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Abstract 10 

The employment of burning rate suppressants in the solid rocket propellant 11 

formulation is long known. Different research activities have been conducted to well 12 

understand the mechanism of suppression, but literature about the action of oxamide 13 

(OXA) and azodicarbonamide (ADA) on the thermal decomposition of composite 14 

propellant is still scarce. The focus of this study is on investigating the effect of 15 

burning rate suppressants on the thermal behavior and decomposition kinetics of 16 

composite solid propellants. Thermogravimetric analysis (TG) and differential 17 

thermal analysis (DTA) have been used to identify the changes in the thermal and 18 

kinetic behavior of coolant-based propellants. Two main decomposition stages were 19 

observed. It was found that OXA played an inhibition effect on both stages, whereas 20 

the ADA acts as a catalyst in the first stage and as coolant in the second one. The 21 

activation energy dependent on the conversion rate was estimated by two model-free 22 

integral methods: Kissinger-Akahira-Sunose (KAS) and Flynn-Wall-Ozawa (FWO) 23 

based on the TG data obtained at different heating rates. The mechanism of action of 24 

coolants on the decomposition of solid propellants was confirmed by the kinetic 25 

investigation as well. 26 
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decomposition kinetics, iso-conversional model. 28 

1. Introduction 29 

Composite solid propellants find application in defense technology (e.g. rockets 30 

and missiles) as well as space exploration (e.g. strap-on boosters and space launchers) 31 

and have been used in propulsion systems for several decades [1-3]. Composite 32 

propellants are mainly made up of some inorganic oxidizers such as ammonium 33 

perchlorate (AP) and ammonium dinitramide (ADN), polymeric binders such as 34 

hydroxyl-terminated polybutadiene (HTPB) and glycidyl azide polymer (GAP), a 35 

metal fuel such as aluminum (Al), additives such as curing agents, fillers, burning rate 36 

modifiers (catalyst or coolant), plasticizers, stabilizers and other components [4-7]. 37 

The AP/HTPB/Al-based propellants present excellent burning and mechanical 38 

features, acceptable cost, processability and storability, and are considered by far the 39 

most mature propulsion system among those currently employed [1, 8]. 40 

Additives are commonly incorporated to propellant formulations in small amount 41 

to tailor ballistic properties and improve peculiar propellant characteristics at the 42 

expense of other parameters, looking for a compromise among properties. Ballistic 43 

modifiers are substances that can be added in few percent ratios (between 0.5% and 44 

3% of the oxidizer) in order to enhance (for catalysts)/reduce (for coolants) the 45 

burning rate or diminish its sensitivity to initial temperature or pressure in a controlled 46 

way [8-11]. Composite solid propellants with high burning rate are often requested in 47 

high performance rocket motors and would allow vehicles to fly at high speeds (for 48 

instance: rockets and missiles). On the other hand, propellants with low burning rate 49 

produce low thrust, and are utilized for example as a slow burning rocket booster or a 50 

gas generator for controlling vehicle flight [12-14].  51 
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A convenient propellant formulation should have stable burning rate and a low 52 

pressure exponent [8]. To accomplish this purpose, substantial efforts have been 53 

devoted, including the incorporation of coolants into propellant formulations. A 54 

number of coolants, usually referred to as burning rate suppressants, have been 55 

investigated such as strontium carbonate, triphenyl antimony, ammonium 56 

polyphosphate, ammonium chloride, lithium fluoride, hexabromocyclododecane and 57 

diammonium bitetrazole [15, 16]. Further inorganic salts such as sodium carbonate, 58 

sodium bicarbonate calcium carbonate have demonstrated acceptable burning rate 59 

retarding effects [16]. Various explosives such as 3-amino-5-1,2,4-triazole, 3-nitro-60 

1,2,4-trazol-5-one, nitroguanidine and triaminotrinitrobenzene have been reported as 61 

coolants [16-18]. Other prospective burning rate suppressants including 62 

diaminoglyoxime, diaminofurazan, biuret, urea, melamine, oxamide and 63 

azodicarbonamide have been extensively studied as well [8, 12, 19-22]. Amide-based 64 

compounds are considered as the most effective and are frequently employed as 65 

coolants in practical use of composite propellants. 66 

The decomposition characteristics and the kinetics behavior of composite solid 67 

propellants exert a profound influence on the combustion features, since the 68 

decomposition is considered as the initial stage of combustion [23]. Thermal analysis 69 

investigation of energetic materials such as solid propellants is crucial not only to 70 

understand the kinetics of their thermal decomposition but also to deeply evaluate the 71 

effect of their exothermic decomposition on the potential hazard in their handling, 72 

processing, storage, and use [24-27]. Kinetic studies provide useful information to aid 73 

the modeling and prediction of the combustion characteristics of solid rocket 74 

propellants as well [28-30]. Non-isothermal kinetics can be categorized into model-75 

free and model-fitting classes [31-33]. Both methods have their benefits. They are 76 
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complementary rather than in competitive between each other. Recently, it was 77 

demonstrated that model-free methods, also known as iso-conversional methods, are 78 

the most common employed methods in the kinetic study of decomposition of 79 

energetic materials [34, 35]. The “International Confederation for Thermal Analysis 80 

and Calorimetry (ICTAC)” committee recommended that utilizing multiple heating 81 

rate programs leads to more reliable kinetic parameters with respect to single heating 82 

rate program [36]. Usually, the thermoanalytical methods employed for the study of 83 

thermal decomposition and kinetics of energetic materials (like propellants and 84 

propellant ingredients) are thermogravimetric analysis (TG), differential thermal 85 

analysis (DTA) and differential scanning calorimeter (DSC) [37-41]. Recently, these 86 

techniques have been revealed to be requisite to assess the effect of ballistic modifiers 87 

on the thermal decomposition and kinetic parameters of solid propellant [39, 42-44]. 88 

