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Phosphomolybdic acid (PMA) as a synergist was added into polyurethane (PU) rigid foam with ammonium polyphosphate (APP) to improve its flame retardancy and thermal stability. The combustion performance of PU was studied by limiting oxygen index (LOI), UL-94, and a cone calorimeter. The thermal degradation behavior of PU was determined by thermogravimetric analysis (TG) and thermogravimetric infrared spectroscopy (TG-IR). Experimental results showed that the introduction of PMA could further improve the flame retardant performance of PU/APP composites and significantly increase the amount of carbon residue at high temperatures. Adding 3wt% PMA to PU containing 12wt% APP could make the foam pass UL-94 V-0, increase the carbon residue at 800°C by 69.16% in the air atmosphere, and decrease the THR by 24.62% compared to those of PU/15APP. TG-IR results showed that the presence of PMA reduced the production of small-molecule gas-phase products. As for the mechanical properties of PU composites, the addition of PMA influences their density and compressive strength obviously. The results suggest that PMA and APP have good synergistic flame retardancy on PU and can reduce its fire risk.
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INTRODUCTION
Polyurethane (PU) rigid foam is a high-crosslinked polymer material with strong insulating properties. It is a three-dimensional polymer synthesized by polyols, isocyanates, and other additives (Tan et al., 2011; Członka et al., 2020). It has good mechanical properties, low conductivity, convenient preparation, good weather resistance, and other excellent properties. Polyurethane is widely used in various fields of heat preservation and insulation, mainly in building aviation and electrical (Hejna et al., 2017; Kirpluks et al., 2018; Bo et al., 2021). However, polyurethane itself is a highly flammable material and releases a lot of toxic gas when burned, which limits its widespread use (Xi et al., 20152015). Therefore, it is of great significance to study the flame retardant performance of polyurethane enhanced by flame retardants. The common method is to introduce additive flame retardants and reactive flame retardants into polyurethane to improve its flame retardancy (Jia et al., 2019; Li et al., 2020; Shen et al., 2021; Çalışkan et al., 2021).
Polyphosphate amine (APP) is a common additive halogen-free flame retardant with P and N flame retardant elements and is widely used to improve the flame retardant performance of polymers (Luo et al., 2021; Qin et al., 2021). There are also many literature reports on the use of APP in polyurethane to reduce its fire risk. (Zeng et al. 2021) used tetraethoxysilane and vinyltriethoxysilane as precursors to prepare modified APP and applied it to PU. When the addition amount of modified APP reached 20wt%, LOI increased from 19.8 to 30% and passed the UL-94 V-0. (Chen et al. 2017) modified APP with a synthetic modifier (M-APP), and the M-APP was added to polyurethane. The results showed that the dispersion of APP after modification was improved in the matrix, the peak heat release rate (PHRR) of PU/20% M-APP decreased by 51.18% compared with that of PU-APP and M-APP could also promote the formation of the carbon layer. (Xu et al. 2015) applied ZnO and montmorillonite (MMT) in polyurethane in combination with APP and dimethyl methyl phosphonate (DMMP). They found that ZnO and MMT could narrow the heat release which was 56% lower than the pure sample, and the LOI could get to 29.5%.
In recent years, it has been reported that the flame retardant and thermal stability of polymer can be improved by adding a flame retardant coefficient. Also, polyoxometalate has been applied in many fields as an environmentally efficient catalyst and coefficient (Ye and Li, 2016; Yimin et al., 2020). Phosphomolybdic acid (H3PO4·12MoO3 for short PMA) is a polyoxometalate formed by oxygen condensation of molybdenum oxide and phosphoric acid (Yimin et al., 2020). Since it contains flame retardant elements P and Mo, some scholars began to study its flame retardancy. (Chen et al. 2013; Chen et al. 2016) added a polyoxometalate-based ionic liquid (PIL) into conventional polypropylene/intumescent flame retardant (PP/IFR) composites. The PP composite with 14.5wt% IFR and 0.5wt% PIL could pass the UL-94 V-0, while that for a single IFR needed more than 25wt%. (Yimin et al. 2020) made phosphomolybdic acid reacting with three different metal ions (Ni, Na, and Zn) to form phosphomolybdate and used it in PP, which were used to improve the flame retardant efficiency of PP/IFR. To reach the UL-94 V-0, the addition amount of IFR alone needed 25wt%, but if 0.5wt% sodium phosphomolybdate or zinc phosphomolybdate was added, IFR only needed 14.5wt%. (Jiao et al. 2021) synthesized a green flame retardant for epoxy resin (EP) by chemical modification of phosphomolybdate with imidazole. When the amount of flame retardant was 8wt%, the polymer could pass the UL-94 V-0, and PHRR and total smoke release volume (TSR) decreased by 37.78 and 31.03%, respectively compared to those of pure epoxy.
