
Vol.:(0123456789)1 3

https://doi.org/10.1007/s10965-021-02763-z

ORIGINAL PAPER

Effect of ammonium polyphosphate/cobalt phytate system on flame 
retardancy and smoke & toxicity suppression of rigid polyurethane 
foam composites

Bing Zhang1 · Zhaohe Feng2 · Xiangxiang Han1 · Bibo Wang3 · Sujie Yang1 · Depeng Chen1 · Jianwen Peng4 · 
Yadong Yang1 · Xiuyu Liu1,5   · Gang Tang1,4

Received: 6 April 2021 / Accepted: 20 September 2021 
© The Polymer Society, Taipei 2021

Abstract
Rigid polyurethane foam/ammonium polyphosphate/cobalt phytate (RPUF/APP/PA-Co) composites were prepared by one-step 
water-blown method using ammonium polyphosphate (APP)/cobalt phytate (PA-Co) as a flame retardant system. The char residue 
of RPUF/APP/PA-Co increased significantly than that of RPUF, indicating that the thermal stability of composites was enhanced. 
Cone calorimetry and smoke density tests showed that when 40 phr APP and 10 phr PA-Co were added, the total heat release 
and smoke release of RPUF/APP40/PA-Co10 composite decreased significantly. TG-IR test confirmed that APP/PA-Co could 
significantly inhibit the release of flammable gases (hydrocarbons, esters) and toxic gases (aromatic compounds, isocyanate, CO, 
HCN,) of RPUF/APP/PA-Co composites and improve the fire resistance of composites. SEM-EDS, Raman spectra and FTIR were 
applied to investigate the char residues of composites. The results showed that APP/PA-Co loading was beneficial to the generation 
of dense char layer with high degree of graphitization and reducing the release of combustible substances and smoke of composites.

Keywords  Rigid polyurethane foam · Ammonium polyphosphate · Cobalt phytate · Smoke & toxicity suppression · Fire 
safety

Introduction

As an important polymer, polyurethane is widely used in 
building insulation, automobile components and chemical 
pipelines. Rigid polyurethane foam (RPUF) is usually used 

in household appliances and building materials due to its 
good mechanical properties and thermal insulation proper-
ties [1–3]. Nevertheless, RPUF has two fatal disadvantages. 
First, RPUF is flammable and releases much heat instantly 
because of its organic skeleton and porous structure. Sec-
ond, once ignited, RPUF will produce much smoke and toxic 
gases [4, 5]. The above deficiencies are a major obstacle to 
the safe use of RPUF. Therefore, it is necessary to modify 
RPUF.

Reactive type and additive type are the two main flame 
retardant strategies of RPUF [6]. The reactive flame-retardant 
method is to prepare intrinsic flame-retardant RPUF with phos-
phorous-containing polyol as a flame retardant precursor. Due to 
the stable chemical bonds between flame-retardant elements and 
polyurethane molecular chains, its flame retardant efficiency is 
high without migration in the long service of the materials [7]. 
However, the preparation cost of this method is high, and the 
shrinkage inevitably occurs in the foaming process, which affect 
the later use of products [8, 9]. Additive type flame retardant 
RPUF is often prepared by adding flame retardant particles into 
RPUF matrix. At present, the additive flame retardant method is 
still the common strategy for fabricating flame retardant RPUF 
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composites because of its simple preparation process and con-
trollable conditions [10].

Ammonium polyphosphate (APP) has become one of the 
most popular phosphorus-containing intumescent flame retard-
ant due to its low toxicity, low smoke and high flame retar-
dancy, which is often used in the flame retardancy of various 
polymer [11, 12]. Barikani et al. [13] studied the effects of APP, 
melamine cyanurate (MCA), aluminum hydroxide (ATH), 
borax and expanded graphite (EG) on the compressive strength 
and fire resistance of RPUF. They found that APP was the most 
excellent flame retardant. Meng et al. [14] combined APP and 
EG for preparing flame retardant RPUF composites. When the 
additive amount was 15 wt% (APP: EG=1:1), the LOI of com-
posites reached 30.5 vol%. Li et al. [15] prepared PMAPP by 
modifying APP with polymethyl methacrylate (PMMA), which 
was further introduced to RPUF. When the addition amount 
of PMAPP was 25 wt%, the LOI of composites enhanced to 
25.3 vol%, and the pHRR decreased by 33.7%. Although the 
loading of APP effectively enhanced the flame retardancy of 
composites, the compatibility of APP particles with polymer 
matrix was poor. At the same time, it also increased the smoke 
and toxic gases generated by the composites, which worsened 
its mechanical properties and fire safety [16, 17]. Therefore, the 
best solution is to explore a novel flame retardant system with 
superior smoke & toxicity suppression and flame retardancy.