Commonly, several parameters are needed to be evaluated, including decomposition 89 

temperature, heat of decomposition, activation energy, pre-exponential factor, 90 

reaction model as well as thermolysis chemical pathway [23, 45, 46]. At present, the 91 

behavior of various catalysts as ballistic modifiers in the thermal decomposition of 92 

AP-based propellant has been extensively studied [23, 47-49]. Nevertheless, only few 93 

studies dealing with the effect of burning rate suppressants on the thermal properties 94 

of solid propellants have been carried out [12, 16, 19, 20]. Furthermore, to the best of 95 

our knowledge, there was no available report describing the influence of amides based 96 

compounds (oxamide and azodicarbonamide) on the thermal decomposition of 97 

composite solid propellants. Our previous research found that OXA and ADA are 98 

acting on both condensed and gas phases during combustion and the nature of coolant 99 

affects differently the burning rate pressure index [8]. 100 
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The purpose of this paper is to systematically investigate the effect of amide 101 

based compounds on the thermal decomposition characteristics of composite 102 

propellant formulations. This study first focused on the evaluation of the thermal 103 

properties of composite propellants containing two different coolants at different 104 

ratios based on TG-DTA technique using multi-heating rate method to well 105 

understand the role of coolants. Then, two model free integral methods (Flynn–Wall–106 

Ozawa (FWO) and Kissinger–Akahira–Sunose (KAS) methods) were used to 107 

compute the activation energy describing the thermal decomposition mechanism of 108 

composite solid propellants. An attempt has been made to explain the observed 109 

mechanisms that govern the functioning of cooling agents during propellants 110 

decomposition. 111 

2. Materials and methods 112 

2.1. Materials 113 

Bimodal ammonium perchlorate (AP), coarse AP (cAP) and fine AP (fAP), was 114 

employed as oxidizer in this work. The cAP with mean particles diameter of 200 µm 115 

was procured from a propulsion supplier and fAP, prepared by milling utilizing a 116 

centrifuge grinder (Restsch S100), has a mean diameter of 10 µm as determined by 117 

Malvern Mastersizer 2000 analyzer. The metal powder, which was used as a high-118 

energy fuel, is a commercial spherical µAl (of spherical shape with 30 µm nominal 119 

diameter). Hydroxyl-terminated polybutadiene (HTPB), a polyfunctional oligomer of 120 

butadiene which comes with hydroxyl groups, was procured from Cray Valley. 121 

Dioctyl adipate (DOA), isophorone di-isocyanate (IPDI) used respectively as 122 

plasticizer and curing agent were provided from Acros-Carlo Erba and Alfa Aesar, 123 

respectively. Dibutyltin diacetate (TIN) and oxamide (OXA) were employed as curing 124 

catalyst and ballistic modifier, respectively, and were supplied by Sigma Aldrich. 125 
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Azodicarbonamide (ADA) used also as a ballistic modifier was procured from Acros 126 

Organics. All the compounds were used as received. 127 

2.2. Preparation of propellant samples 128 

HTPB and other liquid ingredients (except curing agent) were well mixed and 129 

degased. The propellant was cured using isocyanate and tin-based catalyst. The 130 

baseline propellant AP/Al/HTPB formulated in the present study encompasses 86 131 

mass % total-solids with 58 wt.% cAP and 10 wt.% fAP. In the case of propellant 132 

formulations comprising OXA or ADA, the coolant is used in replacement of cAP 133 

particles, so that the grand total of mass-based solid loading and the fAP/HTPB ratio 134 

are the same as in the corresponding baseline. All the propellant formulations details 135 

are summarized in Table 1. 136 

The propellant ingredients were weighted with <0.5% error. All propellant 137 

mixtures were produced in 100 g batches using a Resodyn LabRAM resonant mixer. 138 

Air bubbles trapped in the propellant slurry while mixing were removed by degassing 139 

in a vacuum-casting chamber. The mixed slurry was subsequently pressed into Teflon 140 

molds, cured initially at 36 °C for 24 h, and followed by another curing at 60 °C for 141 

48 h. The obtained samples have been used for evaluation of the thermal properties 142 

and kinetics. 143 

2.3. TG-DTA analysis 144 

Thermal decomposition experiments of the propellant samples were carried out 145 

using a simultaneous TG-DTA analyser (Seiko Hitachi model SII Exstar 6000). The 146 

instrument was calibrated against melting point of indium, tin, lead, zinc and silver. In 147 

all experiments, 1–3 mg of propellant was placed in an alumina open crucible. The 148 

temperature was raised from room temperature to 900 °C. Argon gas atmosphere 149 

(high-purity) at a flow rate of 100 ml min-1 was used as the purge gas. The non-150 
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isothermal TG-DTA runs were conducted at heating rates (β) of 5, 10, 15, 20 and 25 151 

°C min-1. Data acquisition and processing were done with Muse version 2.0 software. 152 

Each test was repeated at least two times and the repeatability of the data is good, 153 

demonstrating the efficiency of the mixing procedure and the homogeneity of the 154 

prepared composite samples. 155 

2.4. Kinetic modeling 156 

2.4.1. The basis of non-isothermal kinetic model 157 

The rate of many thermally stimulated processes can be usually written in terms 158 

of T and α as follow [36, 34]: 159 

)()(
d

d 
fTk

t
                 (1) 160 

where t is the time, T is the temperature in Kelvin, α is the conversion extent (0<α<1), 161 

k(T) is the rate constant and f(α) is the mathematical function that represents the 162 

reaction mechanism. The value of α is experimentally derived from the thermal 163 

analysis technique used as a fraction change of any physical property associated with 164 

the reaction progress. When the process progress is monitored as a change in mass by 165 