Many literatures have reported the use of APP and PMA in polymers to improve their flame retardancy and thermal stability, but there are few reports on the use of PMA and APP in polyurethane. In this paper, APP and PMA were compounded and added to polyurethane. The flame retardant performance and the possible synergistic effect of APP and PMA on polyurethane were studied. Flame retardant property and thermal degradation behavior of flame retarded polyurethane were determined by limiting oxygen index (LOI) test, cone calorimeter, thermogravimetric analysis (TGA) and thermogravimetric infrared analyzer (TG-IR), and the possible synergistic effect of APP and PMA on polyurethane was discussed.
2 EXPERIMENTAL
2.1 Materials
Polyether polyol (LY-4110) was provided by Shandong Bluestar Dongda Co., LTD. PAPI(PM-200) was supplied by China Wanhua Chemical Group Co., LTD. Silicone foam stabilizer (AK-8805) was obtained from Maitu High-tech Materials Co., LTD. TEA was purchased from Jining Huakai Resin Co., LTD. Triethylene diamine (A33,33%) could get from Xuzhou Yihuiyang New Material Co., LTD. Dibutyltin dilaurate (LC) was provided by Shanghai Aladdin Biochemical Technology Co., LTD. Deionized water was made in the laboratory; Ammonium polyphosphate (APP 231) was purchased from Pulsefuru (Qingyuan) Phosphorus Chemical Co., LTD. Phosphomolybdic acid hydrate [H3P(Mo3O10)4·10H2O] was obtained from Shanghai MacLin Biochemical Technology Co., LTD.
2.2 Preparation of Flame Retardant Polyurethane Composites
A one-step free foaming method was used to prepare PU and flame retardant PU. The main formulas are shown in Table 1. First, the white material, APP, or PMA were put into a 500 ml plastic beaker and stirred evenly with a high-speed mixer for about 2 min. Second, added PAPI into the plastic cup and quickly agitated with an electric stirrer for 30 s. Third, after mixing, the mixture was quickly poured into a mold. About 1 min later, foaming was completed to obtain rigid polyurethane foam. Then, the foam was put in a thermostat at 80°C for 8 h to fully react. Finally, cut the rigid polyurethane foam according to different test requirements.
TABLE 1 | Formulation of the polyurethane composites.
[image: Table 1]2.3 Characterizations
A conical calorimeter (Suzhou Yangyi Volchi Testing Technology Co., LTD.) was used to study the thermal properties of the samples according to the ISO560-2002 standard. The sample size was 100 mm × 100 mm × 25 mm and thermal radiation power was 35 kW/m2.
The oxygen index (LOI) test was carried out using the hc-2 oxygen index instrument (Jiangning analytical instrument co. LTD.). The sample size was 100 mm × 10 mm × 10 mm.
A vertical combustion grade test (Jiangning analytical instrument co. LTD.) was performed on a polyurethane sample whose size was 127 mm × 13 mm × 10 mm according to ASTM D3801-2010.
According to GB/T8813-2008, at the temperature of 25 ± 2°C, the compression property of PU was characterized by Instron 1185. The sample size was 50 mm × 50 mm × 50 mm.
The thermal stability of the samples was performed on a thermogravimetric analyzer (TGA) in an air or nitrogen atmosphere with a heating rate of 20°C/min and a temperature ranges from room temperature to 800°C.
