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This study synthesized and investigated the efficacy of a novel flame retardant, melamine formaldehyde microencapsulated piperazine pyrophosphate (MFPAPP), in improving the thermal and flame-retardant properties of thermoplastic polyurethane (TPU). When TPU was incorporated with 30wt% MFPAPP, the limiting oxygen index (LOI) value of the TPU/MFPAPP composite increased to 38.8%, achieving a V-0 rating. The thermogravimetric test (TG) results confirmed that MFPAPP significantly enhanced the thermal stability of the TPU/MFPAPP composite, as indicated by the increased char residue at 800°C, which was up to 22.4wt%. Compared with the pure TPU samples, the peak heat release rate (PHRR) and total heat release (THR) of TPU/MFPAPP30 decreased by 53% and 45%, respectively. TPU/MFPAPP10 maintained a V-0 rating after the water immersion test, whereas TPU/PAPP degraded to a V-2 rating. Scanning electron microscopy (SEM), Raman spectra, and X-ray photoelectron spectroscopy analyses revealed that MFPAPP promoted the formation of heat-resistant and dense expanded carbon layers. In summary, MFPAPP demonstrated remarkable flame retardancy and thermal stability, making it an ideal candidate for enhancing the fire safety of TPU materials.
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INTRODUCTION
Thermoplastic polyurethane (TPU) has a unique structure of alternating soft and hard segments, which endows it with special properties unmatched by other elastomers, including high strength, high wear resistance, aging resistance, and a wide range of hardness (Yu et al., 2019; Wang et al., 2020; Liu et al., 2021a; Luo et al., 2022). TPU is widely used in high-end fields such as military and national defense, electronic appliances, medical and healthcare applications, and sports equipment, which has become one of the fastest-growing polyurethane types (Wang et al., 2019a; Liu et al., 2019; Yu et al., 2020; Liu et al., 2021b). However, the limiting oxygen index of TPU is about 18 vol%, which is a flammable material with a great fire hazard (He et al., 2021; Xiao et al., 2021). Therefore, scholars have focused on the development of TPU materials with flame-retardant properties.
Studies have reported the flame retardancy of TPU, mainly in two ways: additive flame retardant and reactive flame retardant (Tang et al., 2020a; Tang et al., 2021a). Among them, the additive type has the advantages of a simple process, low cost, and good flame retardance (Tang et al., 2020). Additive flame retardants include halogen flame retardants, metal hydroxides, phosphorus-based flame retardants, nitrogen-containing flame retardants, and ionic liquids (Chen et al., 2017; Jiao et al., 2019; Wan et al., 2021; Ozcelik et al., 2022; Hu et al., 2023). Among additive flame retardants, phosphorus-based flame retardants are one of the most widely used ways to prepare flame-retardant TPU. Phosphorus-based flame retardants generate phosphoric acid, metaphosphoric acid, pyrophosphoric acid, and phosphorus oxide compounds during thermal decomposition. These acid compounds can promote dehydration and carbonization of the polymer matrix, thus improving the carbonization rate and enhancing the flame-retardant properties of the polymer composites (Jia et al., 2019; Yang and Shao, 2021). Zhou et al. (2019) added aluminum hypophosphite (AHP) and phosphorus tailings (PT) to TPU. The TG test results showed that the compounding of PT and AHP improved the thermal stability of TPU composites, with a significantly increased carbon residue at 800°C. The cone calorimetry test (CCT) results showed that the peak heat release rate (PHRR) and total heat release rate (THR) of the samples with AHP addition of 25wt% decreased by 89% and 68%, respectively, and the total smoke release (TSR) was reduced by 58.8% compared to pure TPU. Wang et al. (2021) compounded APP and expanded graphite (EG) and prepared TPU/APP/EG composites by microlayer co-extrusion technology. The microlayer co-extrusion technology allowed easier dispersion of APP and EG particles in the polymer matrix, as well as more uniform and better flame-retardant effects. When the addition amount was 15% APP and EG (APP: EG = 1:1), the LOI of the composite prepared by micro-layer co-extrusion technology reached 30.9 vol%. Shi et al. (2022) synthesized Co-MOF@MXene hybrid flame retardants, which were incorporated into TPU to enhance its fire retarding properties. When 2 wt% Co-MOF@MXene was added, the smoke production rate and total smoke production of TPU/Co-MOF@MXene composites decreased by 58.8% and 47.5% compared with pure TPU. Cai et al. (2022) grafted cross-linked polydimethylsiloxane (PDMS) on the surface of black phosphorus to improve the moist ambient stability and flame retardancy efficiency. PDMS-BP was further introduced to enhance the flame retardancy of the TPU composites. With only 2 wt% PDMS-BP loading, TPU/PDMS-BP showed PHRR and THR decreases of 59.6% and 14.3%, respectively, compared with pure TPU.