Compared with synthesising new flame retardants, the 
development of a synergistic system was relatively simple 
and cheap. Phytate metal salts had good smoke suppres-
sion and toxicity reduction effect, good compatibility with 
matrix, and cobalt ion had excellent catalytic oxidation effect 
[18, 19]. Here, this work introduced cobalt phytate (PA-Co) 
as a synergist, which was combined with APP to form APP/
PA-Co flame retardant system, endowing RPUF composites 
high flame retardancy with excellent smoke & toxicity sup-
pression. This system provided a novel strategy for fabricat-
ing fire retarded RPUF composites with low flame retardant 
loading and low cost. The effects of APP/PA-Co system on 
the flame retardancy, combustion performance, thermal sta-
bility, smoke & toxicity suppression of RPUF/APP/PA-Co 

composites were systematically investigated by a series of 
test methods. On this basis, the mechanism of RPUF/APP/
PA-Co composites was systematically analyzed.

Experimental section

Experimental materials

Polyether polyol (LY-4110) and triethylene diamine (A33, 
33%) were purchased by Jiangsu Lvyuan New Material 
Technology Co., Ltd, China, Polyaryl polymethylene isocy-
anate (PAPI) was provided by Wanhua Chemical Group Co., 
Ltd, China, Dibutyltin dilaurate (LC) was purchased from 
American Air Chemical Co., Ltd., Silicone surfactant (AK-
8805) was provided from Jining Hengtai Chemical Co., Ltd, 
China, Triethanolamine (TEOA) was purchased from China 
National Pharmaceutical Group Chemical Reagent Co., Ltd., 
Ammonium polyphosphate (APP), industrial-grade, was 
purchased from Jinan Fine Chemical Co., Ltd, China, Cobalt 
phytate (PA-Co) was prepared according to the literature 
[18]. Distilled water was produced in the laboratory.

Preparation of RPUF composites

As shown in Table 1, LC, LY-4110, AK-8805, A33, TEOA, 
distilled water, APP and PA-Co were added into a 1000 
ml beaker according to the experimental ratio, which was 
quickly stirred evenly with a blender. Then, the PAPI with 
the given proportion was quickly poured into the mixture 
system and continued to stir for about 10 s. When bubbles 
appeared, poured the mixture into a mold quickly, foamed 
naturally, and then cured it at 80 ℃ for 6 h. The samples 
were cut as required for the experiment.

Measurement and characterization

Oxford Aztec X-Max 80 energy dispersive X-ray spectrom-
eter (EDS) (UK) combining with SU8220 scanning electron 

Table 1   The formulae of RPUF 
composites

Sample RPUF RPUF/APP49/
PA-Co1

RPUF/APP47/
PA-Co3

RPUF/APP45/
PA-Co5

RPUF/APP40/
PA-Co10

RPUF/
APP50

LY-4110 (g) 100 100 100 100 100 100
PM-200 (g) 150 150 150 150 150 150
LC (g) 0.5 0.5 0.5 0.5 0.5 0.5
AK-8805 (g) 2 2 2 2 2 2
A33 (g) 1 1 1 1 1 1
TEOA (g) 3 3 3 3 3 3
Water (g) 2 2 2 2 2 2
APP (g) 0 49 47 45 40 50
PA-Co (g) 0 1 3 5 10 0
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microscope (SEM) (JEOL Ltd, Japan) was applied to scruti-
nize the morphology of char residues and the cell structure 
of RPUF/APP/PA-Co composites. The accelerating volt-
age was 20 kV. The composites were sprayed with a thin 
layer of conductivity earlier than observation to enhance the 
conductivity.

According to GB/T10297-2015, the thermal conductivity 
of composites with sample size of 50 mm×50 mm×25 mm 
was tested using the TC3000E thermal conductivity instru-
ment (Xi'an Xiaxi Electronic Technology Co., Ltd, China). 
Each group was tested three times, and the average value 
was calculated.

