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Abstract

:

To examine the interactions between two binder systems—hydroxyl-terminated polybutadiene (HTPB) and hydroxyl-terminated block copolyether prepolymer (HTPE)—as well as between these binders and ammonium perchlorate (AP) at various temperatures for their susceptibility to varying degrees of thermal damage treatment, the thermal characteristics and combustion interactions of the HTPB and HTPE binder systems, HTPB/AP and HTPE/AP mixtures, and HTPB/AP/Al and HTPE/AP/Al propellants were studied. The results showed that the first and second weight loss decomposition peak temperatures of the HTPB binder were, respectively, 85.34 and 55.74 °C higher than the HTPE binder. The HTPE binder decomposed more easily than the HTPB binder. The microstructure showed that the HTPB binder became brittle and cracked when heated, while the HTPE binder liquefied when heated. The combustion characteristic index, S, and the difference between calculated and experimental mass damage, ΔW, indicated that the components interacted. The original S index of the HTPB/AP mixture was 3.34 × 10−8; S first decreased and then increased to 4.24 × 10−8 with the sampling temperature. Its combustion was initially mild, then intensified. The original S index of the HTPE/AP mixture was 3.78 × 10−8; S increased and then decreased to 2.78 × 10−8 with the increasing sampling temperature. Its combustion was initially rapid, then slowed. Under high-temperature conditions, the HTPB/AP/Al propellants combusted more intensely than the HTPE/AP/Al propellants, and its components interacted more strongly. A heated HTPE/AP mixture acted as a barrier, reducing the responsiveness of solid propellants.
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1. Introduction


Hydroxyl-terminated polybutadiene (HTPB) propellant is currently the most important type of composite propellant and has been applied in various rocket motor models in China and abroad. HTPB not only improves the specific impulse of the propellant but also has a widely adjustable range of burning rates, good mechanical properties, a simple manufacturing process, and abundant raw materials [1,2,3,4,5,6]. Thus, it is one of the mainstream composite propellants in use. However, a new type of insensitive solid propellant has been developed that uses hydroxyl-terminated block copolyether prepolymer (HTPE) as a binder. It has good desensitisation performance, energy characteristics, and application performance [7]. Owing to its significant insensitivity under hazardous conditions such as slow heating, HTPE propellant is intended to replace HTPB propellant [8,9,10,11,12]. Based on their performance, HTPB and HTPE propellants can be applied in a wide range of environments. However, with the increasing complexity of the service environment, the possibility of accidental reaction and the degree of harm of the motor in the process of use is also increasing. Therefore, it is an important development direction to improve the survivability of solid rocket motors in a complex environment in the future.



A composite solid propellant, which has certain mechanical properties, is manufactured by mixing and curing oxidants (such as ammonium perchlorate (AP) and ammonium nitrate), combustion agents (such as Al powder), and polymer binders. Unexpected thermal decomposition and the energy release of propellants can occur in stimulating environments subjected to heating conditions. A typical example is an external fire causing a warehouse to warm up slowly; the heating process can lead to the thermal decomposition of the propellant. The thermal decomposition behaviour of propellants, especially the interaction between components, significantly affects their combustion characteristics after ignition. The thermal decomposition process is defined as the initial stage of ignition and combustion [13], and the decomposition characteristics of propellants have a profound effect on their combustion characteristics [14]. Therefore, the thermal analysis and cocombustion of energetic materials, such as solid propellants, is crucial not only to understand the thermal decomposition behaviour of propellants but also to conduct an in-depth evaluation of the effect of propellant exothermic decomposition on potential hazards during heating processes [15,16].



The thermal decomposition and combustion characteristics of propellants are closely related to the interactions between other components of the propellant [17]. Extensive research has been conducted on the thermal decomposition properties of AP [18,19], HTPB [20,21,22,23], HTPE [24], HTPB/AP propellant [25,26], and HTPE/AP propellant [16,27,28], laying an important foundation for understanding the thermal decomposition, ignition, and combustion characteristics of HTPB and HTPE propellants. However, similar research has not been conducted on the interaction between the propellant components during heating. During the heating process, various degrees of thermal decomposition of the propellant components occur, and their interactions are variable. Therefore, understanding the interactions between the components during the heating process is crucial for understanding the thermal decomposition behaviour of propellants and the effect of exothermic decomposition on potential hazards.



In this study, the interactions and cocombustion between two binder systems (HTPB and HTPE) at various temperatures were studied. The interactions and cocombustion between the incremental components of the propellants were evaluated by using thermogravimetric–Fourier transform infrared–mass spectrometry (TG–FTIR–MS) and other testing methods. In addition, the interactions between the binders and AP were analysed, which can provide a theoretical basis for further understanding and research on the thermal safety of propellants under heating conditions.




2. Materials and Methods


2.1. Materials


To study the interaction and cocombustion between propellants and their components via thermal analysis characteristics, the following incremental component formulations were designed: HTPB binder, HTPB/AP mixture, HTPB/AP/Al propellant, HTPE binder, HTPE/AP mixture, and HTPE/AP/Al propellant. The mass ratio of the binder to AP particles in the mixture and propellant was 18:82, and the composition and content of their respective formulations are listed in Table 1. The samples used in this experiment were developed and prepared by the Beijing Institute of Technology.




2.2. Equipment and Conditions Methods


To analyse the interaction and cocombustion between the components of the propellant, an experimental device for slow-heating propellant tables [29] was used to heat the samples (Table 1) at a rate of 0.2 °C/min. One sample was removed when the temperature listed in Table 2 was reached. The heated samples were analysed by using a simultaneous thermal analyser infrared–mass spectrometer (Netzsch—STA449F3, FTIR Nicolet iS20, Netzsch—QMS 403, Beijing, China, accessed from www.eceshi.com, accessed on 14 February 2023.). Approximately 3.0 mg of the sample was heated from an initial temperature of 45 °C to 800 °C at a rate of 10 K/min. The purge gas was high-purity argon with a gas flow rate of 240 mL/min. The testing range of the mass spectrometer was 0–300 m/z. Scanning electron microscopy (SEM; Hitachi, S-4800, Beijing, China, accessed from www.eceshi.com, accessed on 15 May 2023.) was used to visually analyse the micromorphology of the components of the propellant.





3. Results and Discussion


3.1. Thermal Decomposition of a Single-Component Propellant


3.1.1. Thermal Decomposition of the HTPB Binder at Various Sampling Temperatures


Figure 1 shows the TG–MS–FTIR curves of the HTPB binder films heated to various temperatures (original samples and samples with sampling temperatures of 160 ℃, 180 ℃, and 220 ℃, respectively). The TG/DTG curve (differential thermogravimetry (DTG), a curve that differentiates each point on a TG curve with respect to temperature coordinates to the first degree) in Figure 1a shows that the thermal weight loss process of the film was completed in two stages.



For sample 5# HTPB binder, the first stage of weight loss occurs between 165 and 370 °C, with a maximum peak temperature at 294.92 °C for weight loss decomposition and a maximum weight loss rate of 0.89%/°C. The second stage occurs between 370 and 510 °C, with a maximum peak temperature at 463.92 °C for weight loss decomposition and a maximum weight loss rate of 0.71%/°C. The first stage occurs mainly because of the decomposition and volatilisation of DOA and TDI in the film when heated, and the second stage occurs mainly because of the chain-breaking decomposition and volatilisation of the HTPB polymer [30].



For sample 6#, the first stage of weight loss occurs between 165 and 370 °C, with a weight loss of 55.67%. The maximum peak temperature for weight loss decomposition is 285.56 °C, and the maximum weight loss rate is 0.96%/°C. The second stage occurs between 370 and 510 °C. During this stage, the weight loss is 43.39%, the maximum peak temperature of weight loss decomposition is 459.18 °C, and the maximum weight loss rate is 0.80%/°C.



For sample 7#, the first stage of weight loss occurs between 165 and 370 °C, with a weight loss of 54.26%. The maximum peak temperature for weight loss decomposition is 280.73 °C, and the maximum weight loss rate is 0.85%/°C. The second stage occurs between 370 and 510 °C, with a weight loss of 44.05%, maximum peak temperature of weight loss decomposition of 463.13 °C, and maximum weight loss rate of 0.79%/°C.



For sample 8#, the first stage of weight loss occurs between 165 and 370 °C, with a weight loss of 48.64%. The maximum peak temperature for weight loss decomposition is 276.71 °C, and the maximum weight loss rate is 0.78%/°C. The second stage occurs between 370 and 510 °C. During this stage, the weight loss is 48.20%, the maximum peak temperature of weight loss decomposition is 459.51 °C, and the maximum weight loss rate is 0.79%/°C. These results indicate that as the sampling temperature increases, the peak temperature of the first stage of weight loss of the HTPB films and their weight loss rate slightly decrease, but almost no effect is observed in the second stage of weight loss.



The weight loss peak temperatures of the HTPB binder in the FTIR curve reveal the corresponding groups of each characteristic absorption peak as follows: 2874–2964 cm−1 for C-H (2964 cm−1 for the asymmetric stretching vibration peak of C-H on CH3 and 2874 cm−1 for the symmetric stretching vibration peak of C-H on CH3); 2260 cm−1 for N2O; 1738 cm−1 for the stretching vibration peak of C=O; 1461 cm−1 for the in-plane bending vibration peak of C-H on CH2; 1231 cm−1 for the amide band III (this peak also represents the stretching vibration peak of C-N, which is a strong characteristic of polyurethane when it exists together with band II, the stretching vibration peak of C=O, and the stretching vibration peak of C-O described below), 1140–1178 cm−1 for the C-O stretching vibration peak; 966 cm−1 for (transform 1,4) -CH=CH- on the C-H out-of-plane bending vibration peak; and 910 cm−1 for (1,2-)—CH=CH2 on the C-H out-of-plane bending vibration peak. Among them, the absorption peak at 1738 cm−1 was formed by the superposition of C=O absorption in polyurethane and DOA. The absorption peaks at 1178 and 1140 cm−1 were formed by the superposition of C-O absorption peaks in polyurethane and DOA. The absorption peaks at 1535 and 1231 cm−1 represented the characteristic peaks of polyurethane hard segment urethane bonds, and the absorption peaks at 966 and 910 cm−1 represented the characteristic peaks of HTPB polymer. Using mass spectrometry, the gaseous products in the first weight loss stage of the HTPB films were determined to be CH3-containing gases, CO, CO2, N2O, and NO. During the second weight loss stage, the concentration of gas-containing CH3 increased significantly, whereas those of CO2 and CO decreased significantly.



Based on the decomposition peak temperatures of samples 6#, 7#, and 8# in the FTIR curves, the characteristic absorption peaks in the first stage were observed to have decreased; for example, the amide III band at 1231 cm−1 and the stretching vibration peak of C-O between 1140 and 1178 cm−1. As the sampling temperature increased, the gaseous products in the HTPB binder film contained CH3 gas, and the volatilisation of CO, CO2, N2O, and NO started. Furthermore, as the temperature increased, the DOA and TDI in the HTPB binder film were thermally decomposed and volatilised, leaving only those substances that were difficult to volatilise. When reheated, the substances that had not been completely volatilised in the first stage continued to volatilise; thus, the peak temperature in the first stage of weight loss decreased slightly. In contrast, reheating had almost no effect on the second weight loss stage.