Generally, phosphorus-based flame retardant shows acceptable flame-retardant properties. However, pure phosphorus-based flame retardant still has challenges, including water absorption tendency, poor thermal stability, and instability in the air. The microencapsulation of flame retardants can effectively tackle these drawbacks. Zhu et al. (2020) prepared carbon black microencapsulated ammonium polyphosphate (APP@CB) by coating nano-carbon black (CB) on the surface of APP particles with triethoxysilane (APTS). Furthermore, APP@CB was added to TPU to fabricate TPU/APP@CB composites. The LOI value of the TPU composite was as high as 29 vol% for a 2 wt% CB coating. Yang et al. (2021) microencapsulated APP with glycidyl methacrylate (GMA) and prepared a series of flame-retardant rigid polyurethane composites (RPUF/GMAAPP). Their tests showed that with the same loading of GMAAPP and APP, the compressive performance of RPUF/GMAAPP improved by 5% compared with that of RPUF/APP. Cheng et al. (2021) used chitosan (CH) and chitosan/lignosulfonate (CH/LS) as the shell materials to prepare microencapsulated red phosphorus (MRP). RP@CH and RP@CH/LS were used as flame retardants for epoxy resin (EP). In the cone calorimeter test, the peak heat release rate (PHRR) of EP/7wt% RP@CH/LS was 59.7% lower than that of pure EP.
In the present study, microencapsulated piperazine pyrophosphate (MFPAPP) was prepared using melamine-formaldehyde resin, which showed a synergistic phosphorus-nitrogen flame retardant effect. MFPAPP was added to TPU to prepare TPU/MFPAPP composites, which were then subjected to various analyses to evaluate their thermal stability, combustion characteristics, pyrolysis gas products, and char residue structure. These analyses included thermogravimetry (TG), microcalorimetry (MCC), thermogravimetric infrared (TG-FTIR), and scanning electron microscopy (SEM). By investigating these parameters, the results provide both experimental and theoretical support for the development of high-performance flame retardant TPU.
EXPERIMENT
Materials
TPU (E8185) was purchased from Baoding Bangtai New Polymer Materials Co., Ltd. Melamine, formaldehyde, ethanol, and sodium carbonate were provided by Sinopharm. Deionized water was made in the laboratory.
MFPAPP preparation
First, 10 g of melamine, 17.9 mL of 37% formaldehyde aqueous solution, and 50 mL of distilled water were added to a 500-mL three-necked flask. The pH of the solution was then adjusted to 8.5 using a 10 wt% sodium carbonate solution. The temperature was raised to 80°C with stirring and then stirred for 30 min to obtain a transparent and clear melamine-formaldehyde pre-polymer for the next experiment.
A total of 60 g PAPP was dispersed in 150 mL of ethanol solution. The pre-polymer was then added to the mixture. The pH of the solution was adjusted to 3.6, and the temperature was raised to 80°C and further reacted for 2 h. The mixture was filtered, washed, and dried after cooling to room temperature. White powders were obtained after heating at 70 °C for 12 h.
Preparation of polyurethane elastomer composites
First, the TPU particles, and PAPP and MFPAPP powders were heated at 80°C for 6 h to constant weights. Then, TPU pellets were added into the mixer and mixed at 180°C for 5 min at 100 r/min until they melted. Then, PAPP and MFPAPP were added and mixed for 10 min. The mixed samples listing in Table 1 were hot-pressed at 10 MPa for 10 min to obtain a 3.2-mm sheet for further testing.
TABLE 1 | TPU and FR-TPU composition.
[image: Table 1]Measurements and characterization
An X-ray photoelectron spectroscopy (XPS) spectrometer (VG ESCALAB II) was used to detect the surface element content of PAPP and MFPAPP under the condition of Al Kɑ excitation radiation (hv = 1,253.6 eV) in ultra-high vacuum.