TG, α is computed as a ratio of the current mass change, Δm, to the total mass change, 166 

Δmtot, occurred throughout the process: 167 
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where m0, mt and m∞ are initial sample mass, sample mass at time t and sample mass 169 

at the end of reaction, respectively. 170 

The temperature dependence of k(T) can be satisfactory described by the 171 

Arrhenius law, which after substitution into Eq. (1) yields, 172 
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where A is the pre-exponential factor (in s-1), E the activation energy and R the 174 

universal gas constant. 175 

When heating rate β=dT/dt is introduced, Eq. (3) could be transformed to: 176 

  )(exp
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Integration of Eq. (4) leads to 178 
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where g(α) is the integral form of the reaction model f(α). 180 

Integral methods originate from the application of the iso-conversional principle 181 

to Eq. (5). The integral in this equation does not have an analytical solution for an 182 

arbitrary temperature program. Numerous approximate equations have been proposed 183 

in the literature to perform the kinetic analysis of solid-state reactions. The most 184 

popular are those suggested by Doyle [50], Coats-Redfern [51, 52] and Senum and 185 

Yang [53]. 186 

2.4.2. Model free integral methods 187 

Previous research works reported that iso-conversional methods can be utilized to 188 

compute activation energy (E) without considering the reaction mechanism. In this 189 

paper, Kissinger–Akahira–Sunose (KAS) and Flynn-Wall-Ozawa (FWO) methods 190 

have been employed to evaluate the activation energies of propellant samples during 191 

thermal decomposition, because of their good adaptability and validity for model-free 192 

approaches [54]. The KAS and FWO are defined in Eqs. (6) and (7), respectively. 193 
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At a constant value of conversion rate α, the plots of ln(β/Tα
2) vs. 1/Tα (TAS 196 

method) or ln β vs. 1/Tα (FWO method) obtained from thermograms recorded at 197 

several heating rate help in yielding a straight line whose slope allows evaluation of 198 

the apparent activation energy. 199 

3. Results and Discussion 200 

3.1. TG-DTA analysis of propellant samples 201 

The TG-DTA analyses of the different samples shown in Figs. 1 and 2 indicate 202 

three major reaction stages in the temperature range 160–600 °C. The different stages 203 

appeared as steps in TG and as endothermic/exothermic peaks in DTA. On reaching 204 

600 °C all the propellant samples lose ~80% of the initial mass, there was no 205 

significant mass loss or thermal event occurred up to 900 °C and hence the data 206 

beyond 600 °C are excluded from the investigation. 207 

3.1.1. Thermal decomposition features of the baseline formulation 208 

The non-isothermal TG and DTG curves of the control propellant (CP-Baseline) 209 

are shown in Figs. 1 (a) and (b). It can be seen that CP-Baseline exhibited apparently 210 

three decomposition stages. The early mass loss at around 210 °C could be due to the 211 

evaporation or decomposition of the plasticizer (DOA) [47, 55]. The two other stages 212 

were observed as steps of mass loss in TG. The first major decomposition stage (stage 213 

II) occurred in the temperature range 300–410 °C, while the second decomposition 214 

happened in the temperature range of 430–520 °C (stage III). The mass loss pattern 215 

observed for the CP-Baseline is a typical thermal response of composite solid 216 

propellants containing AP as oxidizer and HTPB as binder [56]. 217 

Studying the DTG curve of CP-Baseline, two overlapping peaks are observed 218 

(Fig. 1(c)). The overlapping peaks produce a single DTG peak with a shoulder located 219 

on the left. CP-Baseline underwent two complicated decomposition processes at this 220 
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stage, a low-temperature decomposition (LTD, <360 °C) and a high-temperature 221 

decomposition (HTD, >360 °C). DTG of CP-Baseline exhibited basic features of AP 222 

decomposition suggesting its predominant role, but a little change can be observed in 223 

that stage II, since well-resolved peaks are commonly obtained in the case of AP/AP-224 

propellant decomposition [35, 49, 57]. This difference is probably caused by the 225 

presence of micro-aluminum. It is worth noting that one of the most important 226 

decomposition mechanisms of AP is that of proton transfer, where LTD is considered 227 

to start from cation to anion via molecular complex and occurred mainly at the 228 

intersections of dislocations in the bulk crystals. It generates in pores beneath the 229 

surface at a distance of few microns [49]. Zhu et al. [58] demonstrated that the 230 

presence of an amount of Al was likely to adsorb onto the surface of AP causing the 231 

inhibition of its sublimation and dissociation process and leading to the increase of the 232 

first decomposition process (LTD), whereas a decrease of HTD occurred. This latter 233 

can be catalyzed by Al, which is an active metal with high reactivity, that can react 234 

easily with the decomposition products of AP. However, the amount of Al involved in 235 

these reactions is probably small, since most of Al reacts at higher temperature [59]. 236 

