5000IR thermo-
gravimetric analyzer, TA Instruments, USA) was used to 
test the thermal stability of the APP, MFAPP, and RPUF 
composites at a heating rate of 20 °C/min in air atmosphere. 
The temperature range was room temperature to 800 °C and 
with 5–10 mg of samples.

Fourier transform infrared spectrometry (FTIR; Nicolet 
6700 FTIR spectrophotometer) was used to characterize 
APP and MFAPP using a KBr disk. The transition mode 
was used and the wavenumber range was set from 4000 to 
400 cm−1.

For the water resistance test, the samples were immersed 
in water at room temperature (25 °C) for 5, 10, and 15 days, 
then dried at 60 °C for 24 h to constant weight, and further 
characterized by LOI, UL-94, and SEM.

Thermogravimetric analysis-Fourier transform infrared 
spectrometry (TGA-FTIR): TGA-FTIR was performed using 
a Q5000IR (TA Instruments, USA) thermo-analyzer linked 
to a Nicolet 6700 FTIR spectrophotometer (Thermo Scien-
tific, USA). About 5–10 mg of the sample was placed in an 
alumina crucible and heated from 30 to 700 °C. The heating 

Table 1   Formulation of RPUF, 
RPUF/APP30, and RPUF/
MFAPP30

a parts per hundred polyol.

Sample LY-4110 PM200 LC AK-8805 A33 TEA Water APP MFAPP
phpa php php php php php php php php

RPUF 100 150 0.5 2 1 3 2 0 0
RPUF/APP30 100 150 0.5 2 1 3 2 30 0
RPUF/MFAPP 100 150 0.5 2 1 3 2 0 30

Journal of Polymer Research  (  2  0   20  ) 27:     375 Page 3 of 14 375



1 3

rate was 20 °C/min in a nitrogen atmosphere with a flow rate 
of 70 ml/min.

Apparent density: The apparent density of the RPUF 
composites was measured according to ISO 845–2006, in 
which the size of the sample was no less than 100 cm3. Five 
samples were tested to obtain the average value.

Thermal conductivity: A thermal conductivity meter 
(TC3000E, Xiaxi Electronic Technology Co., Ltd, 
China) was introduced to measure thermal conductiv-
ity according to GB/T 10297–2015, with sample size of 
30 mm × 30 mm × 25 mm. Five parallels for each sample 
were tested and the average value was reported.

Compressive strength: A universal testing machine 
(WSM-20 KB, China) was applied to investigate the com-
pressive strength of the samples according to GB/T8813-
2008, with sample size of 50 mm × 50 mm × 40 mm. Five 
parallels for each sample were tested to obtain the average 
value.

UL-94 vertical burn test: The vertical burn test was con-
ducted according to ASTM D3801-96 using a CZF-3 instru-
ment (Jiangning Analysis Instrument Co., Ltd, China) with 
sample dimensions of 127 mm × 13 mm × 10 mm.

Limiting oxygen index (LOI): LOI values for the samples 
were measured at room temperature using a JF-3 oxygen 
index instrument (Jiangning Analysis Instrument Co., Ltd, 
China) according to ASTM D2863-97, with sample dimen-
sions of 127 mm × 10 mm × 10 mm.

Raman spectroscopy: The char residue of the samples was 
obtained by calcining the composites at 700 °C for 10 min. 
The char residue was further characterized by laser Raman 
spectroscopy (LRS, inVia, Renishaw, London, UK). The 
excitation wavelength was 514 nm with the wavenumber 
range set from 800 to 2000 cm−1 and resolution of 1 cm−1.

Results and discussion

Characteristics of MFAPP

Figure 1 presents the FTIR spectrum of MFAPP and APP. 
It can be seen that the peak at around 3200 cm−1 corre-
sponds to the N–H stretching vibration of APP. The peaks at 
around 1075 cm−1 and 880 cm−1 correspond to asymmetric 
stretching vibration and stretching vibration of the P–O bond 
[26], which are typical absorption peaks of APP. The peak at 
1651 cm−1 can be ascribed to the stretching vibration of the 
C = O bond in the –N–(CO)–N– structure [27]. The peak at 
1552 cm−1 confirms the existence of a nitrogen heterocyclic 
ring for melamine. The FTIR spectra of MFAPP reveal typi-
cal peaks not only for APP but also for melamine formalde-
hyde resin, indicating the successful fabrication of MFAPP.