According to GB/T6343-2009, the density of composites 
was calculated according to sample weight/sample volume 
with sample size of 50 mm×50 mm×50 mm. Each group 
was tested three times to calculate the average value.

The thermal stability analysis of composites was carried 
out with Q5000IR (TA, USA) thermal analyzer. Nitrogen 
conditions, heating rate 20 ℃/min, heating from room tem-
perature to 800 ℃. The temperature corresponding to a sam-
ple weight loss of 5 wt% was taken as the initial degradation 
temperature (T-5%).

According to ASTM-D2863 standard, JF-3 oxygen index 
instrument (Jiangning Analytical Instrument Co., Ltd, 
China) was used to test the limiting oxygen index (LOI) of 
RPUF/APP/PA-Co composites. The size of samples was 127 
mm×10 mm×10 mm.

According to GB/T2408 standard, CZF-3 (Jiangning 
Analytical Instrument Co., Ltd, China) horizontal and ver-
tical combustion tester were used to test the vertical combus-
tion grade of composites. The sample size was 125 mm×13 
mm×10 mm.

Cone calorimeter 6180 (Siemens analyzer) was used to 
test the combustion properties of composites according to 
ISO5660-1 standard. The radiation flux was 35 kW/m2 and 
the sample size was 100 mm×100 mm×25 mm.

According to GB/T8627-2007 standard, the smoke den-
sity of composites was tested by JCY-2 smoke density tester. 
The sample size was 25.5mm × 25.5mm × 6.2mm. Each 
sample was subjected to three parallel experiments and their 
mean values were calculated.

Thermogravimetric analysis-Fourier Transform Infra-
red spectrometer (TG-FTIR) was applied to analyze pyrol-
ysis gas products of the composites by 209F3 thermo-
gravimetric analyzers (Netzsch, Germany) connecting to 
TENSOR infrared analyzer (Bruck, Germany). 5-10 mg 
samples were put into an alumina crucible, heated from 
40 ℃ to 800 ℃ in nitrogen atmosphere at a heating rate 
of 20 ℃/min.

Raman spectra of char residues were collected by 
LABRAM-HR Confocal Raman spectrometer (HORIBA 
Jobin Yvon).

Results and discussion

Cell structure

As can be seen from Fig. 1a, RPUF cells were relatively 
uniform. When 50 phr APP was added, as shown in Fig. 1f, 
the cells were damaged, with reduced uniformity and par-
ticles precipitation. This may be due to the limited compat-
ibility between RPUF matrix and APP. High flame retard-
ant loading increased local viscosity of the composites in 
the foaming process, which promoted the agglomerate of 
APP particles in the matrix. Meanwhile, APP particles pen-
etrated the cell wall and destroyed cell structure. When 1 phr 
PA-Co and 49 phr APP were added, the fracture surface of 
the RPUF/APP49/PA-Co1 composite became smooth, and 
the degree of cell damage was reduced. With the addition of 
PA-Co, the uniformity of cells was improved. When 5 phr 
PA-Co was added, the uniformity and pore size of cells were 
almost similar to RPUF, which may be because PA-Co was a 
bio-based flame retardant, which enhanced the compatibility 
between APP/PA-Co flame retardant system and matrix. It 
could be seen from Fig. 1e that there was inconspicuous APP 
precipitation on the surface of the RPUF/APP40/PA-Co10 
composite with the thinner cell wall, which may be because 
P-OH in PA-Co reacted with isocyanate, which released a 
large amount of CO2 gas at the initial stage of foaming.

Physical properties

As shown in Table 2, the thermal conductivity of RPUF 
was 0.0390 W/m·K and the density of RPUF was 54.9 kg/
m3. When 50 phr APP was loaded, the density of RPUF/
APP50 reached 56.7 kg/m3, and the thermal conductivity 
was 0.0404 W/m·K. It was mainly because of higher ther-
mal conductivity and density of APP than RPUF matrix. At 
the same time, the compatibility between matrix and APP 
was poor, and some cell structures were destroyed, which 
further increased the density and thermal conductivity. With 
the increase of PA-Co addition, the density of composites 
decreased gradually. However, the thermal conductivity of 
composites decreased first and then increased. It may be 
because that the increase of PA-Co content increased CO2 
production and promoted foaming, resulting in thinner cell 
walls even open cell structure and thus increasing the ther-
mal conductivity. On the whole, the thermal conductivity of 
RPUF/APP/PA-Co composites was relatively low.