A vertical combustion (UL-94) CZF-3 type horizontal and vertical combustion tester (Nanjing Jiangning Instrument Factory) was used to test the flame-retardant properties of the composite materials according to GB/T2408-2021. The sample size was 100 mm × 10 mm × 10 mm, and five pieces were selected for each group. The burning time and the presence of dripping during the burning process were also recorded.
The limiting oxygen indexes (LOIs) of the composites were measured using a JF-3 oxygen index analyzer (Nanjing Jiangning Instrument Factory) according to ASTM D2863. The sample size was 100 mm × 10 mm × 10 mm.
Water resistance test: The samples were soaked in water for 10 and 20 days at room temperature and then dried to a constant weight for the LOI and UL-94 tests.
Scanning electron microscope (SEM)-energy spectroscopy was used to analyze the macroscopic morphology of the carbon slag after calcination in the muffle furnace at a working voltage of 10 kV.
Fourier transform infrared spectroscopy (FTIR) (Nicolet 6700 FTIR) with a wave-number range of 400–4,000 cm-1 was performed to test the flame-retardant powder before and after encapsulation.
Thermogravimetry (TG): The thermal stability of the samples was characterized on a Q5000 thermal analyzer. First, 5–10 mg of the samples was heated from room temperature to 700°C at 20°C/min in a nitrogen atmosphere. The TG curve and DTG curves were recorded. The temperatures corresponding to 5% and 50% weight loss were defined as the initial decomposition temperature (T-5%) and the midpoint temperature of weight loss (T-50%), respectively. The temperature corresponding to the maximum weight loss rate was defined as Tmax.
Thermogravimetric-infrared (TG-IR) spectroscopy was performed using a TGA Q500 infrared thermogravimetric analyzer connected to a spectrophotometer (Nicolet 6700 FTIR). Approximately 5–10 mg of the sample was placed in an aluminum crucible and heated from 30°C to 700°C at 20°C/min (nitrogen atmosphere, flow rate of 70 mL/min).
Raman spectroscopy (LRS) was performed using an inVia Raman spectrometer on the carbon residue after combustion of the sample composites to analyze the graphitization degree.
The combustion characteristics of the samples were analyzed by micro combustion calorimetry (MCC, Govmark) according to the ASTM D 7309–2007a. At a nitrogen flow of 8 × 10−5 m3 min-1, 4–6 mg of samples was heated from 100°C to 650°C at 1°C/s. The volatile anaerobic pyrolysis products in the nitrogen flow were mixed with a pure oxygen flow of 8 × 10−5 m3 min-1 and then placed into the combustion furnace at 900°C. Parameters such as the release rate were obtained according to the oxygen consumption.
RESULTS AND DISCUSSION
Characterization of MFPAPP
Figure 1 shows the SEM images of PAPP and MFPAPP. In Figure 1A, PAPP shows particle sizes of 0.1–20 μm with irregular shapes and rough surface structures. Figure 1B shows the morphology of MFPAPP, which was composed of ball-like structures with significantly larger particle sizes and small particles on the surface. Comparisons showed significant changes in the MFPAPP surface structure, which was ascribed to melamine–formaldehyde wrapping on the surface of PAPP particles, suggesting successful MFPAPP fabrication.
[image: Figure 1]FIGURE 1 | SEM images of PAPP and MFPAPP. (A) PAPP and (B) MFPAPP.
X-ray photoelectron spectroscopy (XPS) is an effective method to analyze the chemical composition and bonding state of a material’s surface. Figure 2 shows the XPS spectra of MFPAPP and PAPP. The corresponding data are listed in Table 2. The P2p and P2s peak vibrations occurred at 135 eV and 192 eV, respectively. The peaks at around 285 eV and 398 eV could be ascribed to C1s and N1s, respectively. As shown in Figure 2, PAPP exhibited C of 44.34%, C of 35.52%, N of 10.19, and P of 9.95%. In contrast, MFPAPP exhibited a significantly increased N of 33.08% due to the high N content in MF resin, suggesting the successful fabrication of MFPAPP. Furthermore, the P content in MFPAPP decreased to 5.20%, indicating encapsulation of the PAPP particles by the MF resin.
[image: Figure 2]FIGURE 2 | XPS spectra of MFPAPP and PAPP.
TABLE 2 | XPS test results for PAPP and MFPAPP.