SEM was used to analyse the apparent morphology of HTPB binder films at different sampling temperatures, as shown in Figure 2. It can be seen that the morphology of sample 5# is smooth and rich in viscoelasticity. Sample 6# begins to undergo changes, and as the components in the binder undergo thermal decomposition and volatilisation, the binder becomes brittle and cracks on the surface. As the sampling temperature reaches 180 °C, there are more cracks on the surface of sample 7#. When the sampling temperature is 220 °C, the 8# sample becomes more brittle, forming a bumpy surface.




3.1.2. Thermal Decomposition of the HTPE Binder at Various Sampling Temperatures


Figure 3 shows the TG–FTIR–MS curves of the HTPE binder films heated to various temperatures. In Figure 3a, (I) and (II) show the TG/DTG curves of samples 17# and 18#, respectively. In Figure 3a, (III) shows the residual HTPE binder film samples after combustion, and (IV) shows the TG/DTG curves of component A3. The thermal weight loss process of the HTPE binder film can be observed to be completed in two stages. In the first stage, when the sampling temperature increases, the peak temperature of the weight loss of the HTPE binder film increases slightly, and the weight loss rate decreases slightly. In contrast, little effect is observed in the second weight loss stage. As the HTPE binder ignited before the temperature reached 180 °C, HTPE samples were not collected at temperatures exceeding this. Furthermore, the energetic plasticiser A3 was added to the HTPE binder film, which lowered the reaction temperature of the HTPE binder owing to the volatilisation and decomposition heat release of A3; A3 is observed to be completely volatilised between 150 °C and 269 °C.



Based on the positions of the main absorption peaks, their corresponding groups in the FTIR spectrum can be determined to be as follows: 2874–2964 cm−1 for C-H (where the peaks at 2964 and 2874 cm−1 correspond to the asymmetric and symmetric stretching vibration peaks, respectively, of C-H in CH3); 2260 cm−1 corresponding to N2O; 1738 cm−1 to the stretching vibration peak of C=O; and 1140–1178 cm−1 to the stretching vibration peak of C-O. Based on the intensity of the infrared absorption peak of the decomposition product, the decomposition product can be determined to be mainly composed of small molecular ethers, alkanes, and a small amount of aldehydes. Based on MS, the first stage of weight loss of HTPE can be determined to comprise mainly the pyrolysis of the A3 plasticiser, and the second stage of weight loss can be determined to comprise the pyrolysis of the HTPE polymer colloid.



Figure 1 and Figure 3 indicate that although the thermal decomposition process of both binder films is completed in two stages, the first weight loss decomposition peak temperature of the HTPE binder is 209.58 °C, whereas that of the HTPB binder is 294.92 °C, which is 85.34 °C higher than that of the HTPE binder. The second weight loss decomposition peak temperature of the HTPE binder is 408.18 °C, whereas that of the HTPB binder is 463.92 °C, 55.74 °C higher than that of the HTPE binder. Therefore, compared to HTPB binders, HTPE binders decompose more easily. Such different decomposition peak temperatures are bound to impact the thermal decomposition and cocombustion interactions of propellants.



SEM was used to analyse the apparent morphology of HTPE binder films at different sampling temperatures, as shown in Figure 4. It can be seen that the morphology of sample 17# is wrinkled and elastic. As the components in the binder undergo thermal decomposition and volatilisation, sample 18# begins to liquefy, making the binder more viscous and smoothing the surface wrinkles. It can be seen that as the sampling temperature increases, the HTPB binder begins to become brittle, while the HTPE binder becomes sticky, which may cause the HTPE binder to adhere to the surface of AP particles and affect the interaction between the two components.




3.1.3. Thermal Decomposition of AP Particles at Various Sampling Temperatures


Figure 5 shows the TG–FTIR-MS curves of the AP particles heated to various temperatures. Figure 5a shows that two stages exist in the thermal weight loss process of AP particles: the low- and high-temperature weight loss stages. By increasing sampling temperature, the DTG low- and high-temperature decomposition peaks of AP advance slightly. Compared to sample 1#, the starts of the low-temperature decomposition of samples 2# and 3# are delayed because the sampling temperature consumes a portion of the defective AP nuclei during the period when the temperature is between 160 and 180 °C; therefore, the start of low-temperature decomposition is delayed during reheating. However, the low-temperature decomposition peak of sample 4# is observed 20 °C earlier than those of samples 2# and 3# because the AP particles generate pores, and the specific surface area increases when the sampling temperature is 220 °C, resulting in AP dissociation.



Based on the FTIR curves of the gaseous products decomposed from AP at the weight loss peak temperatures in Figure 5b,c, the wave numbers of N2O (2238 and 2201 cm−1), NO2 (1630 and 1598 cm−1), H2O (3500–4000 cm−1), and HCl (2700–3012 cm−1) can be determined by combining the data from (d) and (e). This analysis reveals that the main gaseous products of AP thermal decomposition are N2O and NO2.



It can be seen from Figure 5c that during the low-temperature weight loss stage, the NO2 absorption intensity of sample 1# is 0.0215, and the N2O absorption intensity is 0.0405. The NO2 absorption intensity of sample 2# is 0.0215, and the N2O absorption intensity is 0.0359. The NO2 absorption intensity of sample 3# is 0.0201, and the N2O absorption intensity is 0.0246. The NO2 absorption intensity of sample 4# is 0.0193, and the N2O absorption intensity is 0.0226. Their ratios are 1.88, 1.67, 1.22, and 1.17, respectively. As the sampling temperature increases, the absorption intensity ratio of NO2 and N2O gradually decreases during the low-temperature weight loss stage. During the high-temperature weight loss stage, the NO2 absorption intensity of sample 1# is 0.0594, and the N2O absorption intensity is 0.0514. The NO2 absorption intensity of sample 2# is 0.0608, and the N2O absorption intensity is 0.0560. The NO2 absorption intensity of sample 3# is 0.0604, and the N2O absorption intensity is 0.0530. The NO2 absorption intensity of sample 4# is 0.0640, and the N2O absorption intensity is 0.0511. Their ratios are thus 0.87, 0.92, 0.87, and 0.80, respectively. As the sampling temperature increases, the absorption intensity ratio of NO2 and N2O does not change significantly during the high-temperature weight loss stage.



SEM was used to analyse the apparent morphology of AP particles at different sampling temperatures, as shown in Figure 6. It can be seen that the surface of sample 1# is smooth and free from pores. Sample 2# began to undergo changes and the surface became uneven, but there were no pores. As the sampling temperature reaches 180 °C, there is a trend of increasing pores in sample 3#. When the sampling temperature is 220 °C, as the degree of decomposition deepens, sample 4# forms a porous AP structure.



Moreover, the changes in the intensity ratio of N2O to NO2 during the two weight loss stages indicate that a competitive relationship exists between the formation reaction of N2O and NO2 during the thermal decomposition of AP. This is consistent with the observations in reference [19]. The absorbance of N2O and NO2 during the low-temperature weight loss stage is greater than that of NO2, indicating that the products of N2O play a dominant role in the low-temperature weight loss process. However, during the high-temperature weight loss stage, the absorption intensity of NO2 is greater than that of N2O, indicating that the products of NO2 dominate high-temperature weight loss.



The first step of the thermal decomposition of AP is the dissociation of NH4ClO4 through proton transfer to form adsorbed NH3 and HClO4. Low-temperature thermal decomposition mainly occurs as a reaction between NH3 and HClO4 adsorbed onto the surface of the particles. At low temperatures, the decomposition products of HClO4 cannot oxidise NH3, and the remaining adsorbed NH3 covers the AP surface. When the particle surfaces are completely covered by NH3, low-temperature thermal decomposition causes a weight loss of approximately 30%.



The high-temperature thermal decomposition process of AP is mainly a gaseous-phase reaction: the adsorbed NH3 and HClO4 are pyrolysed and absorbed into the gaseous phase. In the gaseous phase, HClO4 further decomposes to generate oxidation products, whereas NH3 is oxidised by the oxidation products decomposed by HClO4 to generate the final products. As the sampling temperature increases, the severity of the partial decomposition of AP increases. When reheated, the specific surface area increases due to the presence of pores in the particles, and NH4ClO4 dissociation is more likely to occur, resulting in a decrease in the initial reaction temperature [31].



Although only 30% of AP decomposes at low temperatures, with the solid residue after decomposition is still AP, its physical properties change significantly and form a relatively stable porous material. However, when the temperature rises to 350–400 °C, AP undergoes high-temperature decomposition, releasing a large amount of energy. The thermal weight loss data of the HTPB and HTPE binders indicate that the first weight loss temperature of both HTPB and HTPE are low (less than 350 °C), whereas the second weight loss temperature exceeds 350 °C. Therefore, the two binders may interact at both the low- and high-temperature decomposition of AP.





3.2. Study on Cocombustion of Propellant Component


After analysing and understanding the thermal decomposition characteristics of individual components of propellant, the cocombustion and interaction are analysed and researched.



3.2.1. Cocombustion of the HTPB Binder and AP Particles


Figure 7 shows the TG and DTG curves of the HTPB/AP mixture and HTPB/AP/Al propellant, respectively. The thermal weight loss process of the original HTPB/AP mixture sample can be observed to be divided into three stages. The first stage is in the temperature range of 145–273 °C, with a maximum weight loss peak temperature at 201.65 °C and a gentle peak shape. The maximum weight loss rate is 0.31%/°C, and the weight loss is approximately 15.75%. This stage mainly results from the breakage and decomposition of the binder chain in HTPB. The second stage is in the temperature range of 273–330 °C, with a maximum peak temperature at 294.65 °C and a sharp peak shape. The weight loss is approximately 23.15%, and the maximum weight loss decomposition rate is 0.96%/°C. This stage consists mainly of the low-temperature decomposition of AP. The third stage is in the temperature range of 330–414 °C, with a peak temperature at 401.65 °C and a sharp peak shape. The maximum weight loss decomposition rate is 1.88%/°C, and the weight loss is approximately 61.10%. This stage consists mainly of the high-temperature decomposition of AP.



The thermal weight loss process of the HTPB/AP mixture samples heated to 160 °C can also be divided into three stages. The first stage is in the temperature range of 146–270 °C, with a maximum weight loss peak temperature at 225.16 °C and a gentle peak shape. The maximum weight loss rate is 0.21%/°C, and the weight loss is approximately 10.62%. This stage results mainly from the breaking and decomposition of the binder chain in HTPB. The second stage is in the temperature range of 270–328 °C, with a peak temperature at 295.36 °C and a sharp peak shape. The weight loss is approximately 25.89%, and the maximum weight loss decomposition rate is 0.96 /°C. This stage consists mainly of the low-temperature decomposition of AP. The third stage is in the temperature range of 328–408 °C, with a peak temperature at 387.16 °C and a sharp peak shape. The maximum weight loss decomposition rate is 1.55%/°C, and the weight loss is approximately 63.49%. This stage consists mainly of the high-temperature decomposition of AP.