Apparent density was tested according to ASTM D1622. The size of the foam samples for the measurement was 30 mm × 30 mm × 30 mm, the average value was taken three times.
SEM (Hitachi SU8010) was used to study the morphology of the sample after the oxygen index test. The sample was pretreated with gold spraying and aluminum alloy.
TG-IR was combined with TGA 8000 thermogravimetric analyzer and Frontier infrared spectrometer. Under a nitrogen atmosphere, the heating rate was 20°C/min, temperature range was room temperature to 800°C.
3 RESULTS AND DISCUSSIONS
3.1 Thermal Stability Analysis of Polyurethane Composites
TGA thermogravimetric analysis was used to study the thermal decomposition properties of polyurethane and its composites. The TGA and DTG curves in the air atmosphere with a heat rise rate of 20°C/min are shown in Figure 1, typical thermal parameters are shown in Table 2. The PU with APP can present that the thermal decomposition procedure increases from two stages to three stages in Figure 1B. An obvious thermal degradation peak appears after 650°C, mainly because APP has a thermal decomposition behavior at about 650°C (Zhou et al., 2013). Table 2 presents that the value of T5% of PU composites doesn’t change much with introducing APP, but the T50% value increases by 23.8%. The amount of carbon residue at 800°C increases 82.92% after the addition of 15wt% APP. Because APP which is a gas source and acid source can promote the thermal oxidation decomposition process of polyurethane to form more carbon layers (Ni et al., 2009).
[image: Figure 1]FIGURE 1 | (A)TG and (B) DTG curves for PU samples in air atmosphere.
TABLE 2 | TGA data of PU and its composites in air atmosphere.
[image: Table 2]It is obvious that for the initial decomposition temperature, there is little change when a small amount of PMA has been introduced into the composite as Table 2 shows. However, when the 5wt% PMA is added to polyurethane, T5% decreases to 239.81°C. When the addition amount of PMA is 3wt%, the amount of carbon residue at 800°C increased by 69.16% compared with the carbon residue of PU/15APP, and increased by 209.43% compared with that of PU. For TG curves, the PU/12APP/3PMA has a larger weight loss at the first and second stages compared with PU/15APP. PMA and APP can participate in the thermal decomposition process of polyurethane, and they play a good synergic effect to promote the formation of carbon, thus improving the thermal stability of the system.
Figure 2 shows the TG diagram in the nitrogen atmosphere. According to Table 3, PU begins to decompose at about 238°C, and the carbon residue of 800°C is only 10.51%. After adding 15wt% APP to the matrix, the initial decomposition temperature rises. The carbon residue at 800°C reaches 30.13% and increases by 187% compared with that of PU. And it is higher than many research results (Chen et al., 2017; Yan et al., 2021; Zeng et al., 2021). The addition of ammonium polyphosphate improves the stability of the carbon layer, mainly because APP accelerates the polymer to form more carbon layers. When APP and PMA are used in combination, the values of T5% begin to decrease with the comparison that of PU/15APP, and T5% of PU/10APP/5PMA is 230.34°C. The char residue of PU/12APP/3PMA is 34.16% at 800°C. Compared with the char yield of PU/15APP, PU/12APP/3PMA demonstrates an enhanced thermal degradation behavior related to char yield which increases by 13%. Thus, it can be evaluated that the combination of APP and PMA exerts a synergetic effect as flame retardants against PU, this inference is mainly attributed to their high char yield.
[image: Figure 2]FIGURE 2 | TG curves for PU samples in N2 atmosphere.
TABLE 3 | TGA data of PU and its composites in nitrogen atmosphere.