Thermal stability

Figure 2 showed the thermogravimetric analysis of RPUF 
and RPUF/AAP/PA-Co composites in nitrogen atmos-
phere. Table 3 showed the data results. The degradation of 
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the composites was divided into two stages. The first stage 
was the degradation of the hard segment of polyurethane 
molecular chain, and the second stage corresponded to the 
degradation of its soft segment [20, 21]. For RPUF, the first 
degradation stage was 200-415 ℃, and the second degrada-
tion stage was 415-600 ℃. When APP/PA-Co was added, 
the range of the first degradation stage of RPUF/APP/PA-Co 
composites was reduced to 200-390 ℃, while the range of 
the second degradation stage of composites was increased to 

390-600 ℃. The T-5% of RPUF/APP50 decreased to 251 ℃ 
compared with RPUF. The temperature (Tmax: the maximum 
degradation rate of the first stage) decreased to 308 ℃, which 
was mainly due to acidic substances (such as polyphosphoric 
acid) produced by APP decomposition promoted the deg-
radation of polyurethane molecular chains [22]. With the 
increase of PA-Co loading, the T-5% of composites showed 
a further downward trend, which indicated that APP/PA-Co 
system promoted the degradation of the composites at the 
initial stage. However, the T-50% of RPUF/APP50 and RPUF/
APP40/PA-Co10 were 347 ℃ and 363 ℃, respectively, 
which were significantly enhanced than that of RPUF, indi-
cating that RPUF/APP/ PA-Co composites had higher ther-
mal stability. At 700 ℃, the char residue of RPUF/APP50 
was 31.6wt%, which was significantly increased compared 
with 12.3wt% of RPUF. With PA-Co addition, the char resi-
dues of RPUF/APP40/PA-Co10 was up to 35.2wt%. The 
above results confirm synergistically effect in APP/PA-Co 
system improves the thermal stability of RPUF composites 
at high temperature.

Fig. 1   SEM images of fracture 
surface of RPUF composites: 
(a) RPUF; (b) RPUF/APP49/
PA-Co1; (c) RPUF/APP47/
PA-Co3; (d) RPUF/APP45/
PA-Co5; (e) RPUF/APP40/
PA-Co10; (f) RPUF/APP50

Table 2   Typical physical performance parameters of RPUF/APP/
PA-Co composites

Sample ρ/(kg/m3) λ/(W/m·K)

RPUF 54.9±3.1 0.0390±0.0004
RPUF/APP49/PA-Co1 55.8±2.3 0.0434±0.0006
RPUF/APP47/PA-Co3 53.5±5.0 0.0424±0.0003
RPUF/APP45/PA-Co5 52.8±3.1 0.0403±0.0003
RPUF/APP40/PA-Co10 51.5±2.1 0.0444±0.0007
RPUF/APP50 56.7±1.2 0.0404±0.0004
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Flame retardancy

Limiting oxygen index (LOI) and vertical combustion test 
were applied to investigate flame retardancy of the compos-
ites. In Fig. 3, the LOI of RPUF was 18.8 vol% and there 
was no rating in UL-94 test. When 50 phr APP was loaded, 
the LOI of RPUF/APP50 was increased to 23.7 vol% with 
V0 level in UL-94 test, indicating that the addition of APP 
significantly enhanced the flame retardancy of the compos-
ite. This is because polyphosphoric acid produced by APP 
degradation can catalyze the polymer chain to form char, and 
inhibit the further combustion of composites. However, the 
LOI of composites did not change much with the addition of 
PA-Co, and UL-94 V0 level was still reached.