The thermal weight loss process of the HTPB/AP mixture samples heated to 180 °C can be divided into two stages: the first stage is in the temperature range of 202–328 °C, with a peak temperature at 295.54 °C and a sharp peak shape. The maximum rate of weight loss is 0.99%/°C, and the weight loss is approximately 27.50%. This stage mainly results from the continued decomposition of the binder chain that is not completely decomposed in HTPB and the low-temperature decomposition of AP. The second stage is in the temperature range of 328–415 °C, with a peak temperature at 397.74 °C and a sharp peak shape. The maximum weight loss decomposition rate is 1.77%/°C, and the weight loss is approximately 72.50%. This stage consists mainly of the high-temperature decomposition of AP.



The thermal weight loss process of the HTPB/AP mixture sample heated to 220 °C can also be divided into two stages. The first stage is in the temperature range of 210–306 °C, with a maximum weight loss temperature at 268.77 °C and a gentle peak shape. The maximum weight loss rate is 0.47%/°C, and the weight loss is approximately 26.00%. This stage results mainly from the continued decomposition of the binder chain that is not fully decomposed in HTPB and the low-temperature decomposition of AP. The second stage is in the temperature range of 306–406 °C, with a peak temperature at 393.37 °C and a sharp peak shape. The maximum weight loss decomposition rate is 2.28%/°C, and the weight loss is approximately 74.00%. This stage consists mainly of the high-temperature decomposition of AP.



The thermal weight loss process of the original HTPB/AP/Al propellant sample can be divided into three stages. The first stage is in the temperature range of 149–265 °C, with a maximum weight loss peak temperature at 205.62 °C and a gentle peak shape. The maximum weight loss rate is 0.26%/°C, and the weight loss is approximately 13.59%. This stage results mainly from the breaking of the binder chain in HTPB. The second stage is in the temperature range of 265–326 °C, with a peak temperature at 292.02 °C and a sharp peak shape. The weight loss is approximately 19.96%, and the maximum weight loss decomposition rate is 0.94%/°C. This stage consists mainly of the low-temperature decomposition of AP. The third stage is in the temperature range of 326–391 °C, with a peak temperature at 380.02 °C and a sharp peak shape. The maximum weight loss decomposition rate is 1.83%/°C, and the weight loss is approximately 49.55%. This stage consists mainly of the high-temperature decomposition of AP.



The thermal weight loss process of the HTPB/AP/Al propellant samples heated to 160 °C can also be divided into three stages. The first stage is in the temperature range of 158–264 °C, with a maximum weight loss peak temperature at 221.31 °C and a gentle peak shape. The maximum weight loss rate is 0.22%/°C, and the weight loss is approximately 9.49%. This stage results mainly from the fracture and decomposition of the binder chain in HTPB. The second stage is in the temperature range of 264–325 °C, with a peak temperature at 292.71 °C and a sharp peak shape. The weight loss is approximately 23.27%, and the maximum weight loss decomposition rate is 1.10%/°C. This stage consists mainly of the low-temperature decomposition of AP. The third stage is in the temperature range of 325–401 °C, with a peak temperature at 392.91 °C and a sharp peak shape. The maximum weight loss decomposition rate is 1.19%/°C, and the weight loss is approximately 49.81%. This stage consists mainly of the high-temperature decomposition of AP.



The thermal weight loss process of the HTPB/AP/Al propellant samples heated to 180 °C can be divided into two stages. The first stage is in the temperature range of 197–324 °C, with a peak temperature at 293.85 °C and a sharp peak shape. The maximum rate of weight loss is 0.90%/°C, and the weight loss is approximately 25.74%. This stage results mainly from the continued decomposition of the binder chain that is not fully decomposed in HTPB and the low-temperature decomposition of AP. The second stage is in the temperature range of 324–399 °C, with a peak temperature at 377.25 °C and a sharp peak shape. The maximum weight loss decomposition rate is 1.42%/°C, and the weight loss is approximately 0.37%. This stage consists mainly of the high-temperature decomposition of AP.



The thermal weight loss process of the HTPB/AP/Al propellant samples heated to 220 °C can also be divided into two stages. The first stage is in the temperature range of 206–310 °C, with a maximum peak temperature at 266.63 °C and a gentle peak shape. The maximum rate of weight loss is 0.31%/°C, and the weight loss is approximately 20.30%. This stage results mainly from the continued decomposition of the binder chain that is not completely decomposed in HTPB and the low-temperature decomposition of AP. The second stage is in the temperature range of 310–400 °C, with a peak temperature at 385.23 °C and a sharp peak shape. The maximum weight loss decomposition rate is 1.45%/°C, and the weight loss is approximately 58.38%. This stage consists mainly of the high-temperature decomposition of AP.



When the sampling temperature is 180 °C and 220 °C, the thermal decomposition process can be divided into two stages. However, it can be divided into three stages when unheated and when the sampling temperature is 160 °C. This is because the binder in the mixture decomposes when the temperature exceeds 180 °C, meaning that a decomposition stage of the binder is lacking. This is because during the preparation of the sample, the first stage of binder decomposition has been completed. Therefore, it made the first-stage and second-stage original decomposition temperature higher.



SEM was used to analyse the apparent morphology of HTPB/AP mixtures and HTPB/AP/Al propellants at different sampling temperatures, as shown in Figure 8. It can be seen that as the sampling temperature increases, cracks begin to appear in the adhesive of sample 11# at 180 °C, while cracks have already appeared in sample 14# at 160 °C. It indicates that the adhesive has decomposed at this time, and in sample 15#, it can be seen that the adhesive is filled with pores while AP particles have no detailed changes. This also indicates that the adhesive decomposes first during the heating process. In samples 12# and 16#, pores are observed in AP particles. Both the decomposition of the binder and the pore structure of AP particles will have an impact on the combustion of the propellant.



The characteristic temperature is an important characteristic parameter in the heating process of propellants. As shown in Figure 7, T1 is the temperature at which the propellant begins to decompose, T2 is the temperature corresponding to the first peak of the weight loss rate, T3 is the end temperature of the first stage of weight loss, T4 is the temperature corresponding to the second peak of the weight loss rate, T5 is the end temperature of the second stage of weight loss, T6 is the temperature at which the propellant begins to burn (ignition temperature), T7 is the temperature corresponding to the third peak of the weight loss rate, and T8 is the temperature at which all combustible elements in the propellant are burned out. The ignition temperature is defined as the temperature corresponding to the intersection point C of the TG baseline and the tangent line of the TG descent point B corresponding to the peak point A on the DTG curve [32,33,34]. The heating process of the propellant can be mainly divided into two stages: the first stage is thermal decomposition and the second stage is combustion after ignition. Understanding the cocombustion behaviour of propellant components is important for investigating the interactions between the propellant components.



Figure 7 shows that the heating weight loss process of the propellant can be divided into two stages: the thermal decomposition before ignition of the propellant and the combustion stage after ignition. The first weight loss stage of the HTPB/AP mixture is characterised by a slow weight loss, which is 35% to 45% higher than the binder content in the propellant. This indicates that the first stage results not only from the thermal decomposition of the binder but also from the low-temperature decomposition of AP particles. The second stage is characterised by a rapid weight loss of 55% to 65%, mainly owing to the combustion of AP oxidants in the propellant. The weight loss of the HTPB/AP/Al propellant in the first stage is 32% to 40%, which is also higher than the binder content in the propellant. The second stage includes the thermal decomposition of the binder and the low-temperature decomposition of the AP particles. The weight loss in the second stage is 45% to 53%. The material remaining after the second stage consists of Al powder and a reaction residue.



To analyse the combustion characteristics of the propellants comprehensively, the flammability index, S, is defined as follows [35].



The combustion at lower heating rates can be determined by chemical reaction kinetics. According to Arrhenius’ law,


    d W   d t   = A e x p   −   E   R T     ,  



(1)




where dW/dt is the combustion rate (%/°C), A is the pre-exponential factor (min−1), E is the activation energy (kJ/mol), and T is the temperature (K).



From Equation (1), the following derivation can be obtained:


    R   E     d   d T       d W   d t     =   d W   d t     1     T   2     .  



(2)







At the ignition temperature, the aforementioned formula becomes


    R   E     d   d T         d W   d t       T =   T   i     =       d W   d t       T =   T   i       1     T   i   2     .  



(3)







Equation (3) can be converted as follows:


    R   E     d   d T         d W   d t       T =   T   i             d W   d t       m a x           d W   d t       T =   T   i               d W   d t       m e a n       T   h     =         d W   d t       m a x         d W   d t       m e a n       T   i   2     T   h     ,  



(4)




where (dW/dt)max is the maximum combustion rate (%/°C), (dW/dt)mean is the average combustion rate (%/°C), (dW/dt)T=Ti is the combustion rate at the ignition temperature (%/°C), Ti is the ignition temperature (°C), and Th is the burnout temperature (°C). R/E represents the reactivity of the propellant: the greater the value, the faster the reaction speed. At the ignition temperature, d/dT (dW/dt)T=Ti is the percentage of combustion rate conversion: the greater the value, the more rapid the ignition. Moreover, at the ignition temperature, (dW/dt)max/(dW/dt)T=Ti is the ratio of the maximum combustion rate to the combustion rate. Furthermore, (dW/dt)mean/TH represents the ratio of the average combustion rate to the burnout temperature: the greater the value, the faster the propellant burns. The product of the aforementioned terms reflects the combustion characteristics of the propellant, and its flammability index S is defined as


  S =         d W   d t       m a x         d W   d t       m e a n       T   i   2     T   h     .  



(5)







Here, Ti and Th are T6 and T8, respectively. The calculated flammability indices of the propellant samples are listed in Table 3.



Table 3 shows that the S index of sample 9# is 3.34 × 10−8, and S decreases to 2.77 × 10−8 as the sampling temperature increases to 160 °C. This occurs because the HTPB binder in the propellant is thermally decomposed, thus weakening the interaction between the binder and AP particles. As the sampling temperature continues to increase, the S index gradually increases to 4.24 × 10−8; although the HTPB binder has decomposed and the interaction is weak, pores are generated inside the sample at that time, which, in return, increases the specific surface area. To put it another way, even the interaction is weak, while the increase in the specific surface area could also enlarge the interaction effect. Therefore, the combustion characteristics are first mild and then become intense. The HTPB/AP/Al propellants exhibit the same trend as the mixtures, indicating that the addition of the Al powder has no significant effect on the interaction between the binder and AP other than performing a catalytic role.




3.2.2. Cocombustion of the HTPE Binder and AP Particles


Figure 9 shows the TG and DTG curves of the HTPE/AP mixture and HTPE/AP/Al propellant, respectively. The thermal weight loss process of the original HTPE/AP mixture sample and samples 20#, 21#, and 22# can all be observed to be divided into three stages.