X-ray photoelectron spectrometry is an effective 
method for characterizing the chemical composition 

of materials [28]. Figure 2 presents the XPS spectra of 
APP and MFAPP, and the corresponding data are listed 
in Table 2. The peaks at around 532 eV and 400 eV are 
ascribed to O1s and N1s peaks, respectively. The peaks 
at 135 eV and 192 eV correspond to P2p and P2s peaks of 
APP, confirming the existence of the P element. It was 
observed that APP contained P of 11.7 at%, C of 28.45 
at%, N of 23.06 at%, and O of 36.72 at%. After micro-
encapsulation treatment, MFAPP showed a significant 
decrease in P content to 2.70%. Also, the N content in 
MFAPP increased to 38.65 at%, which may result from the 
high N content in the MF shell material. The above results 
imply that the MF resin was encapsulated on the surface 
of the APP particles.

3500 3000 2500 2000 1500 1000 500

1123

Tr
an

sm
itt

an
ce

Wave number(cm-1)

3200

1651

1552
1075 880

1075
880

MFAPP

APP

Fig. 1   FTIR spectra of APP and MFAPP

0 200 400 600 800 1000

R
el

at
iv

e 
In

te
ns

ity
(a

.u
.)

Binding Energy(eV)

MFAPP

APP
P
2P P

2S

C
1S

N
1S

O
1S

Fig. 2   XPS spectra of APP and MFAPP

Journal of Polymer Research  (  2  0   2  0 ) 27:     375375 Page 4 of 14



1 3

Figure 3 presents SEM images of the APP and MFAPP 
particles. It can be observed that the APP particles show 
an irregular size with a smooth surface. After microen-
capsulation, MFAPP particles exhibit a rough surface, 
confirming the existence of the MF resin, which is con-
sistent with the XPS test.

Figure 4 shows the TGA and derivative thermogravi-
metric (DTG) curves of APP and MFAPP under air 
conditions, and the corresponding data are presented in 
Table 3. As shown in the figure, the APP exhibits two 
decomposition stages. The initial degradation tempera-
ture (T-5wt%) was around 331 °C. In the first stage, APP 
degraded to form pyrophosphoric acid (PPA), with the 
release of ammonia gas and water vapor [29]. The second 
stage occurred mainly within the range of 500–650 °C, 
in which the pyrophosphoric acid produced in the pre-
vious stage further decomposed into phosphorus oxide 
[30]. MFAPP also exhibited two mass loss stages. The 
first stage occurred mainly at 251–450 °C. In this stage, 
MFAPP degraded into pyrophosphoric acid, releasing 
both NH3 and CO2, which promoted the formation of 
an intumescent char layer [31]. It can also be observed 
that MFAPP was more stable than APP at temperatures 
above 60 °C. At 700 °C, MFAPP possessed significantly 

enhanced char residue of 20.4 wt% compared with 10.5 
wt% of APP, implying enhanced thermal stability of 
MFAPP.

Thermal stability

Figure 5 presents the TGA and DTG curves for RPUF, 
RPUF/APP30, and RPUF/MFAPP30 composites under 
air conditions. RPUF began to decompose at 271 °C, 
with two mass loss stages. The first stage can be ascribed 
to the rupture of the polyurethane molecular chain, with 
the release of isocyanates, secondary amines, aldehydes, 
ketones, CO2, and water. [32]. The second stage, which 
occurred in the range of 420–650 °C, corresponded to 
thermal degradation of the soft segment [33]. RPUF/
APP30 presented T-5% of 265 °C with two decomposi-
tion stages. It showed initial degradation stage between 
220 °C and 400 °C, with Tmax1 at 305 °C. The second 
degradation stage of RPUF/APP occurred in the range 
of 450–650 °C with Tmax2 of 556 °C. Compared with 
RPUF/APP30, RPUF /MFAPP showed a significantly 
lower rate of mass loss and higher Tmax1 value, which 
may be because MF resin prevented the reaction between 
APP and the polyurethane molecular chain. The second 
decomposition stage of RPUF/MFAPP was in the range 
of 440–650 °C. During this stage, the polyphosphoric 
acid generated by the thermal decomposition of APP 
reacted with the pyrolysis products of the matrix to pro-
mote the formation of compact char residue with excel-
lent thermal insulation properties. Lastly, RPUF /MFAPP 
presented char residue of 10.1 wt% at 700 °C compared 

Table 2   Elemental content of APP and MFAPP by XPS test

Sample P (At%) C (At%) N (At%) O (At%)

APP 11.77 28.45 23.06 36.72
MFAPP 2.70 46.08 38.65 12.57

Fig. 3   SEM images of APP (a) and MFAPP (b)
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with 1.2 wt % of virgin RPUF. It can also be seen that 
the TGA curves of RPUF/MFAPP30 were always greater 
than those of RPUF, indicating that MFAPP effectively 
improved the thermal stability of the RPUF composites.