Combustion properties

Cone calorimetry is a common way to characterize the 
combustion behavior of polymer [23–25]. As shown in 
Fig.  4, the combustion performance of RPUF, RPUF/
APP50 as well as RPUF/APP40/ PA-Co10 composites 
were tested by cone calorimetry. Corresponding data 
were shown in Table 4. Due to the premature degradation 

of the unstable carbamate structure in the polyurethane 
molecular chain, the composites were quickly ignited 
in a short time. It could be found that RPUF had only 
one heat release peak in the whole combustion process, 
showing typical combustion characteristics of organic 
materials without flame retardancy. RPUF/APP50 and 
RPUF/APP40/PA-Co10 exhibited multiple low-intensity 
heat release processes, which may be due to the further 
degradation of unstable char layer formed by catalyzing 
carbonization effect of APP and APP/PA-Co system. In 
Fig. 4a, the peak heat release rate (pHRR) of RPUF was 
260.7 kW/m2. When 50 phr APP was added, the pHRR 
of RPUF/APP50 decreased to 181.2 kW/m2. When 10 
phr PA-Co was used to replace APP, the pHRR of RPUF/
APP40/PA-Co10 further decreased to 148.2 kW/m2. The 
results showed that APP and PA-Co flame retardant system 
could effectively reduce the HRR and thus improved the 
fire safety of composites. The extension of combustion 
time (Td) also supported this conclusion.

In Fig. 4b, the total heat release (THR) of RPUF was 23.0 
MJ/m2, and the THR of RPUF/APP50 and RPUF/APP40/ 
PA-CO10 were 19.3 MJ/m2 and 17.4 MJ/m2, which were 
16.1% and 24.3% lower than that of RPUF, respectively. 

Fig. 2   TG (a) and DTG (b) curves of RPUF composites

Table 3   TGA data of RPUF 
composites

Sample T-5%(℃) T-50%(℃) Tmax(℃) Char residue at 
700 ℃(wt%)

Step1 Step2

RPUF 254 338 336 449 12.3
RPUF/APP49/PA-Co1 246 356 301 433 32.3
RPUF/APP47/PA-Co3 245 346 306 445 31.1
RPUF/APP45/PA-Co5 248 361 309 440 33.7
RPUF/APP40/PA-Co10 239 363 308 437 35.2
RPUF/APP50 251 347 308 443 31.6
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This may be because PA molecules could produce active 
free radicals capturing ·OH and H· free radicals, and the 
NH3 and water vapor generated by APP decomposition 
could dilute combustible gases and inhibit the combustion 
reaction [26–28].

The Av-EHC (average effective heat of combustion) 
revealed the degree of combustion of vapor-phase volatiles 
[29]. The Av-EHC of RPUF/APP50 was 12.2 MJ/kg, which 
decreased by 18.7% than that of RPUF, suggesting that APP 
had a quenching effect in the gas phase. For RPUF/APP40/
PA-Co10, its Av-EHC was 7.8 MJ/kg, which was 36.1% 
lower than that of RPUF/APP50, indicating an excellent 
quenching effect of APP/PA-Co system.

Smoke was the main factor causing casualties in fire 
accidents [30]. As shown in Fig.  5a, RPUF/APP40/

PA-Co10 showed the lowest smoke generation rate (SPR) 
in an early stage of combustion. The SPR of RPUF/APP50 
and RPUF/APP40/PA-Co10 was higher than that of RPUF 
in the later combustion stage, which may be because of 
further solidification of unstable char layer formed in the 
early stage. From Fig. 5b–d, it could be seen that simply 
adding APP could not effectively reduce TSP (total smoke 
production) and TSR (total smoke release) of RPUF/
APP50 but reduced the smoke factor (SF: the product of 
pHRR and TSR) and smoke parameters (SP: the product of 
pHRR and SEA) of composites, indicating that the smoke 
suppression effect of APP was limited. When 10 phr 
PA-Co and 40 phr APP were added, the TSP and TSR of 
RPUF/APP40/PA-Co10 decreased significantly. And the 
TSR of RPUF/APP40/PA-Co10 was decreased by 41.2% 

Fig. 3   LOI and UL-94 test 
results of RPUF composites

Fig. 4   HRR and THR curves of RPUF composites: (a) HRR; (b) THR
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compared with RPUF, indicating that APP/PA-Co system 
endowed the composite with excellent smoke suppression 
property. This may result from the gas products generated 
by the pyrolysis of APP/PA-Co promoted polyurethane 
chain to form dense carbon structure, inhibiting the escape 
of smoke particles [31].

The fire performance index (FPI) could emerge fire safety 
performance of polymer composites [32]. The FPI of RPUF/
APP50 and RPUF/APP40/PA-Co10 were 0.0110 m2·s/
kW and 0.0135 m2·s/kW, respectively, which were greatly 
improved compared with RPUF, suggesting less fire hazard 
of the composites.