For the original HTPE/AP mixture sample, the first stage is in the temperature range of 174–274 °C, with a maximum weight loss peak temperature at 252.95 °C and a gentle peak shape. The maximum weight loss rate is 0.24%/°C, and the weight loss is approximately 11.16%. This stage results mainly from the breaking and decomposition of the binder chain in HTPE. The second stage is in the temperature range of 274–327 °C, with a maximum peak temperature at 294.75 °C and a sharp peak shape. The weight loss is approximately 21.88%, and the maximum weight loss decomposition rate is 0.93%/°C. This stage consists mainly of the low-temperature decomposition of AP. The third stage is in the temperature range of 327–411 °C, with a peak temperature at 395.75 °C and a sharp peak shape. The maximum weight loss decomposition rate is 2.00%/°C, and the weight loss is approximately 66.96%. This stage consists mainly of the high-temperature decomposition of AP.



For sample 20#, the first stage is in the temperature range of 173–270 °C, with a maximum weight loss peak temperature at 245.39 °C and a gentle peak shape. The maximum weight loss rate is 0.26%/°C, and the weight loss is approximately 10.83%. The second stage is in the temperature range of 270–324 °C, with a maximum peak temperature at 294.39 °C and a sharp peak shape. The weight loss is approximately 21.83%, and the maximum weight loss decomposition rate is 0.89%/°C. Finally, the third stage is in the temperature range of 324–399 °C, with a peak temperature at 384.99 °C and a sharp peak shape. The maximum weight loss decomposition rate is 1.92%/°C, and the weight loss is approximately 67.34%



For sample 21#, the first stage is in the temperature range of 173–270 °C, with a maximum weight loss peak temperature at 241.45 °C and a gentle peak shape. The maximum weight loss rate is 0.24%/°C, and the weight loss is approximately 9.70%. The second stage is in the temperature range of 270–324 °C, with a peak temperature at 293.85 °C and a sharp peak shape. The weight loss is approximately 22.85%, and the maximum weight loss decomposition rate is 0.98%/°C. The third stage is in the temperature range of 324–408 °C, with a peak temperature at 391.65 °C and a sharp peak shape. The maximum weight loss decomposition rate is 1.65%/°C, and the weight loss is approximately 67.45%.



For sample 22#, the first stage is in the temperature range of 171–251 °C, with a maximum weight loss peak temperature at 240.92 °C, maximum weight loss rate of 0.23%/°C, and weight loss of approximately 7.70%. The second stage is connected to the first stage, with a weight loss of approximately 9.18% in the temperature range of 251–293 °C. The third stage is in the temperature range of 293–405 °C, with a peak temperature at 382.72 °C and a sharp peak shape. The maximum weight loss decomposition rate is 1.43%/°C, and the weight loss is approximately 68.88%.



On account of the defects on the AP crystal surface, a small number of AP molecules at the defect sites readily dissociate into NH3 and HClO4 via proton transfer at lower temperatures. Furthermore, as a strong acid, HClO4 readily reacts with the oxygen atoms of the ether bond in the HTPE molecular chain to form a salt, which makes the thermal stability of the ether bond decrease. Therefore, the earlier initial decomposition temperature of the first decomposition stage of the HTPE/AP mixture may have been caused by the small number of AP decomposition products promoting the decomposition of the HTPE binder.



The thermal weight loss process of the original HTPE/AP/Al propellant sample and samples 24#, 25#, and 26# can all be divided into three stages. For the original HTPE/AP/Al propellant sample, the first stage is in the temperature range of 136–259 °C, with a maximum weight loss peak temperature at 205.02 °C and a gentle peak shape. The maximum weight loss rate is 0.26%/°C, and the weight loss is approximately 13.15%. This stage results mainly from the breaking of the binder chains in HTPE. The second stage is in the temperature range of 259–326 °C, with a peak temperature at 292.02 °C and a sharp peak shape. The weight loss is approximately 22.40%, and the maximum weight loss decomposition rate is 0.94%/°C. This stage consists mainly of the low-temperature decomposition of AP. The third stage is in the temperature range of 326–392 °C, with a peak temperature at 380.02 °C and a sharp peak shape. The maximum weight loss decomposition rate is 1.83%/°C, and the weight loss is approximately 47.77%. This stage consists mainly of the high-temperature decomposition of AP.



For sample 24#, the first stage is in the temperature range of 170–270 °C, with a maximum weight loss peak temperature at 230.03 °C and a gentle peak shape. The maximum weight loss rate is 0.19%/°C, and the weight loss is approximately 7.79%. The second stage is in the temperature range of 270–324 °C, with a peak temperature at 295.03 °C and a sharp peak shape. The weight loss is approximately 21.69%, and the maximum weight loss decomposition rate is 0.85%/°C. The third stage is in the temperature range of 324–391 °C, with a peak temperature at 373.23 °C and a sharp peak shape. The maximum weight loss decomposition rate is 1.77%/°C, and the weight loss is approximately 53.12%. This stage consists mainly of the high-temperature decomposition of AP.



For sample 25#, the first stage is in the temperature range of 167–270 °C, with a maximum weight loss peak temperature at 236.21 °C and a gentle peak shape. The maximum weight loss rate is 0.19%/°C, and the weight loss is approximately 7.50%. The second stage is in the temperature range of 270–325 °C, with a maximum peak temperature at 296.61 °C and a sharp peak shape. The weight loss is approximately 22.77%, and the maximum weight loss decomposition rate is 0.81%/°C. The third stage is in the temperature range of 325–400 °C, with a peak temperature at 379.81 °C and a sharp peak shape. The maximum weight loss decomposition rate is 1.50%/°C, and the weight loss is approximately 52.52%.



For sample 26#, the first stage is in the temperature range of 164–255 °C, with a maximum weight loss peak temperature at 239.67 °C, a maximum weight loss rate of 0.17%/°C, and a weight loss of approximately 5.96%. The second stage is in the temperature range of 255–313 °C, with a peak temperature at 292.47 °C and a sharp peak shape. The weight loss is approximately 19.52%, and the maximum weight loss decomposition rate is 0.55%/°C. The third stage is in the temperature range of 313–390 °C, with a peak temperature at 359.87 °C and a sharp peak shape. The maximum weight loss decomposition rate is 1.25%/°C, and the weight loss is approximately 52.06%.



In contrast with the HTPB/AP mixture, the thermal decomposition processes of all the aforementioned samples can be divided into three stages. The addition of Al power will not affect its decomposition process.



SEM was used to analyse the apparent morphology of HTPE/AP mixtures and HTPE/AP/Al propellants at different sampling temperatures, as shown in Figure 10. It can be seen that in the HTPE/AP mixture and HTPE/AP/Al propellant, as the sampling temperature increases, the HTPE binder gradually liquefies and coats the surface of AP particles. From samples 12# and 16#, it can be seen that the HTPE binder at this time is still in a viscoelastic state, but the AP particles have already decomposed.



It can be seen that the interactions between the components of the two binder systems are different. This is because the HTPB binder becomes harder and more brittle as the sample temperature increases, causing it to debond from the AP particles, which in turn weakens the interactions between them. The HTPE binder becomes softer and reaches a certain degree of liquefaction, while continuing to adhere to the AP particles and interact with them.



Figure 9 shows the TG/DTG curves and characteristic temperatures of the HTPE/AP mixtures and HTPE/AP/Al propellants at various temperatures. The heating weight loss processes of the propellants can be divided into two stages. The first stage of the HTPE/AP mixture exhibits a slow weight loss, with a total weight loss of 25–40%, which is higher than the binder content in the propellant, indicating that this stage involves not only the thermal decomposition of the binder but also the low-temperature decomposition of the AP particles. The rapid weight loss in the second stage results mainly from the combustion of the AP oxidant in the propellant, and the weight loss in this stage is approximately 60%. The weight loss of the HTPE/AP/HTPB propellant in the first stage is between 23% and 38%, which is also higher than the binder content in the propellant. This stage includes the thermal decomposition of the binder and the low-temperature decomposition of the AP particles. The weight loss in the second stage is between 45% and 53%. The material that remains after the second stage consists of Al powder and a reaction residue.



Table 4 shows that the S index of sample 19# is 3.78 × 10−8, and S increases to 4.05 × 10−8 as the sampling temperature increases to 160 °C. This occurs because as the sampling temperature increases, the HTPE binder liquefies under heat and adheres more tightly to the AP particles to coat their surfaces, resulting in stronger interactions. However, as the sampling temperature increases, S gradually decreases to 2.78 × 10−8 owing to the decomposition of the energetic plasticiser A3 in the binder, which cannot provide the heat released by its decomposition to accelerate the low-temperature decomposition of AP. Therefore, the combustion characteristics are initially violent and then slow. The HTPE/AP/Al propellant exhibits the same trend as the mixture, indicating that the addition of Al powder has no significant effect on the interaction between the binder and AP other than performing a catalytic role.





3.3. Study of the Interaction of Propellant Component


3.3.1. Interaction between the HTPB Binder and AP Particles


To investigate whether there is an interaction between the binder and AP particles, the theoretical TG/DTG curve of the blend was calculated from the average weight of the individual as follows:


  W = α   W   b i n d e r   + β   W   A P    



(6)




where Wbinder and WAP are the weight loss rates of the binder and AP particles, respectively, and α and β are their respective proportions in the propellant.



The theoretical thermogravimetric curve for the binder mass ratio to AP particles at 18:82 was calculated. The experimental and calculated TG curves are shown in Figure 11. To further clarify the interaction between the HTPB binder and AP particles, ΔW (ΔW = TGcalculated − TGempirical) is defined as the difference in weight loss. Figure 12 shows the composition of the HTPB/AP mixture as ΔW changes with temperature.



The calculated DTG curve of the HTPB/AP mixture almost coincides with the experimental DTG curve within the temperature range below 150 °C. When the temperature of all samples exceeds 150 °C, the calculated TG curve lags behind the experimental TG curve. All the interactions between HTPB and the AP particles are positive and occur at all stages. At 200 °C, the calculated maximum weight loss is 0.30%/°C higher than the experimental value, indicating that the HTPB binder and AP particles interact at low temperatures. Compared with the calculated DTG curve, the experimental DTG curve shifts in the 260–420 °C region. This further confirms the significant interaction between the HTPB binder and AP particles.



Three maximum peaks exist in sample 9#, notably at 262 °C, with a deviation value as high as 13.93. The deviations are 12.72 and 12.09 at 357 and 405 °C, respectively. The maximum deviation for samples 10#, 11#, and 12# are 29.25, 3.42, and 18.33, respectively. These deviations indicate that a promoted interaction occurs between the HTPB binder and AP particles during both the thermal decomposition and combustion stages. This can be attributed to the exothermic heating effect of the HTPB decomposition process, which causes the AP to dissociate at low temperatures and release highly oxidising products in advance. The effect is more significant during the thermal decomposition stage of the unheated HTPB/AP mixture. Above 500 °C, ΔW is stable due to the combustion process of the blend being almost complete.