During this stage II the CP-Baseline loses ~80% of its mass, since the process 237 

involves the thermal decomposition of all AP as well as a part of the binder. Wang et 238 

al. reported that thermal decomposition process of AP and HTPB accelerates during 239 

this stage, a large amount of heat is released and many kinds of oxidizing gases are 240 

formed [56]. However, as shown in Fig. 1(d), an additional decomposition of the 241 

residual polymeric binder occurs at higher temperature (~450°C) [35]. This latter 242 

phenomenon is governed by a diffusion process [55]. 243 

The DTA curve of CP-Baseline (Fig.2) indicates that its thermal behavior 244 

consists of three stages. In the stage Ib, an endothermic peak appears at 245 °C, 245 
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without mass loss, which is ascribed to the endothermic crystallographic transition of 246 

AP from orthorhombic to cubic due to the rotation of the perchlorate ion [57].  In the 247 

subsequent two stages, the first main exothermic peak (stage II) appears in the 248 

temperature range 280–420 °C corresponding to the complete decomposition of AP 249 

with a part of the polymeric binder, while the second peak (stage III) appears at 250 

relatively higher temperature range 430–550 °C, indicating the exothermic 251 

decomposition of the residual binder. Al-Basuony et al. [60] reported that composite 252 

propellant binders based on HTPB decompose in two stages. The first exothermic 253 

stage from 300-400 °C is divided into three sub-steps which are (1) an endothermic 254 

depolymerization of the binder through urethane bond cleavage that causes the 255 

diisocyanate component to vaporize, (2) exothermic cyclization and (3) cross-linking 256 

of the remaining HTPB, accompanied by partial decomposition of the cyclized 257 

products into low molecular mass species that volatize at around 350 °C. The second 258 

stage is attributed to the decomposition of the cyclized and cross-linked products 259 

formed in the first stage. Furthermore, some earlier reports for AP-based propellants 260 

also showed the appearance of one main exothermic peak, which combines both LTD 261 

and HTD [29, 61], in stage II corroborating our findings. 262 

3.1.2. Effect of OXA on the thermal decomposition characteristics of propellants  263 

The thermogravimetric analyses of the propellant samples with two different 264 

amount of OXA were carried out and the TG curves obtained are shown in Fig. 1(a).  265 

The results indicate that the OXA-based propellants exhibit a three-stage 266 

decomposition. These decomposition patterns of propellants with the addition of 267 

OXA show notable differences with respect to the control propellant.  268 

Figure 1(b) displays the DTG curves of CP-Baseline and propellants in the 269 

presence of two different amounts of OXA. The first peak (stage Ia) corresponds to 270 
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the decomposition of OXA, where the surface of the peak increases with the increase 271 

of the amount of OXA, and to the evaporation of DOA. Our previous work 272 

demonstrated that this decomposition is an endothermic phenomenon following a 273 

two-step process and the main decomposition product is NH3 [8]. The addition of 0.5 274 

wt.% and 3 wt.% of OXA increased the main decomposition temperature of 275 

propellant (stage II) by 6.5 °C and 8.6 °C at a burning rate of 5 °C min-1, respectively. 276 

The incorporation of OXA, which decomposes at lower temperature, to the propellant 277 

samples inhibits the decomposition processes. The abundance of NH3 causes 278 

suppression of the oxidizer sublimation and dissociation and shifts the chemical 279 

balance of the AP decomposition to left, so that both condensed gas-phase reactions 280 

occurred in the propellant surface are decelerated. The HTD of AP belongs to gas 281 

phase reaction. It is known that the thermolysis of OXA is highly endothermic. The 282 

decomposition products of such as CO and NH3 enable the concentration of HClO4 to 283 

become dilute and carry away the heat from the gas phase, thus the peak temperature 284 

for HTD of AP is also raised. Accordingly, as the amount of OXA increased, the main 285 

exothermic peak (stage II) that was attributed to the complete decomposition of AP 286 

and a part of binder gradually shifted toward higher temperature. It was shown from 287 

Fig. I(c) that LTD is shifted to the higher temperature and merged with the HTD, 288 

displaying one pronounced peak of decomposition.  289 

The second decomposition of OXA-propellants, corresponding to the 290 

decomposition of the residual binder, follows the same trend as the first one. The 291 

DTG values related to this decomposition (stage III) are 441.6, 449.2 and 452.0 °C for 292 

CP-Baseline, CP-OXA1 and CP-OXA2 at a burning rate of 5 °C min-1, respectively. 293 

These findings can be explained by the inhibition action of the decomposition process 294 

in the condensed-phase and the important volume of inert diluents such as N2 295 
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reaching the gas-phase. Therefore, the flame temperature will decrease and 296 

subsequently affects the heat feedback to the propellant surface. Diffusion controlled 297 

combustion dominates and this justifies the lower pressure exponent of OXA-based 298 

propellants, as reported in our recent published work [8]. 299 

When the DTA data were analyzed (Fig.2), two main peaks were observed in the 300 

range of 250–520 °C. Once OXA is added to the propellant formulations, similar 301 

trend has been obtained with respect to TGA. Furthermore, during heating, at around 302 

245 °C, the orthorhombic lattice of AP expands and forms a cubic structure which is 303 

invariably observed in all the samples as an endothermic peak in the DTA curves. 304 