CO is an important deadly toxic gas in fires [33, 34]. Figure 5e 
showed the CO yield curve of composites. The addition of APP 
increased CO production of RPUF/APP50 in the initial stage. 
However, RPUF/APP40/PA-Co10 maintained a low CO yield 
during the entire combustion process. The main reason was that 
APP/PA-Co system reduced the degree of combustion of RPUF/
APP40/PA-Co10. Furthermore, Co ions could adsorb CO and 
convert it into CO2 through catalytic oxidation, thus reducing 
CO [35].

Figure 5 (f) showed the mass versus time curves of com-
posites during the test. The results showed that the mass 
of RPUF decreased rapidly after ignition, and final char 
residues was 23.2wt %, and the mass-loss rate (MLR) in the 
whole process was 9.6 g/s·m-2. The mass curves of RPUF/
APP50 and RPUF/APP40/PA-Co10 were above RPUF, 
showing a low degradation rate. Among them, RPUF/
APP40/PA-Co10 possessed the lowest degradation rate 
with MLR of 4.6 g/s·m-2 and the highest char residues of 
40.4 wt%, which was mainly due to that the Co ions could 
effectively retain gaseous products into condensed phase.

The photos of char residues after cone calorimetry test 
were shown in Fig. 6. The char layer of RPUF had many 
cracks on the surface with relatively loose char residue. This 
structure could not effectively restrain the heat and mass 
transfer during combustion, so RPUF had higher THR and 
TSR. The char layer of RPUF/APP50 composite was rela-
tively thick and dense with no cracks appearing on the sur-
face, but there were still some holes. When 10 phr PA-Co 
and 40 phr APP were added, the holes disappeared, and 
the char layer became thicker and denser. Such structure 
effectively inhibited the release of volatile products, thus 
endowed with enhanced fire performance of RPUF/APP40/
PA-Co10 composite.

Smoke density

Figure 7 showed the smoke density test of composites. The 
data were shown in Table 5. Compared with RPUF, the max-
imum smoke density (MSD) and smoke density grade (SDR) 
of RPUF/APP50 were decreased from 68.94% and 40.06 to 
58.09% and 39.74, respectively. The inconspicuous decrease 
of MSD for RPUF/APP50 indicated limited smoke suppres-
sion performance of APP to the composites. SDR and MSD 
and of RPUF/APP40/PA-Co10 were reduced to 50.56% and 
33.77 compared with RPUF, which were reduced by 26.7% 
and 15.7%, respectively, suggesting excellent smoke sup-
pression effect was observed in RPUF/APP40/PA-Co10. The 
above results indicated that APP/PA-Co system had excel-
lent smoke suppression effect in RPUF composite.

Analysis of gas‑phase products

In an anaerobic environment, the polymer matrix continu-
ously released gas products in the process of thermal degra-
dation, so the release of gas products during polymer deg-
radation was detected by TG-FTIR. [36]. Figure 8 showed 
the 3D spectra of the release of gas-phase products of the 
composites. The gas-phase products were mainly distributed 
in the range of 3700-3800 cm-1, 3300-3400 cm-1, 2800-3050 
cm-1, 2500-2400 cm-1, 1500-1800 cm-1, 1100-1300 cm-1 and 
650-750 cm-1. Meanwhile, the new band appeared within 
900 cm-1-1000 cm-1. Figure 9 was the infrared spectra of 
the gas-phase product of the composites at the maximum 
thermogravimetric rate, in which the absorption peak of 
RPUF/APP50 and RPUF/APP40/PA-Co10 at 966 cm-1 cor-
responded to NH3 generated by the degradation of APP [37].

The Gram-Schmidt curve and typical pyrolysis gas inten-
sity curves of the composites were shown in Fig. 10. It could 
be seen from the G-S curves that the pyrolysis of the com-
posites was divided into two stages. In the whole pyrolysis 
process, the G-S curves of RPUF/APP50 and RPUF/APP40/
PA-Co10 were lower than that of RPUF, and the overall 
G-S strength intensity of RPUF/APP40/PA-Co10 was the 