The interaction between the HTPB binder and AP differs from the mixed HTPB/AP system. Figure 13 shows the combustion characteristic index S of the HTPB and HTPE binder systems. As can be seen from Figure 12 and Figure 13, the impact of ΔW is divided into three stages, which have varying degrees of impact. The first weight loss stages of samples 9#, 10#, and 11# show a gradually decreasing ΔW, and as the sampling temperature increases, the HTPB binder gradually decomposes. Thus, the AP particles promote the decomposition of the HTPB binder at this stage. The second weight loss stage also shows a gradually decreasing ΔW, but the interaction is weaker than that in the first weight loss stage, and ΔW has a negative promoting effect. In the third weight loss stage, ΔW first increases and then decreases as the sampling temperature increases. This is due to the HTPB binder gradually decomposing while weight loss continues, leaving behind substances that are difficult to decompose, thus gradually weakening the interaction. However, the combustion characteristic index, S, of sample 12# is the largest, and the interaction between the HTPB binder and AP particles is the largest in the third stage. The main interaction between the HTPB binder and AP particles occurs in the combustion stage. The interaction of various components in the mixed HTPB/AP system is not only related to its thermal decomposition stage but also affected by its decomposition products and many other factors, such as pore structure.




3.3.2. Interaction between the HTPE Binder and AP Particles


The experimental and calculated TG curves of the HTPE/AP mixture at various sampling temperatures are shown in Figure 14 (the theoretical calculated values in samples 21# and 22# were calculated by using sample 18#). Figure 15 shows the composition of the HTPE/AP mixture at various sampling temperatures, and ΔW changes along with temperature. It can be seen that when the temperature is below 160 °C, the calculated DTG curve of the HTPE/AP mixture is almost consistent with the experimental DTG curve. When the temperature exceeds 160 °C, the calculated TG curve of sample 19# lags behind the experimental TG curve. When the temperature is between 150 and 320 °C, the experimental TG curves of samples 20#, 21#, and 22# lag behind the calculated TG curve. When the temperature exceeds 320 °C, the calculated TG curves of 20#, 21#, and 22# lag behind the experimental TG curve. There are three peaks in samples 19#, 20#, and 21#, of which sample 19# has a value of 4.05 at 206 °C and 3.48 at 220 °C, and a deviation value of up to 25.67 at 385 °C. Sample 20# is −3.10 at 226 °C, −2.26 at 304 °C, and 27.95 at 381 °C. Sample 21# is −1.39 at 229 °C, −3.34 at 299 °C, and 14.62 at 386 °C. Sample 22# has two peaks, ranging from −10.37 at 281 °C to 27.41 at 372 °C. These deviations indicate that when unheated, a positive promoting effect exists between HTPE and the AP particles, whereas when the sampling temperature exceeds 160 °C, a blocking effect exists between HTPE and the AP particles in the first and second weight loss stages of the HTPE/AP mixture and a positive promoting effect in the third weight loss stage. The main interaction between the HTPE binder and AP particles is in the thermal decomposition stage.



As can be seen from Figure 13 and Figure 15, the impact of ΔW is divided into three stages; yet, these three stages have varying degrees of impact, while the third stage has the least. The interaction between the binder and AP is different in the mixed system.



The unheated HTPE binder was beneficial to the low- and high-temperature decompositions of AP. This is related to the structural and thermal decomposition characteristics of HTPE. When AP is promoted, the HTPE binder can decompose in advance to produce short-chain polyethers. Moreover, as the temperature increases, the HClO4 produced by decomposition consumes a large amount of the HTPE binder owing to its decomposition and participation in oxidation reactions. However, when the HTPE propellant is heated, the short-chain polyether produced by the partial decomposition of the binder in it will fill the holes formed by the decomposition of the AP surface, thus acting as a coating and insulation, slowing down further decomposition of AP and inhibiting the concentrated and rapid release of decomposition heat. Therefore, the heated HTPE/AP mixture has a blocking effect, which can be achieved from the first stage when a decrease in ΔW is observed. It can be seen that the interaction of various elements in the mixed HTPE/AP system is not only related to its thermal decomposition stage but also affected by the binder decomposition products and many other factors, such as pore structure. Furthermore, it is also very beneficial for solid propellants to slow down the reaction of the AP oxidation products with Al powder under heating conditions, thereby reducing the responsiveness of solid propellants.






4. Conclusions


By studying the interactions between the components of two binder systems at various temperatures, the conclusions are as follows:




	(1)

	
The first and second weight loss decomposition peak temperatures of the HTPB binder are 85.34 and 55.74 °C higher, respectively, than those of the HTPE binder. Therefore, compared to the HTPB binders, the HTPE binders are more easily decomposed.




	(2)

	
As the sampling temperature increases, the S index of the HTPB/AP mixture initially decreases from 3.34 × 10−8 to 2.77 × 10−8, then increases to 4.24 × 10−8, indicating that its combustion characteristics are initially mild and then intensify. In contrast, the S index of the HTPE/AP mixture from 3.78 × 10−8 first increases to 4.05 × 10−8, then decreases to 2.78 × 10−8, indicating that its combustion characteristics are initially rapid and then slow down.




	(3)

	
The ΔW deviation between the heated HTPB binder and AP particles is positive, and the maximum deviations are 13.93, 29.25, 3.42, and 18.33, respectively. This indicates a promoting interaction between the HTPB binder and AP particles during the thermal decomposition and combustion stages. The ΔW deviation between the heated HTPE binder and AP particles is negative in the first and second weight loss stages, but positive in the third weight loss stage, with maximum deviations of 25.67, 27.95, 14.62, and 27.41, respectively. During the first and second weight loss stages of the HTPE/AP mixture, there is a blocking effect between the HTPE and AP particles on the surface, and a positive promoting effect appears in the third weight loss stage. The main interaction between the HTPE binder and AP particles occurs in the thermal decomposition stage.









The study of the interaction of the propellant component after heating is an important influencing factor for mastering and understanding the slow burning mechanism and response severity of propellants. In addition, the influence of the microstructure of propellants after heating cannot be ignored, and it is significant for comprehensively understanding the thermal safety of propellants.
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Figure 1. TG−FTIR−MS curves of the HTPB binder films heated to various temperatures. 
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Figure 2. SEM morphology of the HTPB binder films heated to various temperatures. 
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Figure 3. TG−FTIR−MS curves of the HTPE binder films heated to various temperatures. 






Figure 3. TG−FTIR−MS curves of the HTPE binder films heated to various temperatures.



[image: Polymers 15 02485 g003]







[image: Polymers 15 02485 g004 550] 





Figure 4. SEM morphology of the HTPE binder films heated to various temperatures. 
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Figure 5. TG−FTIR−MS curves of the AP particles heated to various temperatures. 
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Figure 6. SEM morphology of the AP particles films heated to various temperatures. 
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Figure 7. TG and DTG curves of the HTPB/AP mixtures and HTPB/AP/Al propellants at various sampling temperatures. 
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Figure 8. SEM morphology of the HTPB/AP mixtures and HTPB/AP/Al propellants heated to various temperatures. 
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Figure 9. TG and DTG curves of the HTPE/AP mixtures and HTPE/AP/Al propellants at various sampling temperatures. 
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Figure 10. SEM morphology of the HTPE/AP mixtures and HTPE/AP/Al propellants heated to various temperatures. 






Figure 10. SEM morphology of the HTPE/AP mixtures and HTPE/AP/Al propellants heated to various temperatures.
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Figure 11. Comparison between the experimental and calculated for HTPB/AP mixture TG and DTG curves. 
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Figure 12. Difference between the HTPB/AP mixture experimental and theoretical weight loss. 
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Figure 13. Combustion characteristic index S of HTPB and HTPE binder system. 
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Figure 14. Comparison between the experimental and calculated for HTPE/AP mixture TG and DTG curves. 
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Figure 15. Difference between the HTPE/AP mixture experimental and theoretical weight loss. 
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Table 1. Composition of the sample formula (wt.%).






Table 1. Composition of the sample formula (wt.%).





	
System

	
Sample

	
HTPB

	
DOA a

	
TDI b

	
AP

	
Al

	






	
HTPB system

	
HTPB binder

	
42.00

	
54.67

	
3.33

	

	

	




	
AP

	

	

	

	
100.00

	

	




	
HTPB/AP mixture

	
7.56

	
9.84

	
0.60

	
82.00

	

	




	
HTPB/AP/Al propellant

	
HTPB

6.30

	
DOA

8.20

	
TDI

0.50

	
AP

68.00

	
Al

17.00

	




	

	

	
HTPE

	
A3 c

	
IPDI d

	
Butanetriol

	
AP

	
Al




	
HTPE system

	
HTPE binder

	
37.33

	
54.67

	
7.33

	
0.67

	

	




	
HTPE/AP mixture

	
6.72

	
9.84

	
1.32

	
0.12

	
82.00

	




	
HTPE propellant

	
5.60

	
8.20

	
1.10

	
0.10

	
68.00

	
17.00








a dioctyl adipate; b toluene diisocyanate; c bis (2,2-dinitropropyl) formal and bis (2,2-dinitropropyl) formal acetal mixture; d isophorone diisocyanate.
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Table 2. Propellant sampling temperatures for various degrees of thermal damage treatment.
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System

	
Sample

	
Experiment Number

	
Sampling Temperature






	
AP

	
AP

	
1#

	
original




	
2#

	
160 °C




	
3#

	
180 °C




	
4#

	
220 °C




	
HTPB system

	
HTPB binder

	
5#

	
original




	
6#

	
160 °C




	
7#

	
180 °C




	
8#

	
220 °C




	
HTPB/AP mixture

	
9#

	
original




	
10#

	
160 °C




	
11#

	
180 °C




	
12#

	
220 °C




	
HTPB/AP/Al propellant

	
13#

	
original




	
14#

	
160 °C




	
15#

	
180 °C




	
16#

	
220 °C




	
HTPE system

	
HTPE binder

	
17#

	
original




	
18#

	
160 °C




	
HTPE/AP mixture

	
19#

	
original




	
20#

	
160 °C




	
21#

	
180 °C




	
22#

	
220 °C




	
HTPE/AP/Al propellant

	
23#

	
original




	
24#

	
160 °C




	
25#

	
180 °C




	
26#

	
220 °C
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Table 3. Flammability indices of the HTPB/AP mixture and HTPB/AP/Al propellant at various sampling temperatures.
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Propellant Samples

	
Experiment Number

	
         d W   d t       m a x      (%/°C)

	
         d W   d t       m e a n      (%/°C)

	
Ti (°C)

	
Th (°C)

	
S × 10−8






	
HTPB/AP mixture

	
9#

	
1.88

	
0.92

	
353.65

	
413.45

	
3.34




	
10#

	
1.55

	
0.81

	
333.16

	
407.96

	
2.77




	
11#

	
1.77

	
0.96

	
352.34

	
415.34

	
3.30




	
12#

	
2.28

	
1.17

	
353.77

	
406.57

	
4.24




	
HTPB/AP/Al propellant

	
13#

	
1.83

	
0.84

	
339.22

	
391.82

	
3.41




	
14#

	
1.19

	
0.66

	
326.11

	
401.91

	
1.84




	
15#

	
1.42

	
0.71

	
330.85

	
399.05

	
2.31




	
16#

	
1.45

	
0.66

	
332.83

	
400.23

	
2.42
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Table 4. Flammability indices of the HTPE/AP mixture and HTPE/AP/Al propellant at various temperatures.