Our results matched well with those obtained by an effective burning rate 305 

suppressant vis. Ammonium oxalate where the thermal decomposition of AP-based 306 

composite propellant is restrained and shifted to higher temperature (~6.8 °C) and 307 

consequently the combustion behavior is sensibly affected [44]. 308 

3.1.3. Effect of ADA on the thermal decomposition characteristics of propellants 309 

To compare the influence of ADA on the thermal decomposition of composite 310 

propellants, thermogravimetric analyses have been performed and the TG profiles 311 

obtained are given in Fig. 1 (a). It is shown that the thermal decomposition process 312 

could be divided into three main stages. The thermal analysis curves obviously 313 

displayed the change in peak temperature of the decomposition stages II and III of the 314 

propellant samples with respect to the amount of ADA. 315 

To well understand the various decomposition stages of samples, the DTG curves 316 

shown in Fig. 1(b) were plotted by taking the first derivative of the TG data. Similarly 317 

to TG, DTG exhibited three different stages. The stage Ia occurred from 150–250 °C 318 

is due to the early decomposition of ADA, where the surface of the peak increases 319 

with the increase of the amount of ADA, and to the evaporation of DOA. Our 320 
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previous work revealed that this decomposition is mainly an exothermic phenomenon 321 

with the formation of low molecular weight gases H2, CO, N2 and cyanic acid [8]. 322 

This exothermicity could promote the decomposition of AP particles and might 323 

enhance the regression rates of AP by reducing its decomposition temperature. The 324 

addition of 0.5 wt.% and 3 wt.% of ADA decreased the main decomposition 325 

temperature of propellant (stage II) by 7.9 °C and 18.7 °C at a burning rate of 5 °C 326 

min-1, respectively. It can be seen from Fig .1 (c) that ADA significantly accelerates 327 

the high-temperature exothermic process of AP, which the main ingredient of the 328 

solid propellant on one hand.  On the other hand the decomposition of the binder is 329 

promoted owing to the important heat feedback. It is believed however that this 330 

behavior is a result of the greater influence of kinetics that likely occurs between the 331 

oxidant species and the fuel vapors burning relatively close to the surface. We can 332 

deduce from the above discussion that ADA plays initially a catalytic effect. The last 333 

stage (III) takes place at temperature above 430 °C as shown in Fig. 1(d), with little 334 

mass loss, mainly dominated by the decomposition of the residual binder. The DTG 335 

values related to this decomposition (stage III) are 441.6, 448.0 and 451.1 °C for CP-336 

Baseline, CP-ADA1 and CP-ADA2 at a burning rate of 5 °C min-1, respectively. It 337 

can be observed that the complete decomposition of ADA, generating an important 338 

volume of inert diluents such as N2, could possibly change the composition of 339 

reactants reaching the gas-phase and causes the decrease of the flame temperature. 340 

These gases can significantly inhibit the heat flow from the gaseous combustion zone 341 

back to the condensed phase and thus slow down the thermal decomposition of the 342 

residual polymeric binder. Furthermore, fuel vapors have to travel a large distance in 343 

order to get oxidized and diffusion becomes dominant, since important volume of 344 
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inert gases is released by ADA. More inert gases can be released by CP-345 

ADA2compared to CP-ADA1. 346 

The thermogravimetric analysis data were supported by DTA results, where two 347 

main decomposition peaks were observed in the range of 250–520 °C. Further, the 348 

exothermecity of ADA in CP-ADA2 is perceptible from Fig. 2 at around 230 °C, 349 

whereas no peak appeared for CP-ADA1 at this stage (Ia), probably because of the 350 

low amount of ADA in the formulation. It was observed that the endothermic 351 

transformation happens from the low-temperature orthorhombic phase to the high-352 

temperature cubic phase in the range 240–250 °C (stage Ib) is not affected by the 353 

incorporation of ADA. 354 

3.2.Kinetic analysis 355 

The purpose of thermal decomposition experiment was to gain kinetic parameters 356 

including the activation energy to predict the thermal decomposition process. Because 357 

all high-energy materials are not thermodynamically stable, their existence is made 358 

possible by kinetic factors. Therefore, kinetic parameters are important for the 359 

prediction of the safety and efficiency of AP-based propellants and allow 360 

understanding the role of different additives such as ballistic modifiers. 361 

3.2.1. Effect of heating rate 362 

In order to use multi-heating rate method, a series of experiments had to be 363 

conducted at various heating rate (5, 10, 15, 20 and 25 °C min-1), and the TG/DTG 364 

curves of CP-OXA1 were shown in Fig. 3. The different results of TG for different 365 

propellant samples were listed in Table 2. Firstly, for the two decomposition 366 

processes of the propellant samples, both points of maximum of mass loss rate in the 367 

TG and DTG curves shifted toward higher temperatures. This could be attributed to 368 

difference between the reference temperature and sample temperature due to heat and 369 
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mass transfer limitation. Further, the low thermal conductivity of propellant samples 370 

also caused temperature gradients in sample grains. This is because thermal 371 

conductivity of a composite material depends on that of the composite material 372 

ingredients as stated by Gaurav and Tamakrishma [62]. As HTPB has very low 373 

thermal conductivity 2.01 W m-1 K-1 [63] compared to that of aluminum which is 206 374 

W m-1 K-1 [62], 14 wt.% of HTPB decreases the thermal conductivity of propellant 375 

samples. Consequently, the temperature in the core of grains can be lower than the 376 

temperature on their surfaces. Secondly, the percentage of mass losses is about 70% 377 

and 5% for both decomposition steps, respectively. It can be trusted that heating rate 378 

could not affect residues yield obviously. On the other hand, Fig. 4 illustrated the 379 

DTA patterns of the exothermic decomposition of CP-OXA1 at different heating rate. 380 

It showed a similar trend as the TG analysis. Furthermore, it was found that the 381 

allotropic transition at around 245 °C did not affected by the heating rate. 382 

3.2.2. Analysis of the activation energy 383 

Figures 5and 6 display the plots of iso-conversional lines based on KAS and 384 

FWO model free methods, respectively. The apparent activation energy (E) values 385 

and linear correlation coefficient (R2) are shown in Table 3; the linear correlation 386 

coefficients for getting the activation energy are in the range of 0.9783–0.9999 and 387 

the fitting is good for every linear plot. As shown in Table 3, the activation energy 388 

within α=0.15–0.85 was depicted in this study because of lower correlation values at 389 

conversion degrees below 0.15 and above 0.85. 390 

The distribution of the activation energy for the propellant samples is presented in 391 