[image: Table 2]Thermal stability of the composites
Figure 3 shows the TG and DTG curves of TPU and the FR-TPU composites under nitrogen conditions. The corresponding data are listed in Table 3. The TPU decomposition was divided into two stages. First, TPU started to decompose at 328°C and then quickly reached the first thermal weight loss peak. This stage was mainly ascribed to the hard segment degradation of TPU molecular chains (Zhou et al., 2016). TPU pyrolysis reached the second peak at around 428°C. At this stage, the polyol segment in TPU molecular chain began to break to form a multi-molecular mixture. The char residue was 2.4wt% when the temperature reached 800°C. With the addition of PAPP and MFPAPP, the T-5% of the FR-TPU composites was lower. The T-5% value of TPU/MFPAPP composites decreased with increasing MFPAPP loading, possibly because the MF resin promoted the reaction between PAPP and the polyurethane molecular chain at this stage, thus promoting the premature degradation of TPU molecular chains. The Tmax1 and Tmax2 values of FR-TPU composites were higher than those of pure TPU, possibly because the phosphate and polyphosphate decomposed by PAPP and MFPAPP promoted the decomposition of the TPU matrix and formed a stable char layer. At 800°C, the char residue of TPU/PAPP10 was 13.7wt%, compared with 15.5wt% for TPU/MFPAPP10. A comparison of the aforementioned data showed that MFPAPP possessed higher char residues, which may be attributed to a synergistic effect between MF and PAPP to promote char residue formation, thereby protecting the fundamental material (Gao et al., 2022).
[image: Figure 3]FIGURE 3 | (A) TG and (B) DTG curves of TPU and FR-TPU composites.
TABLE 3 | Thermogravimetric data for the TPU and FR-TPU composites.
[image: Table 3]Combustion properties of the FR-TPU composites
Microcalorimetry (MCC) is an effective method for evaluating the fire performance of composite materials and requires only milligrams of samples (Xiao et al., 2017). Figure 4 shows the heat release rate (HRR) curves for TPU and the FR-TPU composites from the MCC tests. The results are listed in Table 4. In Figure 4, pure TPU shows two peak heat release rate (PHRR), with the second PHRR as high as 394 W/g, significantly higher than the first one. The total heat release (THR) reached 25.4 kJ/g at the end of combustion. With the addition of PAPP, the PHRR values of TPU/PAPP composites decreased with increasing PAPP loading. When MFPAPP replaced PAPP, the first PHRR value of TPU/MFPAPP composites was smaller and the second peak was larger than those for TPU/PAPP, consistent with the promotion of TPU decomposition by MF gas. The TPHRR value confirmed this conjecture. When the MF decomposition ended, the PAPP decomposition formed phosphoric and pyrophosphoric acids, promoted the carbonization process of the TPU matrix, and prevented flame spread. The THR value of TPU/MFPAPP30 was 45% lower than that of the pure sample, indicating that MFPAPP improved the fire resistance of the composites.
[image: Figure 4]FIGURE 4 | Heat release rate curves of TPU and FR-TPU from MCC.
TABLE 4 | MCC test results of TPU and FR-TPU composites.
[image: Table 4]Table 5 shows the limiting oxygen index (LOI) and vertical combustion (UL-94) test grades for TPU and the FR-TPU composites. The pure TPU without flame retardant shows a low LOI value of 22.9 vol% and no rating in the UL-94 test. It melted, deformed, and expanded the burning area after ignition, which is extremely dangerous in a fire. When PAPP was added, the LOI value of FR-PAPP composites increased significantly with the increasing addition of the flame retardant. When the additional amount of flame retardant was 30 wt%, the LOI values of TPU/PAPP30 and TPU/MFPAPP30 were 38.6% and 38.8%, respectively, which also successfully passed the UL-94 V-0 rating. In addition, with the same loading of flame retardant, the TPU/MFPAPP composites showed higher LOI values than their counterparts with PAPP loading, confirming that MFPAPP showed better flame-retardant performance than TPU. This phenomenon was attributed to the synergistic effect between the MF resin and PAPP.
TABLE 5 | LOI test results of TPU and FR-TPU composites after immersion in water.