[image: Table 3]3.2 Flame Retardancy of Polyurethane Composites
The flame retardancy of PU can be evaluated by LOI and vertical combustion tests. Table 4 presents the data provided by the experiments on LOI and UL-94. The LOI of PU is only 19.4%, and PU/15APP increases to 24.1%. However, the LOI value decreases with the addition of PMA. Mainly because APP plays a major role in flame retardant polyurethane, when APP is burned, a dense carbon layer is formed to cover the surface of the material and prevent oxygen from further entering the matrix for combustion. The increase of PMA content leads to the decrease of APP content, so the LOI value declines. The test results of UL-94 can also be seen in Table 4. PU cannot pass the test UL-94. For PU/15APP, it can pass the UL-94 V-1. When 0.5wt% PMA is added to polyurethane, the polymer can reach UL-94 V-0.
TABLE 4 | LOI values and UL-94 of PU and its composites.
[image: Table 4]The cone calorimeter test is an effective method to evaluate the combustion performance of polymers. Table 5, Table 6 summarize the data collected during the experiment. The cone-volume thermal curves of the polyurethane system with APP and PMA are shown in Figure 3, including HRR, THR, and TSR. Table 5 presents that the TTI of all samples is very short. It may be related to the porous structure of the polyurethane material itself. As for Figure 3A, after APP is added to PU, a sharp peak first appears in flame retardant polyurethane, then the curve gradually slows down. A small peak appears near 150 s, which may be caused by the combustion of intermediate products or unstable carbon layers. HRR curve of PU reaches the peak value of 378.31kW/m2 at the beginning of combustion and then attenuates. The PHRR value of PU/15APP is 290.61 kW/m2, decreasing by 23.26% compared with that of PU. Figure 3B and Figure 3C represent the change curves of THR and TSR. THR curve of PU/15APP decreases first and then levels off compared with that of PU. The TSR value of PU/15APP decreases by 25.20% as shown in Table 5. This is mainly because APP which is a flame retardant can improve the flame retardant performance of polymers.
TABLE 5 | The related cone data of PU and its composites.
[image: Table 5]TABLE 6 | Density and compress strength.
[image: Table 6][image: Figure 3]FIGURE 3 | (A) HRR; (B) THR; (C) TSR versus time curves of PU and its composites.
When PMA is added to PU/15APP composite, the HRR curves have little change before they reach the first peak, but the time to reach the second peak is delayed. According to the data in Table 5, for the PU with APP and PMA, HRR values increase first and then decrease compared with that of PU without PAM. The main reason for the increase is that APP plays a major role in flame retarding polyurethane. When the content of the APP decreases, the flame retarding effect weakens. The reason for the decrease is that PMA plays a synergistic effect with APP. When PMA content is 3wt%, the PHRR value is 286.78 kW/m2, and the TSR value is 346.63 m2/m2. As can be seen from Figure 3B, the THR value is relatively low when the PMA addition amount is 0.5wt% and 1wt%. However, when the PMA addition amount is 3wt%, before 180 s, the THR value is higher than PU/15APP, but after that, it is significantly lower than PU/15APP. PU/10APP/5PMA shows the same phenomena. Table 5 shows that the THR value first decreases, then increases, and last decreases. THR value of PU/10APP/5PMA decreases by 25% compared with THR of PU/15APP. These results indicate that the PMA which is a synergist can directly cooperate with APP to improve the fire safety of polyurethane.
3.3 Surface Analysis of Polyurethane Composites
SEM is used to further observe the morphology of carbon residue of polyurethane composite after the oxygen index test. Figure 4 shows the results obtained from studies of SEM. The morphology of carbon residue is more wrinkled, non-uniform, and irregular on the surface of PU. After APP is introduced to the matrix, the morphology of carbon residue is significantly different. It can be seen that a large bubble structure appears on the polymer surface, forming an expandable carbon layer, which can isolate oxygen and heat insulation. When PMA replaced part of APP in PU, the bubbles are significantly increased and more prominent, and the cracks and pores are reduced, forming a dense and continuous carbon layer. This compact carbon layer causes a large surface area, which plays an important role in thermal stability.
[image: Figure 4]FIGURE 4 | SEM micrographs of: (A) PU; (B) PU/15APP; (C) PU/14.5APP/0.5PMA; (D) PU/14APP/1PMA; (E) PU/12APP/3PMA; (F) PU/10APP/5PMA.