Fig. 7. The activation energy computed by KAS and FWO methods showed excellent 392 

agreement with each other, and only less than 5% deviation. This small deviation is 393 

attributed  to the different approximations used in the algorithms [32, 36].  Several 394 
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authors reported that the results with deviations lower than 10% between two direct 395 

kinetic methods validated the reliability of the performed calculations and the 396 

excellent predictive power of the kinetic methods [32, 64]. Thus, the consistency of 397 

results from both methods, and the measured TG curves from multi-heating rate, 398 

validated the accuracy and reliability of the estimated activation energy.  It is worth 399 

noting that the value of activation energy is commonly affected by several factors, 400 

such as different kinetics model, heating rate, sample nature, particle size and 401 

different types of thermal analysis technique. Therefore, the activation energy of our 402 

propellant samples is only valid for this kind of experimental parameters mentioned in 403 

sections 2.2 and 2.3. 404 

Before the discussion of the activation energy distribution dependent on the 405 

conversion rate, it is worth noting that activation energy represents the minimum 406 

energy requirement for a reaction started, in other words, higher value of activation 407 

energy means slower reaction rate and more difficulty of a reaction starting. From an 408 

overall perspective of Fig. 7, the nonlinear relationship of the effective activation 409 

energy values with conversion rate at different stages (II and III) indicates that 410 

propellant samples are expected to be decomposed by multistep kinetics with complex 411 

reaction included parallel, competitive, consecutive and reversible reactions [35, 37, 412 

43, 49, 56, 60]. 413 

The activation energy of the main decomposition of the HTPB propellant, 414 

corresponding to stage II in Fig. 7, is approximately 110–280 kJ mol-1 [30, 35, 37, 65, 415 

66]. Lee [65] examined the thermal degradation of AP/HTPB/Al based propellant and 416 

demonstrated that its activation energy was about 163 kJ mol–1. Celina et al. [66] 417 

revealed that the activation energy of the main decomposition of AP/HTPB/Al was 418 

~120 kJ mol–1. The average activation energy of CP-Baseline in our case was found to 419 
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be 135.52 kJ mol–1 for the KAS method and 138.68 kJ mol–1 for the FWO method. 420 

Our obtained apparent activation energy values are in accordance with the different 421 

values reported in the literature. Several phenomena occur during this stage (II). 422 

Firstly, dissociation and sublimation of AP take place and various reactions appeared 423 

quickly in the gas phase between NH3 and HClO4, forming O2, N2O, Cl2, and H2O as 424 

side products. These reactions occur on crystal defect (LTD) and in the lattice of the 425 

remaining crystal (HTD) [49]. Simultaneously, multi-stage binder decomposition and 426 

further attack on the polymer are caused by the highly oxidizing species of 427 

decomposition products of AP such as Cl2O and ClO2 [35]. In the next stage (III, Fig. 428 

7), the average E value is 231.62 kJ mol–1 (KAS method) and 231.91 (FWO method) 429 

which is higher than that of the stage II, indicating that the residual polymeric binder 430 

needs higher temperature to burnout. Recently, El-Basuony et al. determined the 431 

activation energy of the second decomposition of HTPB- binder as 240 kJ mol–1 [60]. 432 

Vargeese investigated the thermal decomposition of AP/HTPB/Al propellant and 433 

showed that the activation energy of residual polymeric binder occurred at around 230 434 

kJ mol–1 [35]. Both these values are in fair agreement with the activation energy 435 

determined in our case. 436 

To get more insights into the effect of OXA coolant on the decomposition 437 

behavior of composite propellants, their kinetic curves, E against α, were plotted and 438 

shown in Fig. 7. Stages II and III were significantly influenced by OXA addition and 439 

it can been that the activation energies of stage II are brought up from 135.52 kJ mol–1 440 

(KAS method) and 138.68 kJ mol–1 (FWO method) to 150.26 kJ mol–1 (KAS method) 441 

and 152.77 (FWO method) for the sample CP-OXA1, and to 157.37 kJ mol–1 (KAS 442 

method) and 159.54 (FWO method) for CP-OXA2. Similar trend was also found for 443 

the stage III showing the important effect of the OXA content as well. This behavior 444 
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can be assigned to the endothermic effect of OXA that altered and inhibited 445 

simultaneously the decomposition of AP and the binder on the propellant surface. The 446 

role of OXA is comparable to that of burning rate suppressants reported in the 447 

literature, demonstrating its capacity as coolant [44]. 448 

Concerning ADA, the evolution of activation energy of the ADA-based 449 

propellants vis. α is shown in Fig. 7. Stages II is apparently affected by ADA addition 450 

and it can be seen that the activation energies are brought down from 135.52 kJ mol–1 451 