Table 4. Flammability indices of the HTPE/AP mixture and HTPE/AP/Al propellant at various temperatures.





	
Propellant Samples

	
Experiment Number

	
         d W   d t       m a x      (%/°C)

	
         d W   d t       m e a n      (%/°C)

	
Ti (°C)

	
Th (°C)

	
S × 10−8






	
HTPE/AP mixture

	
19#

	
2.00

	
0.97

	
353.35

	
411.35

	
3.78




	
20#

	
1.92

	
0.99

	
342.99

	
399.19

	
4.05




	
21#

	
1.65

	
0.87

	
337.85

	
408.45

	
3.10




	
22#

	
1.43

	
0.87

	
333.92

	
405.72

	
2.78




	
HTPE/AP/Al propellant

	
23#

	
1.83

	
0.84

	
339.42

	
392.22

	
3.40




	
24#

	
1.77

	
0.85

	
335.23

	
391.03

	
3.42




	
25#

	
1.50

	
0.72

	
333.21

	
400.81

	
2.43




	
26#

	
1.25

	
0.65

	
308.27

	
390.87

	
2.19

















	
	
Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to people or property resulting from any ideas, methods, instructions or products referred to in the content.











© 2023 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).






media/file13.jpg
o ¥grbon

06

oK

T sgEn






media/file4.png
S
=
~
o)






media/file30.png
AW (%)

30 Stage 1Stage 2 Stage 3 5~ 95

A A A N N B

—m— 19#
0= 204
0 SEWAE:
= o= 2 D04

I ! |
200 400
Temperature (°C)

|
600

800





media/file18.png
HTPE/AP

HTPE/AP
propellant

mixture

Pyrolysis Combustion
120 e
00 - PR TG curves
1116 %8 & i+ 4Ci i & oo .
S EEN R N 1 39.68 %
~ 60 - i Bt -+ -
&) : ‘
B 401  66.96% : i Weight loss
20 - ; B | 60.32%
SO A (8 i (L P \
O v - T T T
200 4D( 600 800
0.5
S B et IS LR e DTG curves
G o SRR T -
< .05 25295°C .~
S 10] 024%/C 4
O 15 29475 °C 395.75 °C
= 0.93:%/°C 72,00 %/PC
_ 2.0 At
)5 Ti  TaTTsTsT7 Ts
400 800
Temperature/°C
(a) 19# sample
o Pyrolysis Combustion
<00, g o, Fage TG curves
= bl i %: TN | 2C r Weight loss
x 2IS% 1 i NG i 3563%
o 0 { N T3
407 674500 | \ | Weight loss
20 5 B | 64.37%
e et bt oo Bl
0 T id T T v
200 400 600 800
0.5
o 00 ............. DTG cul‘ves
$ o5 ] 24145°¢ 4E
S 1024 %€
< -1.0 e s L i1 391.65°C
O 15 29385 °C i 11,65 %/°C
E ; 0.98:% ~°C A%
2.0
25 T TaXTdsTsT-Ts
200 400 600 800
Temperature/°C
(¢) 21# sample
Pyrolysis Combustion
i;z B - TG curves
- 13.15%H N bl C ¥ Weight loss
S 307 22400%) A\ I §oa811%
v60_ —----‘—--\\l____..r__..
O 0] arime! \ : Weight loss
= ' | 4521 %
204 __ L _iv_i i 1By \
0 ' = L . ; ,
200 400 600 800
0.5
PRSI L .. DTG curves
& 51205029,
$ 7 Jo26 %wsc
; el 192.02 °Ci* i1 380.02°C
g | 194 %/°C 1i71.83 %/°C
a 20 A
§ TY T2 T2 TaTsTeI2'Ts
25 . . .
800
Tem el atul e/°C
(h sample
120 lysis Combustion
" - TG curves
7.50 o & — -ii.:.\' “iet T4 Weight loss
S 801 2_117%_; O\ i 32230%
S el “TTOITIPRA-T-IRCC
O o] 52520 : Weight loss
o ; 5 i 50.56 %
20 4 o e e S ¥
0 Y
200 400 600 800
0.5
o 60 Lomobne BET B 10 o DTG curves
€ [ aea1kc s AL
S 037 019 %iec EHE R
O 1.0 4 296.61°C » '-_: 379.81 °C
- 081 %/°C // 150 %/ C
o -154 A
T T2TaTaTsTsT7' Ts
-2-0 T 1 T

400
Temperature/°C

(g) 25# sample

Pyrolysis Combustion
L g S TG curves
100 st 1§ A b+ - -
= 10;8-1’/_: i) 5 SR *\C ‘ Weight loss
S 8% 3 N ¢ 3735%
- m_ ’ Py g5 e i B
o i ’
= 40 - 67.34% | | Weight loss
] i ! 62.65%
00 b idiiiBE
0 T T T T T ™
200 400 600 800
0.5
A 00 ----------- DTG c“l“Yes
g 0] 24539°C =i
¥ T {026%/MC : i
-~ -1.0 - i s 384.99 °C
© _15] 294.39 C | :
= 0:89 %G £i/7192%rC
Q20 A
55 T:  TaTdsTT7Ts
400 600 800
Temperature/°C
(b) 20# sample
120 Pyrolysis Combustion
100 . Sage i ShEge TG curves
7.76 0% - .__’:':~.\\ T ?_ Weght loss
S 807 Sa8% i N _.-_L_1_2§9_2°§
S .
~ 60 - i \ LYW
O 40l 68.88 %! \ : Weight loss
o ! 59.84 %
i ¥ B '
20 -4 =R 1
0 - )
200 400 600 800
0.5
G T —— 1R e S
-4 240.92°C _ “det
X 051 023%/4dc "
N’ .
O -10- 267.92 °C L /f %ZZ oC
E -1.5 0.28 %/°C A"-" 2
s T: T.TTds Ts ToTs
200 400 600 800
Temperature/°C
(d) 22# sample
Pyrolysis Combustion
120 g S TG curves
_ 100 15305 =had Thel i 78 Weightloss
A 0 ! '
& 0] TEV-RENQ L 1 3w
8 40 . 53.12 % : i Weight loss
B i B j 50.04%
0 I T 1
200 400 600 800
0.5
e 1 & W & Bgg gr 0 rmeewe DTG cul‘Y
SN e e
g i 230.63°C] o1 it i
S 7] 019%/~°d }
O 101 293.03°C*} i} i 373.23°C
~Pre 0.85 %i°C Adinmerc
25 T: T-TXITT7 T
200 600 800
Temfel atul e/°C
# sample
o Pwoh sis Combustion
Stage Stage
100}~ :_:;;L- Foptl g wﬂgmhssTG curves
~ g0 19520 § i it ¢ L 23.74 %
= - - — - —\1 g - -— ——
& o K \ ¥
~ . : | Wei
5 o] wodn o
= 20 - s el 4 b ! :
0 Y
T T T
200 400 600 800
0.5
8 00 R DTG wl"’“
-4 239.67°C 01 "
S oarshrc i, 359.87°C
QO -1.07 2247°C i i naseec
P 055%/°G At T 0
ks Ti TXTd%Ts TAs
-2¢0 1 T T
600 800

400
Temperature/°C

(h) 26# sample





media/file21.jpg
e

o temprueco » P rapnenco “ -
() 9# sample (b) 10# sample
g

L T

Tempetanre ()

(c) 11# sample

Tapnmeco

(d) 12# sample





media/file26.png
Sx108

3.5

HTPB/AP mixture

5.0 - HTPB/AP/Al propellant
HTPE/AP mixture

4.5 HTPE/AP/AI propellant

4.0

3.5 -

3.0 -

2.5 -

2.0

1.5 I I | |

Original 160 °C 180 °C 220 °C

Sampling temperature






media/file27.jpg
e

N

Lrererereerorereen|

—— ::m’l

e co,

Teaptriar O

T Eprmt

—
(a) 19# snmple (b) 20# sample
R By
0 Tempmaeco, b

R -
(¢) 21# sample

Tempttiwre c6)

(d) 22# sample





media/file3.jpg
g sy g pocey





media/file22.png
~—— Experimental
& Calculated

10

T L) T § T =
200 400 600 800
Temperature (°C)

0.5
Q 0.0
0.5 ]
-1.0 4
15 ]
2.0
25

DTG (%!/°

-0 Expel imental

2(1)() 4(I)0 660 800
Temperature (°C)

(a) 9# sample

& Experimental
~ Calculated

T T T
200 400 600 800
Temperature (°C)

DTG (%/°C)

-~ Experimental
§ SuaET gm. -~ Cauculated
LVVVV*J!Uy_ ’(va\.w‘v J\.UJ\I CATAAS]

"N, |

vV X

200 400 600 800
Temperature (°C)

(¢) 11# sample

100
80

40 -
20
0 -

TG (%)

~—&— Experimental

~ 4 Calculated

1.0

400
Temperature (°C)

800

0.5 -
C 0.0
3 0.5
1.0
1.5
2.0 4
25

(0/ 0,

DTG

=i Expenmental

400
Temperature (°C)

(b) 10# sample

100

TG (%)

~— ¢ Experimental

- Calculated

1.0

200 400 600

Temperature (°C)

800

0.5 4

-1.0 4
1.5+
2.0 4
2.5

DTG (%/C)

~ Experimental

ted

v

0.04 y_\,{’vvx. TaATAY VAT \E; \r\/vl?/v v d
054 AR, ?-m

Temperature (°C)

(d) 12# sample





media/file19.jpg
AP porbsity
T






media/file7.jpg
(a) 17# sample (b) 18# sample





media/file28.png
DTG (%/°C)

TG (%)

100 - ~—— Experimental
80 4 Calculated
60 4
10
20
0 i bl bbb b ]
I 1 % I L
200 400 600 800
Temperature (°C)

—0— Expel imental

0.5 4
.0
25 : . . - . :
200 400 600 800
Temperature (°C)
(a) 19# sample
100 ¢ Experimental
80 ~ Calculated
60
10
20
0
20 40 60 800
Temperature (°C)

—0— Expel imental

g5l ; . : . . i
200 400 600 800
Temperature (°C)

(¢) 21# sample

100 ~—&— Experimental
80 - ~ 4 Calculated
e
g
O 40 -
4 0
20 -
0
I $ I L 1 =
200 400 600 800
Lo Temperature (°C)
0.5 ] -0 Expenmental
o ]
O 0.
e
e
&
b=
=)