3.4 Mechanical Properties of Polyurethane Composites
The foam density and compress strength of PU are two important physical properties of the foam, which have a great influence on the thermal stability and other properties of polyurethane. Figure 5 shows the density and compress strength of polyurethane composites. There is a certain correlation between the density of polyurethane and the compress strength. Higher density leads to smaller plastic deformation between the inner layer and the combustion layer (Chen, 2016). Figure 5 presents that the density and corresponding compress strength increased after APP is introduced to PU. The physical properties of the material, such as compress strength, are affected by material’s bubble structure. Adding an appropriate amount of APP can make the foam holes of polyurethane smaller and denser, thus increasing the density of polyurethane foam and enhancing its compression performance. The addition of PMA destroys the cellular structure of the composite and makes the flame retardant agglomerate in polyurethane. With the increase of PMA content, the structural damage is more obvious and the influence on the mechanical properties of polyurethane is greater. It can be seen that the addition of PMA affects the mechanical properties of polyurethane.
[image: Figure 5]FIGURE 5 | Density and compression properties of PU and its composites.
3.5 TG-IR Analysis of Polyurethane Composites
Thermogravimetric infrared spectroscopy (TG-IR) can be used to quantitatively analyze the gas products during sample pyrolysis (Lin, 2016). Taking PU/12APP/3PMA as an example, Figure 6 is the infrared 3D spectrum of polyurethane and flame retardant polyurethane. The figure shows that the type and intensity of gas release of polyurethane with flame retardant added are less and weaker than PU. The absorption peaks of degradation are mainly distributed in the wave number periods of 3,700–3,800 cm−1, 3,300–3,400 cm−1, 2,200–2,400 cm−1, 1700–1800 cm−1, 1500–1600 cm−1 and 1100–1300 cm−1 (Liu et al., 2020).
[image: Figure 6]FIGURE 6 | 3D TG-FTIR spectra of gas products in degradation process for (A) PU; (B) PU/15APP and (C) PU/12APP/3PMA.
Figure 7 is the infrared spectrum corresponding to the maximum weight loss of polyurethane and flame retardant polyurethane in a nitrogen atmosphere. It can be seen from Figure 7 the O-H bond of the free water molecule is at 3730 cm−1 (Liu et al., 2015), 3,650 cm−1 is the stretching vibration of the O-H bond, C-H stretching vibration compound generated at 2,930 cm−1, 2,360 cm−1 is the characteristic peak of CO2 generated by cracking, and 2,310 cm−1 is the NCO absorption peak. The absorption peaks of phenyl compounds are 1524 cm−1, 1510 cm−1, and 672 cm−1 (Ravey and Pearce, 1997). −C =O bond appears at 1850 cm−1 (He et al., 2016). 1110 cm−1 corresponds to the C-O group of ethers. The absorption peak of NH3 is at 948 cm−1, and the flexural vibration of P-O-P is near 832 cm−1 (Yang et al., 2020).
[image: Figure 7]FIGURE 7 | FTIR spectra of pyrolysis products at maximum decomposition rate for PU; PU/15APP and PU/12APP/3PMA.
After APP is added to polyurethane, not only new absorption peaks are generated, but also the existing absorption peaks are significantly changed. The absorption characteristic peak of the O-H bond at 3,730 cm−1 enhances, which is mainly attributed to water molecules. The increased content of water molecules can take away the heat generated by combustion. The absorption peaks of the benzene ring at 1524 cm−1 and 1510 cm−1 are weakened, while the absorption peaks of C-O at 1110 cm−1 and −C =O bond at 850 cm−1 promote. The absorption peak of NH3 at 948 cm−1 is generated by APP decomposition, and the P-O-P flexural vibration near 832 cm−1 is also newly generated.
When the PU contains APP and PMA, the absorption peak value of the O-H bond produced by the water molecule at 3,730 cm−1 increases, while the peak of the C-H bond at 2,930 cm−1 decreases compared with the peak of PU without PMA. The addition of PMA also weakens the absorption peak of the −C=O bond at 1850cm−1.