Flame‑retardant properties

Figure 6 shows the test results for UL-94 and LOI of RPUF, 
RPUF/APP30, and RPUF/MFAPP30 composites with dif-
ferent immersion times. It can be seen that virgin RPUF 
exhibits poor flame retardancy, with LOI of 18.8 vol% and 
no rating in the UL-94 test. The LOI value decreased with 
increasing immersion time, which all failed in UL-94 test. 
RPUF/APP30 possessed LOI of 23.3 vol% with a V-0 rat-
ing in the UL-94 test, which also showed degraded flame 
retardancy with increased immersion time. RPUF/APP30 
presented no rating in the UL-94 test, with a decreased LOI 
value of 21.7 vol% after immersion in water for 15 days. 
This result may reflect the poor water resistance of APP 
particles in RPUF/APP30. RPUF/MFAPP30 showed an LOI 

value of 21.3 vol%, which also passed the UL-94 test with a 
V-0 rating. An increase in immersion time resulted in almost 
no change in RPUF/MFAPP30 flame retardancy. This may 
be because the MF shell effectively inhibited the dissolu-
tion of APP particles, ensuring effective flame retardancy 
of RPUF/MFAPP30.

Morphology

Figure 7 shows the SEM images of RPUF, RPUF/APP30, 
and RPUF/MFAPP30 before and after the immersion test. 
By comparing Fig. 7 (a) and (b), it can be seen that after 
15 days of immersion, partial damage appeared around 
the cell structure of RPUF. In Fig. 7 (c) and (d), it can 
be observed that some APP particles migrated to the sur-
face of the RPUF matrix after immersion, which may have 
resulted from the poor compatibility between APP parti-
cles and the RPUF. It can be seen in Fig. 7(e) that RPUF/
MFAPP30 composite exhibited a smooth surface. Even 
after immersion in water for 15 days, the surface of RPUF/
MFAPP was still smooth, without precipitation of APP 
particles. This indicates that the organic MF resin shell 
effectively improved the compatibility of APP particles 
and RPUF matrix, which also enhanced the water resist-
ance of APP.

Physical properties

Table 4 displays the typical physical properties of RPUF, 
RPUF/APP30, and RPUF /MFAPP. RPUF showed thermal 

Table 3   TGA data for APP, MFAPP, and RPUF composites under air 
conditions

Sample T-5wt%/℃ Tmax1/℃ Tmax2/℃ Residues at
700 ℃(wt%)

APP 331 361 606 10.5
MFAPP 277 297 578 20.4
RPUF 271 313 569 1.2
RPUF/APP30 265 305 556 11.3
RPUF/MFAPP30 259 321 567 10.1

Fig. 4   TGA (a) and DTG (b) curves of APP and MFAPP

Journal of Polymer Research  (  2  0   2  0 ) 27:     375375 Page 6 of 14



1 3

conductivity of 0.0389 W/m•k, with density of 63.52 kg/
m3. After the addition of 30 php APP, the density of 
RPUF/APP30 increased to 64.16 kg/m3, likely because of 
the higher density of the APP particles compared with the 
RPUF matrix. The thermal conductivity of RPUF/APP30 
increased to 0.0412 W/m•k, which may be because the 
poor compatibility between APP particles and RPUF 
matrix destroyed part of the cell structure. When 30 php 
MFAPP was added, the density of RPUF/MFAPP30 was 
54.88 kg/m3, which was much lower than that of RPUF/
APP30. This result indicates that much of the hydroxy-
methyl in MF could react with PM200, which promoted 
the release of CO2 and thus decreased the density of the 

RPUF/MFAPP composite. Also, the thermal conductivity 
of RPUF/MFAPP30 was 0.0400 W/m•k, which was lower 
than that of RPUF/APP30, indicating that the MF resin 
enhanced the compatibility of the APP particles and RPUF 
matrix and inhibited the destruction of the cell structure 
in RPUF/MFAPP30.

The compressive strength of the RPUF composites 
was also investigated. Virgin RPUF showed compres-
sive strength of 0.325 MPa. With 30 php APP loaded, 
the compressive strength of RPUF/APP30 decreased to 
0.260 MPa, which may result from the poor compatibility 
of the APP particles and RPUF matrix. RPUF/MFAPP30 
possessed enhanced compressive strength of 0.295 MPa, 
which was 13.4% higher than that of RPUF/APP30, indi-
cating enhanced interfacial compatibility between MFAPP 
particles and RPUF matrix [34].