400
Temperature (°C)

(b) 20# sample

100 ~— ¢ Experimental
30 - Calculated
S o
O 404 )
20 FORLLEREDBGOERE D DO
0 . iy
T T y T ' T T
200 400 600 800
- Temperature (°C)
0'q ; ~ - Experimental
o Ly culated
g 0.0 -506% mwm&&%mcs
e\° 0.5 - \ ai I\I
rn 1.0 - WA A
m °af
2P ‘-‘P
2.5 v T . T i {
200 400 800
Temperature (°C)

(d) 22# sample





media/file10.png
(I) 1# sample (II) 2# sample (IIT) 3# sample (IV) 4# sample

/ 150-330°C_330-430°C 250-330°C _330-430°C 250-330°C_330--430°C 210-310°C 310-420°C » \
I 100 - » = 1N T(, = . 100 IAGI“A 10 T(’ -t u )
T L2 100 N 2 100 - T L2 100 i L2 1
| i Mass loss : ! Mass loss Mask Joss Mats loss
24 127.02% 0 ' 125.63 % $0 4 i25.49 % $0 - (2B % |
| L] 1 i L1 1 1 h
T : Q i
- L~ - - -
! g“ DTG g 2“1 i 3 g“ DTG g g” DTG g [
I E AAA A AAA A AR B A AR A A A B 7 g _'! c -~ E n S E . ¢ \ [r(\‘ ; & Y a & I
Y g = 40 - : o 40 4 2 04 o 2
Mass loss ' = \
I . =} : Mass loss a Miads los = - . Mass loss (=] I
- X% i La : o0 7437% -1 : -1 273.52 TLIS% | L1
| 204 407.68 °C 20 - I 402.45 % o : 20 4 3984 °C T4S1 % 20 - 397.12 °C
* 20s%68°C _» 2.00 %°C 29525°CY 1.92 % C : 29514°C ¥ 2.24 %/°C 050 %/C 226 %/°C :
| 1.28 9%/ % 1.05 %~} i : 107 % 4 \ P H I
L2 : 2 d 2 | : 2
i 64 0 b i P, 0 ; 0 | 0 ¥ :
4
o 100 0 w00 200 400 600 300 0 00 “w 5 300
I\ Temperature (°C) Temperature (°C) Temperture (°C) Temperature (°C) |
/
\ (a) TG/DTG curves ,
N e e e e e s e o e e e En G EE G O G G D S I I SEN SEN GEN GED GED GED GED D GED GED GED GEN GED GED GED GED GNP GED GED GED GEN GED GEN GEN GEN GED GEN GED GED I SN G N M e e e e e
o e e e e e e e e e e e e e e e e e e e e e -

~
”

g
(Abs)

o

£
(Abs)
(Abs)

o T o o o o
Absorbanee
Ab-mfm”cp
Absortance

0
< & S, <.
Y i s 2 )

~ ) 3D FTIR curves 2

’:: e e e e o e T S e e e e e e i g i e i’
/ \
[} - ==~. ,...‘ i
I 0.06 - 0.05— 006 :
l ?O.ﬁ ?nsj ?M- ‘:W l

2 2 . 2 . 2
| $um $ oo S omi- Som I
, gw 3" _Eus.- Ew ‘ . i :

ae - o - : 273.82 °C

| A : 3 | i . i e o e s S
| 0.01 : t' : : a0 - : : e : : 0.01 - 001 : P : :

: T 120.00 °C 1 : rro 120.00 °C rr ! 120.00 °C I
| - : S e ! I : N _ T : hc] oot : ol _ |
I MO 100 100 2000 2500 2000 3800 4000 00 1000 1500 2000 200 300 300 4000 D0 1000 1W0 W00 M0 MW 380 400 00 1000 100 2000 200 00 3W0 4000 |
\ Wavenumberiem 1) Waveaumbercem 1) Wavenumb eriem 1) Wavenumberem 1) /
L (c) FTIR curve at weight loss peak temperature _ v

or T o mm e e Em mm mm M EE M mm R M M R R Em e R EE R R M e mm R Em e e e e e e e e e e,
Ve ~

~

z - - 4
Z g3 g
gl -] a‘ |
z z z°
3 3 G
% % %
- - -
q’ ﬂ’ q—-
- - -
- - -

- S E— EE T S S S

e o o o o e o o o

curves /

rd
1 S
o
p—
1w
ne
"2
1w

\~--------—------—---------- t— -----------—-----------------_’
’—--_——---—-__----_—-----—_— — -----——----—_------—_----_—---\
/ \
[ 140"+ 1.4¥10 ™ 4 14410 ™+ 14710 " 4
mir*100=46 m/r*100=46 wm/2*100=46 wm/z*100=46
U W N AP — Y o U i oy
1.2¢10" OV N - 1.2x10 " 4 1.2x10 "4 1.2x10 " 4 sy
1010 1 NN we-44 1.0x10™+ AN w44 e~ A w44
z z z
£8.0x10" Z8.0x10" 4 Zs.0x10" 4
] m/z-358 3 m/z-1% & miz-15%
5 - L] B

6.0x10" 4 /\/1 -fr=.2| 6.0x10 " 4 j o— 6.0x10" 4 1 e
40x10" 4 4.0x10" 4 4.0x10" 4
2.0x20°% 4 )\ / \ m/z=18 2.0x20% 4 AN_/ ‘ w/z=18 2.0x10" 4 A~ L m/z=18
A e M e T m e e % W e M R SR S S N S S R P NP P R P A A )
Temperature (°C) Temperature (°C) Temperature (°C) Temperature (°C)
\ (e) MS curve at weight loss peak temperature y

~

SO USSR ———





media/file14.png
HTPB/AP

HTPB/AP
propellant

mixture

Pyrolysis Combustion
120 _tage —ei""8® TG curves
100 h" oo Bl Jhe riba —
~ s0. 558, _ > O i Weight loss
S 2345%; | N 45.10 %
~ 60 - RPN S S JEE—_
) Iy Nl e e e
40 - : \ /e
& 611D % VECARE
20 ; 54.90 %
i s |
0 . . . '
200 400 600 800
o2 DTG
........... v
6 (1| I e N S | c"" es
Q i
:c -0.5 4 / :
< -1.04201L65¢C & & 401.65 °C
O _15]031%pPC {294.65°C; ; i 7 1.88 %/°C
— 0.96 %°C | i
Q2.0 -
T T TITWTTET: 'Ts
25 . ; :
200 400 600 800
Temperature/°C
(a) 9# sample
130 Pyrolysis Combustion
o _hage Sgs TG curves
100 e 1§ i
-~ 27.50 %, \§ #C} i iWeightloss
Wl b N R 3670%
< i o 1 BHE eyl iy I
o 60 : : F
= 40 1 72.50 %! | Weight loss
20 i B | 63.30 %
_oboviddCy i
0 , ' ;
200 400 600 800
0.5
o3 ] ORI B 1 I | T e L N
g A
é ol 205.54PC ¥
-1.0 1 4 o | ,
E 0.99 % FC i1 397.74°C
S -15- it /177 %reC
T T T~T5T"Al‘s
20 : : .
200 400 600 800
Temperature/°C
(¢) 11# sample
Pyrolysis Combustion
120 - ~SAEN TG curves
100 3559 R T Hicii #'Weightloss
% 80- TN G ;
2 19.96 % \| . 38.06 %
= g0 % S T S . = e
O : \\ 9 Weight loss
4 S0p i '
~ 40 49.55% | L | AR
204 iMoo \ ¥
i
0 : : . N .
200 4D0 600 800
o2 “DIGec
........... ‘Y
S _05]20562°C 7 ;
S 10]026%°C IR .
o 292,02 °ci” i 380.02°C
15 0.54 %/°C i 71.83%/,C
A 20 A
Ti' T2 T3 TaTsTeI7Ts
25 ; . .
200 400 600 800
Temperature/°C
(pe) 13# sample
yrolysis Combustion
120 S(age - Stage TG curves
100 S L
. " C ¢ Weight loss
; 0 1 H
S s BN NG T 27.37%
< 6. 1 S
O 50.37% | \ B oo
40 4 : i 48.74 %
el o el L
20 - = L
3
0 , . ! : .
200 400 600 800
0.5
ok T RO N I B 5 TULE CHEVES
S -0.5 - :
=) .
< 29385°C _ ¥ ii Li#i 37725°C
g -1.0 0.90 %/9C . 1.42 %/°C
a -1.5 1 Al
20 Tx TJTsreT"]Irs .
200 400 600 800

Temperature/°C

(g) 15# sample

Pyrolysis Combustion
120 Stage Stage TG curves
100 T Tt
o TIOSTRT S .C 11 Weightloss
£ %07 2589% N ! i 3552%
L ol ==t M Lt o«
&) ; \
= 40 - 6319 % Weight loss
20 - : B 64.48 %
0 L) l' o 1 * 1
200 400 600 800
0.5
G Y | [ Co—" Dl oarves
S .05 22536°C /7
- 0.21 %/°C 4
Q -1.0 29536 §C i~ Liii 387.16°C
= s .96 %/°C A" 155%/°C
T T2 T3TaTsTsT7 'Ts
-2.0 T T I
200 400 800
Temperature/°C
(b) 10# sample
— Pyrolysis Combustion
100 T TG curves
i w 1 26.(” o/. : \ \\C ? ‘V‘ei@t loss
L e i 992%
S o LINTTTT T
= 7400 % | Weight loss
20 : B i 60.08%
0 - St gl e o
T T
200 400 600 800
0.5 DIG
5 00 curv
2 o5
X s
o 107 26877°C 393.37°C
151 047%/4C : 2 28 %/5C
PR T TiTs TiT7 Ts
E, 7 : : .
200 400 800
Temperature/°C
(d) 12# sample
Pyrolysis Combustion
o Stage . TG curves
_ 100 15359¢ L'\_;_.C.:\" .c i 4 Weight loss
Rt i o YL I Eon
< - TR T
© « 49.81 %! | R g
- 1 il B B | 49.78%
o 73 [N I & W Y Ay !
0 T l‘ T
200 400 600 800
0.5
- L} K2 EY] § 2 s DTG curves
o 0.0 e vnenne e 4 e,
S - 22131 °<:/" ¢
S 022 %rC Y
© -10- 22.71°CL T | /:-f 911'!:/1;2
2 1) 1.10 %/C A ke
20 Ty T2 TaTdsTs T-Ts
- T T T
200 400 800
Temperature/°C
(f) 14# sample
20 Combustion
1
ol -.—S“'E’_ e8¢ TG curves
20.30 % ’ w \C i Weight loss
S 801 SeER g IRQ LT _2545%
o i \ _—
o 60 58.38i% | {i TSRS M
o 0 ; ] H 53.23%
' B
20 - srmosmntioreal it wif e
0 - 1
- T T T
200 400 600 800
0.5
P 00 R B | I s DTG cul‘?es
g ¥ R
S -0.5
< 266.63 %" - 385.23 °C
8 -1.0 0.31 %/SC ' / 1.45 %/°C
o -15- A
20 Ti: TaTsTsT7 Ts
- T T T
200 400 800
Temperature/°C

(h) 16# sample





media/file11.jpg
AP porosity






media/file6.png
(I) 17# sample (II) 18# sample (IIT) Residual HTPE binder (IV) A3

” -~
/ — 3 3 — — 3 4 »
| TG L/0-320°C: 1 320-450°C 320-450°C 15 e 1170~480°C G e et 170-280°C \
100 4 Jri— 1 100 100 3
' L3
[ I
i b1 L) %0 b %0 4 L2 [

I » Massiloss Mass loss Mass loss Mass boss

| - 51.151% g 63 % g 9270 % 9 o= 99.98 % -1 Q I
Leolntc i 3 Feodnrc 3 2" ot S 1
I ~ " foogooa 0 S VY. ke £ & ooded X S Lvowrin 0
I g b = Y s ' E |‘.’. W\} E 2 P E I
i 5 1 e d a [ L2
| “ ‘ / \j Mass loss R [ 407-19°C N fous 4 Q % |
L > O 0.77%C 4736% HW7BTC
\§08.18 °C 4559% i |1 8 P 119 %50~ | 1 20 -2 I

l 20 4 1 . e 77 % [ 20 4 2EHANEC

I I it kaudul loss 3.26 % Residual loss 2.96 % | o 350%4C A
N L6T,%AC % N . - - R Residual koss 7.30 % . I

| N 0 0 800 200 00 600 0 200 0 $00 0 00 P 500
\ Tup“““e cac) Temperature °C) Iupmture (o] Temperature (°C) !