Table 4   Cone calorimetry data of RPUF composites

Sample RPUF RPUF/APP50 RPUF/
APP40/
PA-Co10

TTI (s) 2 2 2
Tp (s) 49 13 11
Td (s) 154 201 250
pHRR (kW/m2) 260.7 181.7 148.2
THR (MJ/m2) 23.0 19.3 17.4
TSP (m2) 3.8 3.6 2.2
TSR (m2/m2) 422.63 403.69 248.38
Av-EHC (MJ/kg) 15.0 12.2 7.8
Av-SEA(m2/kg) 178.3 116.0 44.3
MLR (g/s·m-2) 9.6 7.1 4.6
CY (wt%) 23.2 31.6 40.4
FPI (m2·s/kW) 0.0077 0.0110 0.0135
SF (MW/m2) 110.2 73.3 36.8
SP (MW/kg) 46.5 21.1 6.6
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Fig. 5   SPR, TSP, TSR, SF, COP and Mass curves of RPUF composites: (a) SPR; (b) TSP; (c) TSR; (d) SF; (e) COP; (f) Mass
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lowest. Compared with RPUF, RPUF/APP50 showed a sig-
nificant decrease in toxic gases (isocyanates and aromatic 
compounds) and flammable gases (hydrocarbons and esters), 
which indicated that APP could inhibit gases released during 
combustion. The gas products release intensity of RPUF/
APP40/PA-CO10 was further reduced and the peak of gas 
products were delayed, indicating synergistic effect between 
APP and PA-Co, which significantly inhibited the release 
of gas products for the RPUF composites. CO and HCN 
were important factors causing death in polyurethane fires. 
Even a small amount of CO intake would cause poisoning, 
and the toxicity of HCN was about 20 times that of CO, 
which could inhibit the action of human cells on oxygen 
[36]. The above results showed that APP combined with 

PA-Co could significantly reduce the release of HCN and 
CO, thus improving the fire resistance of the composites.

Char residues analysis

The char residues of the composites were further inves-
tigated by SEM, while the influence of APP/PA-Co on 
the fire prevention, smoke and toxicity suppression of 
composites was clarified. In Fig. 11, the char layer of 
RPUF was loose with many cracks. When 50 phr APP 
was added, the char layer became smooth and compact, 
but there were still a few pores. According to Fig. 11b–d, 
it could be observed that there was a thick and expan-
sive char layer with some pore structure. In Fig. 11e, the 
compactness of the char layer for RPUF/APP40/PA-Co10 
was significantly improved, without any holes and cracks. 
Fig. 11a1 revealed that large pore structure and char resi-
due fragments were on the inner surface of RPUF char 
layer. Moreover, the inner char residue of RPUF/APP/
PA-Co presented a typical honeycomb structure due to 
the influence of volatiles generated during combustion [38, 
39]. The honeycomb char layers of RPUF/APP50 was the 
most obvious, which may be due to the release of a large 
amount of non-combustible NH3 during APP pyrolysis, 
diluting combustible gas and removing part of heat. This 
explained why RPUF/APP50 possessed the highest LOI, 
but it also damaged the compact char layer to some extent.

Fig. 6   Photos of char residues 
of RPUF (a, a1), RPUF/APP50 
(b, b1) and RPUF/APP40/
PA-Co10 (c, c1) composites 
after cone calorimetry

Fig. 7   Absorption rate-time curve of RPUF composites

Table 5   MSD and SDR of RPUF composites

Sample MSD (%) SDR

RPUF 68.94 40.06
RPUF/APP50 58.90 39.74
RPUF/APP40/PA-Co10 50.56 33.77
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The inner and outer char layers of RPUF/APP50 and 
RPUF/APP40/PA-Co10 were further characterized by 
EDS. It could be seen from Fig. 12a, b that RPUF/APP40/

PA-Co10 exhibited higher C content and C/O ratio than 
those of RPUF/APP50, indicating that RPUF/APP40/
PA-Co10 had higher oxidation resistance [40]. The differ-
ence in C/O ratio on the inner surface of composites was not 
significant, indicating that PA-Co mainly acted on the char 
layer outer surface. Meanwhile, the uniform distribution of 
P and Co elements in the char layers inner and outer surfaces 
indicated that APP and PA-Co could degrade to form P-Co-
C complex in condensed phase and played a flame-retardant 
role [38].