Gas phase products

TGA-FTIR is an effective method for analyzing the gas 
products and flame-retardant mechanism of composites [35, 
36]. Figure 8 shows the 3D FTIR spectra of the volatilized 
products for RPUF, RPUF/APP30, and RPUF/MFAPP30. 
It can be seen that the characteristic degradation peaks are 
distributed in several regions including 3700–3800 cm−1, 
3300–3400 cm−1, 2200–2400 cm−1, 1400–1800 cm−1, and 
1100–1300 cm−1 [37].

Figure 9 shows the FTIR spectra of RPUF, RPUF/
APP30, and RPUF/MFAPP30 at the maximum thermal 
mass loss rate. The peaks at around 3730 cm−1 corre-
sponded to the stretching vibration of the N–H bond 
in urethane. The peaks at 2360  cm−1 and 2290  cm−1 

Fig. 5   TGA (a) and DTG (b) curves of RPUF, RPUF/APP30, and RPUF/MFAPP30

Fig. 6   LOI and UL-94 test results for RPUF, RPUF/APP30, and 
RPUF/MFAPP30 with different immersion time
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confirmed the existence of CO2 and isocyanate com-
pounds, which were typical gas products of RPUF 
in the first stage. The peaks at around 1730 cm−1 and 
1510 cm−1 corresponded to carbonyl compound and aro-
matic compound, respectively. The peaks at 1260 cm−1 
and 1110 cm−1 can be ascribed to an ester compound 
[38]. The characteristic peaks of the above products were 
found in RPUF, RPUF/APP30, and RPUF/MFAPP30, 
indicating that APP and MFAPP, as additive f lame 
retardants, did not change the pyrolysis process of the 
polyurethane molecular chain.

We also investigated the release of pyrolysis products of 
RPUF, RPUF/APP30, and RPUF/MFAPP30 versus time. 
It can be observed from Fig. 10 that the Gram-Schmidt 
curves of RPUF, RPUF/APP30, and RPUF/MFAPP30 
indicate two degradation processes, which is consistent 
with the TGA. The first stage corresponds to the degrada-
tion of a hard segment of the polyurethane chain, and the 
main products were isocyanate compounds, amines, hydro-
carbons, and CO2 [39]. The second stage corresponded to 

the degradation of the soft segment, and the main product 
was CO. As shown in Fig. 10(b), RPUF/APP30 exhib-
ited lower hydrocarbon intensity than virgin RPUF, which 
was because APP promoted more hydrocarbons into the 
condensed phase. Furthermore, the addition of MFAPP 
showed the lowest hydrocarbon intensity, implying a syn-
ergistic effect of MF and APP [40]. Figure 10(c) and (d) 
revealed that the intensities of CO2 and the isocyanate 
compounds for RPUF/MFAPP30 were significantly lower 
than those of RPUF/APP30, which may be because the 

Table 4   Thermal conductivity, density, and compressive strength of 
RPUF, RPUF/APP30, and RPUF/MFAPP30

Sample ρ/Kg·m−3 λ/W·m−1·k−1 Compressive 
strength /
MPa

RPUF 63.52 0.0389 0.325
RPUF/APP30 64.16 0.0412 0.260
RPUF/MFAPP30 54.88 0.0400 0.295

Fig. 7   SEM images of RPUF 
(a, b), RPUF/APP30 (c, d), and 
RPUF/MFAPP30 (e, f) before 
immersion (a, c, e) and after 
immersion for 15 days (b, d, f).
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MF shell inhibited the reaction of the APP particles and 
polyurethane chain. CO is a typical gaseous product of 
RPUF, and causes many casualties in fires [41]. It can 
be seen from Fig. 10(e) that the CO intensity of RPUF/
MFAPP30 was lower than that of RPUF/APP30, confirm-
ing that MFAPP was safer than APP in the RPUF com-
posites. There were two possible reasons for this. Firstly, 
the synergistic effect between MF resin and APP particles 
promoted more soft segments into the condensed phase, 
thus reducing the formation of CO. Secondly, the compact 
char residue in the combustion zone of the RPUF/MFAPP 
composite suppressed the release of CO outside.