[image: Table 5]Flame retardant experiments of the FR-TPU composites were also conducted after water immersion experiments (Table 6. A deterioration in the flame-retardant properties of TPU was observed after immersion in water. After 10 days of immersion, the LOI value was 22.5 vol%. After 20 days of immersion, the value further decreased to 22.0 vol%. A similar phenomenon was also observed in the TPU/PAPP composites. TPU/PAPP10 showed decreased LOI values of 28.3 vol% and 27.5 vol% after water immersion for 10 and 20 days, confirming the decreased flame retardancy of TPU/PAPP10, which was ascribed to the poor water resistance of PAPP particles. Compared with TPU/PAPP10, TPU/MFPAPP10 exhibited a lower deterioration of flame retardancy, which was ascribed to the protective effect of the MF shell on PAPP particles. The shell structure may inhibit the dissolution effect of water on PAPP particles, thus maintaining the excellent flame retardancy of the TPU/MFPAPP composites (Tang et al., 2020b).
TABLE 6 | UL-94 test results of TPU and FR-TPU composites after immersion in water.
[image: Table 6]To further understand the gas-phase products of FR-TPU composites during pyrolysis, TG-FTIR was conducted. Figure 5 provides a three-dimensional view of the gas-phase products of TPU and the TPU/PAPP30, and TPU/MFPAPP30 composites. After adding PAPP and MFPAPP, the decomposition products of the TPU composites were similar and mainly distributed at 3,800–3,700 cm-1, 2,500–2,300 cm-1, 1800–1700 cm-1, 1,600–1,500 cm-1, and 700–600 cm-1 (Liu et al., 2022a).
[image: Figure 5]FIGURE 5 | 3D-FTIR spectra of (A) TPU, (B) TPU/PAPP30, and (C) TPU/MFPAPP30.
Figure 6 shows the typical gas-phase product release intensity versus time during the pyrolysis of TPU, TPU/PAPP30, and TPU/MFPAPP30. The Gram–Schmidt curves (Figure 6A) showed that TPU, TPU/PAPP30, and TPU/MFPAPP30 had two gas evolution processes, corresponding to two decomposition stages of polyurethane molecular chains, consistent with the thermogravimetric results. Meanwhile, the peak intensity of TPU/PAPP30 and TPU/MFPAPP30 in the first decomposition stage was higher than that of TPU, indicating that PAPP and MFPAPP promoted the degradation of polyurethane hard segment chains into isocyanate compounds, amines, hydrocarbons, and CO2 (Wu et al., 2019). Figure 6 b), e), f), g) shows the release intensities of urethanes, carbonyls, aromatics, and esters, respectively. This release intensity was lower than that of pure TPU. Figure 6 c), d), h) provides the intensities for CO2, isocyanate, and HCN, all of which are lower than those of untreated TPU. Among them, isocyanate and CO2 were typical gaseous products in the first degradation stage. Their reduction occurred due to the excellent catalytic carbonization effects of PAPP and MFPAPP, which promoted the gas-phase products generated by the cracking of polyurethane molecular chains into the condensed phase. Additionally, CO2 and water generated by the pyrolysis of PAPP and MFPAPP can play a role in diluting the combustible gas. Moreover, PAPP and MFPAPP can act as free radical scavengers during combustion, capturing the reactive H and HO radicals, thereby interrupting the combustion reaction (Chen et al., 2022). HCN is a toxic product of TPU pyrolysis, which can cause casualties in a fire. Figure h) shows that the HCN intensity of TPU/PAPP30 was greatly reduced compared with pure TPU, implying that the addition of PAPP can improve the fire safety of TPU composites.
[image: Figure 6]FIGURE 6 | Comparisons of the gas-phase product intensities of TPU, TPU/PAPP30, and TPU/MFPAPP30. (A)Gram–Schmidt; (B) urethane; (C) CO2; (D) NCO; (E) carbonyl compound; (F) aromatic compound; (G) esters; (H) HCN.
Carbon layer analysis
Figure 7 shows SEM images of the char slag after calcination of the composites in the muffle furnace. Figure 7A confirms that the carbon slag of pure TPU is loose and fragile and easily falls apart; thus, it cannot play a role as a condensed-phase flame retardant. Compared with TPU, the carbon residue of TPU/PAPP30 was more complete. Although some holes were observed, the overall compactness was greatly improved, indicating that pyrophosphate and polyphosphate pyrolyzed by PAPP promoted the carbonization process of the TPU matrix. Figure 7C shows the carbon residues of TPU/MFPAPP30, in which the hole structures have almost disappeared, and the compactness of the char layer is also enhanced, possibly due to the combined action of MF and PAPP to promote the carbonization of the TPU matrix, which further improved the compactness of the carbon layer. The enhanced carbon layer was conducive to improving the fire-retardant performance of the composites. This phenomenon was highly consistent with the results of flame retardant tests (Tang et al., 2021b).