(KAS method) and 138.68 kJ mol–1 (FWO method) to 102.95 kJ mol–1 (KAS method) 452 

and 107.69 (FWO method) for the sample CP-ADA1, and to 96.95 kJ mol–1 (KAS 453 

method) and 101.71 (FWO method) for CP-ADA2. It should be noted that the 454 

decomposition of perchloric acid and oxidation of ammonia during AP decomposition 455 

generates heat and the sublimation proceeds with heat absorption. In the uncatalyzed 456 

propellant samples the diffusion process is predominant as confirmed also by 457 

Vargeese [35]; whereas the presence of ADA, that undergoes an exothermic 458 

decomposition, would have supported their in-situ reactions. On the contrary, the 459 

stage III will be inhibited as shown in Table 3 and Fig. 7, where an increase of the 460 

activation energy is obtained. These results corroborate those reported above for the 461 

thermal decomposition. Finally we can deduce that ADA plays a dual role; the first as 462 

catalyst and the second as coolant. Furthermore, it was revealed in our previous work 463 

that ADA decreases the burning rate and improves the combustion stability [8]. Thus 464 

this coolant improves the catalytic behavior of the main decomposition and does not 465 

sacrifice performance on one hand. On the other hand, it allows getting a stable 466 

combustion. 467 

4. Conclusions 468 
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The effect of burning rate suppressants (OXA and ADA) on the thermal behavior 469 

and decomposition kinetics of AP/HTPB-based aluminized solid rocket propellant 470 

system is investigated. The decomposition of the propellants was observed in two 471 

main stages, where it was significantly influenced by the nature and the amount of the 472 

coolant addition. The TG/DTA analyses indicate that OXA has a good inhibition 473 

effect on the tow-stage decomposition of propellant and associated kinetic parameters. 474 

The kinetic analysis results also indicate an increase in the activation energy values 475 

during the overall processes showing the effectiveness of cooling effect and 476 

demonstrating the action of this ballistic modifier on the condensed-gas-phases, where 477 

it acts endothermically on the AP and binder decompositions. In contrast, the thermal 478 

analyses of ADA-based propellants revealed that the ADA plays a double role. The 479 

first concerns a catalytic effect on the first stage of the decomposition of propellant 480 

owing to its exothermicity and acts principally on the decomposition of AP that 481 

consequently promotes the binder decomposition. The activation energy of this stage 482 

is shifted to lower values with respect to that of the CP-Baseline. The decomposition 483 

second stage, however, appeared to be inhibited, since the temperature shifted to 484 

higher values as well the activation energy. This latter behavior is attributed to the 485 

presence of the inert gases released by the ADA decomposition.  486 

This study brings new insight in the effect of burning rate suppressants on the 487 

decomposition of composite propellants and suggests that these amide coolants could 488 

be used in other propellant formulations containing other oxidizers like ammonium 489 

dinitramide or other binders like glycidyl azide polymer, since the search of 490 

appropriate formulations with best properties remains actually a challenge to 491 

substitute the current employed formulations based on AP for environmental reasons. 492 
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List of Figures 689 

Fig. 1 TG and DTG curves of solid propellant samples at a heating rate of 15 °C min-690 
1: (a) TG curves; (b) DTG curves; (c) stage II of decomposition; (d) stage III of 691 

decomposition. 692 

Fig. 2 DTA traces of solid propellant samples at a heating rate of 15 °C min-1. 693 

Fig. 3 (a) TG and (b) DTG curves of CP-OXA1 at different heating rates. 694 

Fig. 4 DTA traces of CP-OXA1 at different heating rates. 695 

Fig. 5 Global kinetic plots of propellant samples for KAS iso-conversional method: 696 

(a) CP-Baseline; (b) CP-ADA1; (c) CP-ADA2; (d) CP-OXA1; (e) CP-OXA2. 697 

Fig. 6 Global kinetic plots of propellant samples for FWO iso-conversional method: 698 

(a) CP-Baseline; (b) CP-ADA1; (c) CP-ADA2; (d) CP-OXA1; (e) CP-OXA2. 699 

Fig. 7 Variation profiles of E under various α: (a) and (c) obtained by KAS method; 700 

(b) and (d) determined by FWO method. 701 
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Tables 704 

Table 1 705 

Mass fraction of the investigated propellant formulations. 706 

Propellant fAP cAP + Coolant HTPB Al Coolant (% of cAP) 
     OXA ADA 
CP-Baseline 10 58 14 18 ̶ ̶ 
CP-OXA1 10 58 14 18 0.5 ̶ 
CP-OXA2 10 58 14 18 3 ̶ 
CP-ADA1 10 58 14 18 ̶ 0.5 
CP-ADA2 10 58 14 18 ̶ 3 
 707 

 708 

 709 

 710 

 711 

 712 

 713 

 714 

 715 

 716 
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Table 2 717 

Sample Heating rate 
 

Stage II Stage III 

 °C min-1 Ti /°C Tp /°C Mass 
loss /% 

Ti /°C Tp /°C Mass 
loss /% 

CP-Baseline 5 288.2 352.6 72.14 421.3 441.6 9.09 
10 299.1 371.2 72.54 426.4 454.9 4.55 
15 303.8 379.5 70.73 443.1 460.8 3.90 
20 306.8 386.8 73.21 444.9 466.7 4.74 
25 321.1 389.8 74.70 448.2 471.4 5.32 

CP-OXA1 5 291.4 359.1 73.26 423.0 449.2 5.78 
10 303.1 369.8 73.64 428.7 458.6 7.80 
15 311.8 382.9 73.73 445.1 466.7 4.33 
20 321.9 385.3 74.06 449.7 469.8 5.05 
25 326.8 394.1 74.52 453.9 476.3 5.20 

CP-OXA2 5 309.9 361.2 72.66 425.0 452.0 6.60 
10 313.4 371.9 73.37 434.4 463.8 5.29 
15 324.5 392.1 72.70 449.2 468.1 5.20 
20 328.0 393.4 76.57 453.6 472.4 5.62 
25 331.3 401.9 75.71 457.5 478.2 4.00 