Char residue analysis

The char residues of RPUF, RPUF/APP30, and RPUF/
MFAPP30 were obtained by calcining the sample at 700 °C 
for 10 min. Figure 11 displays the micro-morphology of the 
char residues for the samples. As shown in Fig. 11(a), pure 

Fig. 8   TGA-FTIR 3D spectra of RPUF (a), RPUF/APP30 (b), and RPUF/MFAPP30 (c)
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Fig. 9   TGA-FTIR spectra of the pyrolysis products of RPUF, RPUF/
APP30, and RPUF/MFAPP30 at the maximum decomposition rate
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RPUF showed loose residues with many holes, which were 
caused by the release of gas products from inside RPUF 
during the decomposition process. Such a structure could 

not inhibit the release of combustible gas and heat transmis-
sion in fire, with no flame retardancy. RPUF/APP30 dem-
onstrated improved compactness of char residues; however, 

Fig. 10   Absorbance of pyrolysis products of RPUF, RPUF/APP30, and RPUF/MFAPP30 vs. time: (a) Gram-Schmidt; (b) hydrocarbons; (c) 
CO2; (d) isocyanate compound; (e) CO
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a structure with a few holes was observed. As shown in 
Fig. 11(c), RPUF/MFAPP30 showed compact char residue 
with no holes, which thus served as a barrier to oxygen and 

combustible gases. This structure significantly inhibited 
mass and heat transmission, and thus effectively retarded 
the combustion process of the underlying materials.

Fig. 11   SEM images of char residues for RPUF (a), RPUF/APP30 (b), and RPUF/MFAPP30 (c)

Fig. 12   Raman spectra of char residues for RPUF (a), RPUF/APP30 (b), and RPUF/MFAPP30 (c)
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Char quality is crucial for fire retardancy in the condensed 
phase. The measurement of Raman spectra is an important 
parameter for investigating the microstructure of materials 
[42, 43]. Figure 12 shows the Raman spectra of the char 
residues for RPUF, RPUF/APP30, and RPUF/MFAPP30. 
Two predominant bands are observed for the samples in 
the investigated wavenumber range. The band at around 
1587 cm−1 is the G band, which can be ascribed to the crys-
talline phase consisting of graphitic carbon atoms. The band 
located at 1350 cm −1 is the D band, which corresponds to 
the amorphous phase consisting of disordered carbon atoms 
[44, 45]. The area ratio of the D and G bands (ID/IG) was 
determined to assess the graphitization degree of the carbo-
naceous materials. The ID/IG value followed the order RPUF 
(2.07) > RPUF/APP30 (2.02) > RPUF/MFAPP30 (1.97). A 
lower ID/IG value indicates a higher degree of graphitiza-
tion and better thermal resistance for the char residues [46, 
47]. As shown in Fig. 12, RPUF/MFAPP30 demonstrates 
a lower ID/IG value than that of RPUF/APP30, indicating 
higher graphitic carbon content in the char residue of RPUF/
MFAPP30, which is beneficial for thermal oxidative resist-
ance [48].

Consideration of Mechanism

Combined with the above data and previous literature, the 
possible flame-retardant mechanism of the RPUF/MFAPP 
composite is proposed in Fig. 13. The core material APP 
thermally decomposes into polyphosphoric acid (PPA) and 
NH3. Polyphosphoric acid promotes the formation of com-
pact char residue in the RPUF matrix, which inhibits mass 
and heat transmission in fire. The inflammable gas NH3 
can dilute combustible gases produced in the combustion 
process. Furthermore, the MF resin shell material is ther-
mally decomposed into CO2 and NH3, which then act to 
dilute the flammable gases. Thus, RPUF/MFAPP achieves 
enhanced fire resistance properties by the gas–solid flame 
retardancy mechanism of MFAPP.

Conclusions

MFAPP was fabricated by in situ polymerization and character-
ized by TGA, XPS, and SEM. The RPUF/MFAPP composite 
was prepared by a one-step water-blown method, and its flame 
retardancy, thermal stability, thermal conductivity, water resist-
ance, and combustion products were investigated and compared 
with those of pure RPUF and RPUF/APP composite. It was 
found that MFAPP possessed excellent water resistance, which 
endowed RPUF/MFAPP with favorable flame retardancy after 
water immersion. TGA-FTIR revealed that RPUF/MFAPP 
released fewer CO and isocyanate compounds compared with 
RPUF/APP, implying better fire safety. SEM and Raman tests 
confirmed that RPUF/MFAPP presented more compact char 
residue with a more graphitic carbon structure, which signifi-
cantly enhanced fire retardancy of the composite. All of the 
above characteristics imply that MFAPP is a good candidate for 
fabricating flame-retardant RPUF composites.
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