[image: Figure 7]FIGURE 7 | SEM photographs of carbon residues in TPU (A), TPU/PAPP30 (B), and TPU/MFPAPP30 (C).
Figure 8 shows the FTIR spectra of the carbon residues in TPU, TPU/PAPP30, and TPU/MFPAPP30. The characteristic peaks of the carbon residues are very different, in which 3,420 cm-1 corresponds to the O-H stretching vibration (Chen et al., 2019), and 1,640 cm-1 is the characteristic peak of the C=C bond. The TPU/PAPP and TPU/MFPAPP composites showed a new absorption peak, in which 3,290 cm-1 corresponded to the stretching vibration of the P-OH group (Hu et al., 2020) and 1,150 cm-1 and 1,010 cm-1 were attributed to the P=O and P-O-P bonds, respectively (Zhu et al., 2018). PAPP and MFPAPP promoted the formation of C=C from polyurethane molecular chains, which benefitted the formation of a compact carbon layer. Additionally, the introduction of phosphate into the carbon layer further improved the heat resistance of the composites.
[image: Figure 8]FIGURE 8 | FTIR spectra of carbon residues for TPU, TPU/PAPP30, and TPU/MFPAPP30.
To further understand the main elements in the carbon residue and their binding states, XPS tests were performed (Figure 9 and Table 7. The carbon residues of TPU mainly contained C, N, and O. After adding PAPP and MFPAPP, the C and N contents of the carbon residues in TPU/PAPP30 and TPU/MFPAPP30 decreased, while the content of O increased. The P element was also observed, which was ascribed to the phosphate decomposed by PAPP, which participated in the formation of the char layer.
[image: Figure 9]FIGURE 9 | XPS spectra of carbon residues for TPU, TPU/PAPP30, and TPU/MFPAPP30.
TABLE 7 | XPS results of carbon residues for TPU, TPU/PAPP30, and TPU/MFPAPP30 XPS.
[image: Table 7]Furthermore, the main elements C, N, and O in the carbon residue were peak fitted using XPS PEAK41 software to understand the binding state (Table 6). Figure 10 shows the C (1s) peak-fitted spectra of carbon residues in TPU and TPU/PAPP composites. The corresponding data are listed in Table 8. The peak at 284.7 eV represented the C element in C-C or C-H bonds, which corresponded to the graphitic carbon structure in the carbon residue. The peak at 285.7 eV represented the C element as C-O or C-N bonds, mainly corresponding to the structures of esters, ethers, alcohols, and phenols on the surface of the carbon layer. The peak at 287.4 eV represented C as C=O or C=N, corresponding to carbonyl groups, carboxylic acid (salt), ester groups, aromatic heterocyclic compounds, etc. on the surface of the carbon layer (Wu et al., 2019). The amounts of C-C/C-H, C-O/C-N, and C=O/C=N in TPU were 61.05%, 35.65%, and 3.30%, respectively. After adding PAPP, the C-O/C-N content of TPU/PAPP30 increased significantly. In TPU/MFPAPP30, the C-C/H content was increased significantly, indicating that MFPAPP enhanced the compactness of the carbon residues.
[image: Figure 10]FIGURE 10 | C1s spectra of carbon residues for (A) TPU, (B) TPU/PAPP30, and (C) TPU/MFPAPP30.
TABLE 8 | Binding state of the C element in the carbon residues of TPU and FR-TPU composites.
[image: Table 8]Figure 11 shows the O1s peak-fitted spectra of the carbon residues in the TPU composites. The corresponding data are list in Table 9. The peak at 531.3 eV corresponded to the =O structure in the form of carbonyl, quinone, carboxylic acid (salt), and ester in the carbon residues, The peak at 532.5 eV corresponded to the O element in the form of alcohol, ether, and phenol, while the peak at 533.7 eV corresponded to the adsorbed oxygen (O2) and free water (Tang et al., 2020c). The contents of = O, -O-, and O2/H2O in the carbon residues of TPU accounted for 28.75%, 44.35%, and 26.90%, respectively. After adding PAPP, the -O- structure in the carbon residues of TPU/PAPP30 increased to 51.43%, while the content of the O2/H2O structure did not change obviously. When MFPAPP was added, the content of the =O structure in the carbon residue of TPU/MFPAPP30 decreased slightly, while the content of the O element in the form of -O- increased to 62.33%. This phenomenon suggested significant improvement in the compactness of the carbon residue, consistent with the SEM test findings.