CP-AZO1 5 283.4 344.7 70.23 420.1 448.0 7.13 
10 294.4 368.5 71.52 424.2 457.8 5.02 
15 301.7 382.6 73.62 440.2 464.9 4.02 
20 305.9 384.5 73.68 442.5 469.4 4.31 
25 311.3 390.1 74.36 445.8 476.1 3.01 

CP-AZO2 5 282.5 333.9 70.03 417.3 451.1 8.61 
10 290.9 355.7 71.16 431.2 462.8 6.03 
15 294.9 372.8 69.49 435.9 466.0 7.63 
20 302.5 377.1 74.21 438.2 470.4 6.24 
25 306.1 384.0 76.57 441.6 477.1 8.28 

Ti: initial temperature of decomposition (°C); Tp: peak temperature of decomposition (°C).718 



32 
 

Table 3 719 

Sample Α Stage II  Stage III 
KAS method  FWO method  KAS method  FWO method 
E 

/kJ mol-1 
R2  E 

/kJ mol-1 
R2  E 

/kJ mol-1 
R2  E 

/kJ mol-1 
R2 

CP-Baseline 0.15 147.46 0.9958  149.41 0.9963  238.76 0.9902  238.31 0.9910 
0.25 140.05 0.9899  142.75 0.9914  230.27 0.9986  230.36 0.9988 
0.35 144.96 0.9876  147.51 0.9892  242.78 0.9989  242.34 0.9990 
0.45 121.32 0.9847  125.20 0.9871  237.74 0.9988  237.64 0.9989 
0.55 120.17 0.9829  124.23 0.9856  218.82 0.9924  219.77 0.9932 
0.65 129.22 0.9989  132.86 0.9991  220.44 0.9830  221.44 0.9848 
0.75 135.48 0.9948  138.92 0.9955  226.40 0.9839  227.25 0.9856 
0.85 145.46 0.9967  148.54 0.9971  237.73 0.9873  238.17 0.9885 

Average 135.52   138.68   231.62   231.91  

CP-OXA1 0.15 149.13 0.9892  151.18 0.9906  246.95 0.9964  246.22 0.9967 
0.25 150.45 0.9865  152.65 0.9881  255.51 0.9922  254.44 0.9929 
0.35 151.70 0.9864  153.99 0.9880  253.76 0.9849  252.87 0.9863 
0.45 152.19 0.9783  154.59 0.9810  270.68 0.9971  269.04 0.9973 
0.55 150.38 0.9841  152.98 0.9861  253.62 0.9958  252.91 0.9961 
0.65 150.57 0.9811  153.25 0.9835  252.07 0.9814  251.54 0.9831 
0.75 148.83 0.9861  151.69 0.9879  266.68 0.9982  265.54 0.9984 
0.85 148.84 0.9841  151.80 0.9863  263.03 0.9977  262.15 0.9979 

Average 150.26   152.77   257.79   256.84  

CP-OXA2 0.15 157.29 0.9912  158.96 0.9922  335.39 0.9960  330.30 0.9963 
0.25 158.39 0.9932  160.21 0.9940  277.46 0.9937  275.33 0.9943 
0.35 160.52 0.9904  162.40 0.9915  275.50 0.9980  273.55 0.9982 
0.45 155.61 0.9811  157.85 0.9834  282.22 0.9979  280.03 0.9981 
0.55 158.29 0.9861  160.52 0.9878  277.26 0.9840  275.44 0.9853 
0.65 157.42 0.9819  159.79 0.9841  292.59 0.9924  290.12 0.9930 
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0.75 155.71 0.9873  158.26 0.9889  289.73 0.9987  287.50 0.9988 
0.85 155.69 0.9850  158.33 0.9870  284.50 0.9981  282.62 0.9983 

Average 157.37   159.54   289.33   286.86  

CP-AZO1 0.15 110.19 0.9953  114.07 0.9961  242.53 0.9908  242.01 0.9917 
0.25 110.04 0.9941  114.12 0.9952  250.16 0.9933  249.35 0.9939 
0.35 107.14 0.9920  111.52 0.9934  250.23 0.9823  249.50 0.9839 
0.45 103.29 0.9905  107.99 0.9922  270.54 0.9946  268.88 0.9950 
0.55 100.00 0.9906  104.99 0.9924  259.45 0.9811  258.43 0.9827 
0.65 98.27 0.9912  103.45 0.9929  249.84 0.9834  249.39 0.9849 
0.75 97.35 0.9903  102.67 0.9921  266.99 0.9985  265.80 0.9987 
0.85 97.33 0.9839  102.75 0.9869  265.03 0.9977  264.03 0.9979 

Average 102.95   107.69   256.85   255.92  

CP-AZO2 0.15 103.38 0.9969  107.49 0.9974  280.55 0.9936  278.16 0.9941 
0.25 99.17 0.9998  103.56 0.9998  279.88 0.9868  277.62 0.9874 
0.35 97.87 0.9959  102.41 0.9967  273.11 0.9970  271.25 0.9972 
0.45 94.03 0.9946  98.88 0.9956  284.81 0.9918  282.48 0.9924 
0.55 88.89 0.9989  94.11 0.9991  285.21 0.9811  282.97 0.9826 
0.65 96.90 0.9987  101.84 0.9990  290.76 0.9930  288.35 0.9936 
0.75 96.34 0.9905  101.38 0.9921  322.22 0.9956  318.36 0.9959 
0.85 99.00 0.9971  104.04 0.9977  296.34 0.9999  293.86 0.9999 

Average 96.95   101.71   289.11   286.63   
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