In order to understand the influence of flame retardant on the escaping gas more clearly, the main absorption peaks of gas are compared, such as CO2 absorption peak at 2360cm−1, C-H compound absorption peak at 2930cm−1, benzene ring absorption peak at 672cm−1, and absorption peak of C-O group produces by ether bond at 1110 cm−1. Figure 8A shows the change in the C-H absorption peak. The release time of the C-H compound reaches the peak earlier after APP is added to PU, and the release amount decreases after PMA is added to PU composite. The changes in the CO2 peak at 2360cm−1 are summarized in Figure 8B. After the addition of flame retardants, the CO2 output is higher than PU, mainly because APP reacts with polyurethane to generate CO2 (Grassie and Perdomo Mendoza, 1985). However, after adding PMA, the CO2 yield is still lower than PU/15APP. Figure 8C shows the change of benzene ring absorption peak at 672cm−1. After 15wt% APP is added into the matrix, the time for benzene ring peak is earlier than the time for PU. After PMA is added to flame retardant polyurethane, the peak decreased. Figure 8D shows the results obtained from studies of the change of absorption peak of the C-O bond at 1110 cm−1. After APP is added to PU, the time of C-O appears earlier and the release amount decreases, and the release amount further decreases with the addition of PMA.
[image: Figure 8]FIGURE 8 | Intensity of decomposition products for PU; PU/15APP and PU/12APP/3PMA versus time: (A) C-H compounds spectra; (B) CO2spectra; (C) benzene ring spectra; (D) C-O spectra.
4 FLAME RETARDANT MECHANISM
PMA and APP are combined with flame retardant polyurethane, and they can play a good synergistic flame retardant effect. Figure 9 shows that the possible flame retardancy mechanism of PMA in APP/PU composite. The addition of a small amount of PMA makes the flame retardant polyurethane pass the UL-94 V-0, and the heat released during the combustion process is reduced. According to the analysis results, the presence of PMA restrains the thermal decomposition process of polyurethane materials, which reduces the production of decomposition products, such as CO2, C-H, -C-O, and the benzene ring, and the reduction of combustible small molecule products further weakens the combustion reaction and reduces the heat release amount of the system. At the same time, PMA and APP jointly promote the generation of the cross-linking system, forming more protective carbon layers. The increase of carbon layers can play a better shielding role, limiting the transfer of oxygen heat and combustible gas. In addition, the infrared spectrum shows that after joining PMA, more water is released during the thermal decomposition of the system. On the one hand, the water molecules can take away the heat from the burning of polyurethane and dilute the concentration of combustible gas. On the other hand, the result shows that more -OH combined with -H to form water, rather than with carbon atom to form alcohol, ether, and other flammable small molecule compounds. In conclusion, for polyurethane foam insulation material, PMA is a high-quality flame retardant synergist of APP, which can further improve the flame retardant performance of PU.
[image: Figure 9]FIGURE 9 | Possible flame retardancy mechanism of PMA in APP/PU composite.
5 CONCLUSION
In this study, different contents of PMA were introduced into PU foam with APP to explore their influence on the combustion and thermal properties of polyurethane insulation materials. Combustion performance test results showed that PU/14.5APP/0.5PMA can achieve a UL-94 V-0 rating. When PMA replaced part of APP in PU, the PHRR first increased and then decreased. The THR of PU/12APP/3PMA was 24.62% lower than that of PU/15APP. SEM results revealed that flame retardant PU containing PMA had a more prominent expansive carbon layer. Thermogravimetric analysis results in different atmospheres showed that the presence of PMA significantly improved the thermal stability of polyurethane composites at high temperatures. Compared with PU, the amount of carbon residue in PU/12APP/3PMA at 800°C increased by 209.43% in the air atmosphere. TG-IR was used to further explore the flame retardant synergistic mechanism of PMA. The results showed that the presence of PMA reduced the production of decomposition products, such as CO2, C-H, -C-O, and benzene, and also made the system release more water molecules. According to various test results, PMA is a good synergistic agent for APP flame retardant PU, which can further improve its flame retardant performance and thermal stability.
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