[image: Figure 11]FIGURE 11 | O1s spectra of the carbonr esidues in (A) TPU, (B) TPU/PAPP30, and (C) TPU/MFPAPP30.
TABLE 9 | Binding states of the O element in the carbon residues of TPU and FR-TPU composites.
[image: Table 9]Figure 12 shows the N1s peak-fitted spectra of carbon residues for the TPU composites. The corresponding data are listed in Table 10. The peak at 398.8 eV was attributed to the N element in the amide and amine compounds with the -NH- structure in the carbon residue, while the peak at 400.4 eV could be ascribed to the N element in aromatic heterocyclic compounds with the = N structure (Chen et al., 2021). PAPP or MFPAPP promoted the formation of the = N structure in the carbon residue, which benefitted the formation of aromatic heterocycles and enhanced the fire resistance of the carbon residue.
[image: Figure 12]FIGURE 12 | Carbon residue N1s spectra of (A) TPU, (B) TPU/PAPP30, and (C) TPU/MFPAPP30.
TABLE 10 | Binding state of N element in the carbon residues of TPU and FR-TPU composite materials.
[image: Table 10]Figure 13 shows the Raman spectra of the carbon residues for the TPU composites to investigate the effect of PAPP and MFPAPP on the carbonization of TPU composites in fire. All the curves show two characteristic peaks, corresponding to the D peak (1,360 cm-1) of the SP3 vibration of amorphous carbon and the G peak (1,580 cm-1) of the SP2 vibration with a fully graphitized structure, respectively (Bernhard et al., 2016; Wang et al., 2019b). The graphitization degree of the carbon material is represented by the area ratio (ID/IG) of the D and G peaks (Wang et al., 2019c). The smaller the ID/IG, the higher the graphitization degree of the formed carbon residue and the better the fire resistance of the carbon residue (Zhu et al., 2022). ID/IG of pure TPU was 2.25, while that of TPU/PAPP30 decreased to 2.08 when 30 wt% PAPP was added. This mainly occurred because PAPP contained a piperazine structure, which was a good carbon source. However, phosphates and polyphosphates generated by the pyrolysis of PAPP promoted the formation of carbon layers with high degrees of graphitization in combustion. When 30 wt% MFPAPP was added, the ID/IG of TPU/MFPAPP30 further decreased to 2.01, confirming that the combination of MF and PAPP synergistically promoted the formation of the graphitized carbon layer and endowing TPU/MFPAPP composites with better fire retarding.
[image: Figure 13]FIGURE 13 | Raman spectra of carbon residues for TPU and FR-TPU composites.
CONCLUSION
This study fabricated microencapsulated piperazine pyrophosphate by a simple method using melamine formaldehyde resin as the shell material. The effects of piperazine pyrophosphate (PAPP) and melamine formaldehyde resin microencapsulated piperazine pyrophosphate (MFPAPP) on the flame-retardant properties of thermoplastic polyurethane (TPU) were investigated. The thermogravimetric (TG) test showed that MFPAPP promoted the early decomposition of the TPU matrix and increased the carbon residue. At 800°C, the carbon residue of TPU/MFPAPP30 was as high as 22.4 wt%, which was 89% higher than that of unmodified TPU. The results of the flame-retardant test indicated that MFPAPP endowed TPU composites with excellent fire performance, with an LOI of 31.1 vol% and a UL-94 V-0 rating when 10 wt% MFPAPP was loaded, which was better than those for TPU/PAPP10. After the water immersion test, TPU/MFPAPP showed a smaller deterioration in flame retardancy compared with TPU/PAPP, which was ascribed to protection by the melamine formaldehyde resin shell. The results of the MCC test implied that MFPAPP effectively reduced the thermal hazard caused by combustion, with significantly decreased PHRR and THR values. Compared with pure samples, the PHRR and THR values of TPU/MFPAPP30 were reduced by 53% and 45%, respectively. XPS testing of the carbon residues showed that MFPAPP promoted the TPU matrix to form carbonyl, carboxylic acid (salt), ester, aromatic heterocyclic compounds, etc., which helped form a compact carbon layer and block flame and heat transfer. This study provided a novel strategy for fabricating flame-retardant TPU composites with excellent fire performance and water resistance.
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