\ (a) TG/DTG curves /

~ -
P i I i e T R e il

/ N\
! \
| [ Vg |

|

[ 2
| % I
| 3 |
I § I
I 3 l

|

I i
I s, |

|

I . - ~
\ Y I

\ /

\ M S SRS SRS SRS W NN NN SEER SRR WS NN RN WS SRS W W S ww— w— — S S A — — W S S S W S W W W W — W— — — W— W— — W— — — — — ’

7 e ' ’ P \
’ 1140 lSSq l]?” 1160I 2360 ‘1964 360 140 1598 ll'.-'JS IKOI 2360 2964 JTNI ‘
[ 0.4 4 y ! ! am ]
I I 1 ) I

-.“'-L ! ,,J : : 40815 °C e H 407.87 °C
(I ; : £ o g g I
£ £ £ £
| § § §ox I
| 2 2 = : : . ; 2 A . |
.01 4
| e | : : : . 120.00 °C bt P . ]
i g i i ii 120,00 °C
! o TYTW T X - !
|
I Ww ] a0 e w 2000 3 000 om 2000 4000
I Wavesumbers (cm ') Wavenum bers (cm ') Wavenum ber s (cm ') I
\ I

N c) F _Ils curve at weight loss peak te mperature ’

~
'd

-

-
——)

-
et
- a
—

-

[}

p g g Zd
o 2
3 H 5 5
& (‘" S 3\
’ % xS %

\ -
z % .« Z, az
Lo - Zed 7
J" 5 - - |

N
L
!
¢

-~
\ (d) 3D MS curves /
b B ——— —— ————————————————————————————————————————————————————————— —
il oS
! Loae® Lox10® Lo \
1.4x10 " 4
I /L m =44 I
: S0 —— soxaed —'/L_—‘\ w/sdd seaeld N mir=44 1210 4 |
—— w/z-30 1.0x10™" I
£6.0010 geoaotd S N miw 26007 1 b l
Ig - g f\ = m/r=28 | g .\ m/r-218 g"'n"vu' . I
= 400" 4 = 400" = 6.0020M 1 JL ";":: I
LA
_____j\_m m/r=18 e mis=19 4.0x101 4 N Ll
20107 4 200107 I
~ w/z-15 miz-15 2.0%10 " 4 A miz=15 |
0.04—; . ’ . . . . 0.04—; . . . . . . 0.04— . . . . . . 0.0 4—; . . . . . . |
l 100 200 300 400 500 600 700 800 100 200 300 400 SO0 600 700 800 100 200 300 400 500 600 700 800 100 200 300 400 %00 600 700 800
Temperature (°C) Temperature (°C) Temperature (“C) ‘Temperature (“C) |
N (e) MS curve at wexght loss peak temperature /





media/file15.jpg
e ) 108 e

“%’J

oy ey e B






nav.xhtml


  polymers-15-02485


  
    		
      polymers-15-02485
    


  




  





media/file16.png
g §p parosity

-

(¢) 11# sample

aF

RS 3
Al
“

‘ ) AP porosity

o o
- ek e

| | | ' ' ) ' U
X500 SE(M $4801-IM 10.0kV 8.4mm x600 SE(M

(e) 13# sample (g) 15# sample (h) 16# sample






media/file2.png
(I) 5# sample (II) 6# sample (IIT) 7# sample (IV)8# sample

”~ it s el e e e e B Sl s (S e e i s Bl s el e e e e S o i e i e B R e Re B o e e s e b ol e el s s S Bl s el e el e e S~
/ N\
lo 1.0 10 10 \
I ”» TG ;. 165-370°C :370-510°X - TG 165-370°C :370-510C - TG 165-370°C_:370~-510°C TG :_165-370°C_:370-510°
100 4 4 - :
| ¢ i i : |
| ! i Los i  o.s | i o | : e |
bt Mass loss 0 Mass boss s : Mass loss 0 : :.\lass loss [
(. 53.25% o 5567 ; S426% ¢ : 4864 % ;
[ 3 m'l,l:’“’ i ] Fafolc A - ;-‘...B::(n; i ?..,.Lnu; i ; |
< 00004 H g 00 & €% Tacrang, ) HOOAA S < 30004 sopoe € &7 P, rpicrannrikod €
| E ' . g & “b‘ \ 1 ‘h 2 (‘: bl‘g Qdog, {; E E ' '\ 7 T ‘ t I
) ] a 4 : 4 : % X 3 e
| o i Mass loss a “ y | Mass Josx “ ¢ “ ¢ A i 1 Mass lass |
i 39.16% |-05 \ f‘ 4339% Las I i \ AT s n $020%W (L8 I
I 20 - \ | i 463.92 % wd i L J St 9] el n] enic | 2,‘ \|f 45951
I i ! e eeoss "(;m “ \/ b'sln: llb‘ 0.94 s — N ‘Ll;ldu.llc‘m.! 16 % 1 !
e ) > " a .
| ooy | pEaiiesTSY] |, . . SR, S R . . ) . ],
00 0o 600 2 100 00
\ w T(-p::ure (°C) o e Temperature °C) Temperature °C) ]
\ (a) TG/DTG curves W
P el e il et e iy
4 N\
[} \
1 ‘NJ,Q "Qq; |
I 0 ) > 1
) 028
[ N § I
| g ¢ |
5 s
| : s -
| - § |
1 I
-
I - I
1 I
\ Z I
\ TIR curves
\ R ———————— — R ————————— —— —
P e Sut G e S Sme S e s G4 S Gmb e B e et e
, ans T a0e -
1140 1231 1461 1738 2260 2964 3760 1140 1231 1461 1738 2260 2964 3760 1140 1231 1461 1738 2360 294 3760 1140 1231 1461 1738 2360 2964 3760
1 \
1 004 e | 004 [TYE |
1 |
003 - e 0034 0
g g% ——r ¢ g : i
I H 463.92 %C - 459.18 % - | 463.13°C s 459514
| £ i T £ I
Fans Fons Fon- o
| = = \ A = ORISR - UUTTS S S, W = 4 A A A |
| i 294.92°C s 285,56 °C e 280.73 °C o 276.71,°C |
1 I
| i 120.00 %€ ki 120.00 °C i 120.00 %C i 120.00 1
: oy ——
| 1060 200 o0 a0 1w 200 00 o 10 2000 soen P 1008 20m M0 w00 |
\ Wavenumbers (cm™) Wavenumbers (cm™) Wavenumbers (cm™) Wavenumbers (em™) ’
N ¢) FTIR curve at weight loss peak temperature I 4
- En am En En e s S e Gn E e G e e S Ee E e o Ew - .= .- -k e - -n - - e o e e o E S EE EE s B EE Ee E e e =
g S, S S S S B - S S S - —————.———.——_—_————————————_——-—_—_—-——_—.—_\
- \

-~

| 4 > [
I 0" I
z @ a1f - -
. T £ i : |
I % 2 i .
2 z z I
z Z 4 :
| 7; - r A ; I
z Z P z
I e, B 2 2,
2 2 E 2+ !
' |
|
| )
| I
\ |
MS 4
curves P
———— e e W S S R R S S e S S R S e R e R R S R e e e e e e e
Pt —r— — - - - S S S S e e e
124102 12008 12108 \

10x10 4 1.0%10°1 4 L0x10°" 4
mir M M

802104 P aoxm = /=30 $.0x10° mir=30
mir=28 6.0x107 4

6.0x10°" 4 :
4.0x10 7 4 4.0x10 4 4.0x10 % 4

|
|
1
|
|
mir-18 2 mi=18 1
|
|
i
|

Intensity

]

-]

&

s

[
ll(euir\
Intensity

. w/r=18
2.0%10 “-’__‘_,_F———\M/M—/ 2.0%10 '--’_‘_______&,_/_“\_____ 20410 " 4

00 miz-15 0.0 e m'z-1%5 0.0 iy miz=1%
100 200 300 400 00 600 700 500 100 200 300 400 S0 600 700  $00 100 200 300 400 500 600 700 00 100 200 300 400 500 600 700 800
Temperature (°C) Temperature (°C) Temperature (°C) Temperature (°C)

‘ (e) MS curve at weight loss peak temperature 2

T W W W W W W W W W W W W W W W W W W W W W W W W WS W W W W W W W W W W W W W W S W W w— w—w— —





media/file20.png





media/file23.jpg
AW (%)

Stage 1 Stage 2 Stage 3
29.25

-3.93

2222222222222

T
200 400
Temperature (°C)

T
600 800





media/file5.jpg





media/file24.png
30 4 Stage 1 Stage 2 Stage 3
29.25
235
20
S 15
= 10
<

-3.93

—M— 9#

—0—10#
—A— 114
— = 12#

\AAAALAAAAALAAAL,

|
400
Temperature (°C)

800





media/file29.jpg
AW (%)

Temperature (°C)





media/file1.jpg





media/file25.jpg
—— HTPB/AP mixture
i HTPB/AP/AI propellant

1 o~ HTPE/AP mixture

5] O HTPE/AP/Al propeliant

4.0 4

354

3.0

254

20 NUERGES

15 . 1.84 . ,
Original 160 °C 180 °C 220°C

Sampling temperature






media/file12.png
"‘i’& 4
W LE
e > ‘ .
.y - : :
) \ < Y
~ o ,};/
WLRT >
- r_/’
.
AP porosity
” - - = - ‘ 100um S4801-IM 10.0kV 10.6mm x400 SE(M) " '10 oum
(! H e 1%






media/file9.jpg





media/file0.png





media/file8.png
18# sample

(b)

(a) 17# sample






media/file17.jpg
ple

@30k sample

(0 155 samy

j

etdosd
avrain

[

C I TR T

SRR

o
avaaun