Raman spectroscopy was a commonly used method 
to characterize carbonaceous materials. The graphitiza-
tion degree of char residues could be measured by the 
area ratio of D band to G band (ID/IG). The higher the 
ratio, the lower the graphitization degree, indicating that 
the materials had worse heat and corrosion resistance 
[41–43]. In Fig. 13, the ID/IG value for RPUF was 2.60, 
while that of RPUF/APP50 was 2.52. And the ID/IG value 
of RPUF/APP/PA-Co composites further decreased with 
the increase of PA-Co addition, indicating that APP and 
PA-Co were helpful to the formation of graphite carbon, 
thus enhancing the compactness and heat resistance of 
char residues.

Fig. 8   3D spectra of RPUF composites: (a) RPUF; (b)RPUF/APP50; (c) RPUF/APP40PA-Co10

Fig. 9   Infrared spectra of gas-phase products at maximum thermo-
gravimetric rate of RPUF composites
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Fig. 10   RPUF composites 
pyrolysis gas products intensity 
curves over time: (a) GS; (b) 
Hdrocarbons; (c) CO2; (d) Iso-
cyanate compound; (e) CO; (f) 
Aromatic compound; (g) Esters; 
(h) NH3; (i) HCN
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Mechanism description

The action mechanism of RPUF/APP/PA-Co composites 
was described in detail through the above analysis. As shown 

in Fig. 14, in the condensed phase, the polyphosphoric acid 
generated during APP decomposition promoted the degra-
dation of polyurethane molecular chains to form dense char 
layers. At high temperatures, polyphosphoric acid reacted 

Fig. 11   SEM photographs of char residues inner and outer surface for RPUF composites: (a, a1) RPUF; (b, b1) RPUF/APP49/PA-Co1; (c, c1) 
RPUF/APP47 /PA-Co3; (d, d1) RPUF/APP45/PA-Co5; (e, e1) RPUF/APP40/PA-Co10; (f, f1) RPUF/APP50

Fig. 12   EDS mapping images 
of char layers inner (c, d) and 
outer (a, b) surface of RPUF/
APP50 (a, c) and RPUF/APP40/
PPA-Co10 (b, d)
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Fig. 13   Raman spectra of RPUF composites: (a) RPUF; (b) RPUF/APP49/PA-Co1; (c) RPUF/APP47/PA-Co3; (d) RPUF/APP45/PA-Co5; (e) 
RPUF/APP40/PA-Co10; (f) RPUF/APP50
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with isocyanate to form P-O-C compounds. At the same 
time, pyrophosphate and polyphosphate produced by PA-Co 
decomposition could catalyze the pyrolysis products of com-
posites into the condensed phase to form carbon, so as to 
reduce the release of combustibles and flue gases. In the 
gas phase, PA molecules could produce active free radicals 
capturing ·OH and H· active radicals, thus blocking the com-
bustion reaction. Cobalt ion could catalyze the oxidation of 
CO into CO2. At the same time, the decomposition of NH3 
and water vapor produced by APP could dilute combustible 
gases and remove some heat. In the combustion process, 
NH3 could be used as a gas source to promote the expan-
sion of the char layer and inhibit heat and mass transfer. 
Therefore, the co-effect of the gas-condensed flame retard-
ant mechanism significantly improved the fire resistance of 
RPUF/APP/PA-Co composites.

Conclusions

RPUF/APP/PA-Co composites were prepared with APP/
PA-Co as the flame retardant system. TG test showed that 
char residue of RPUF/APP40/PA-Co10 was 35.2wt% at 700 
℃, which was significantly higher than 12.3wt% of RPUF, 
confirming that the high temperature thermal stability of 
RPUF/APP/PA-Co composites was enhanced by the addition 
of APP/PA-Co. Smoke density tests and Cone calorimetry 
tests confirmed that APP had limited smoke suppression per-
formance. At the same time, the combined use of APP and 
PA-Co could effectively weaken the release of smoke, heat, 
and CO in the combustion of RPUF/APP/PA-Co composites. 

TG-FTIR test revealed that APP/PA-Co effectively inhibited 
the release of flammable gases (hydrocarbons, esters) and 
toxic gases (isocyanate, CO, aromatic compounds, HCN) 
during the combustion of composites. SEM, Raman as 
well as FTIR analysis proved dense char layers with more 
graphited carbon structure were formed in the burning of 
RPUF/APP/PA-Co, which inhibited the transfer of mass and 
heat. The above results suggested that APP/PA-Co flame 
retardant system was an excellent choice for modified RPUF 
composites.
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