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ABSTRACT 

Minimum-signature smoke solid propellants were developed using ammonium 

perchlorate (AP) and sorbitol, integrated with metal additives such as magnesium (Mg). 

Different fuel compositions were also blended with metal catalysts, notably ferric oxide 

(Fe₂O₃). Minimum smoke solid propellants are already widely available in the solid 

rocket propulsion field. Minimum-smoke solid propellants are widely available but 

remain complex and costly to produce, with much related research kept confidential in 

developed countries. An optimized AP/sorbitol-based formulation containing 77 wt% 

AP and 5 wt% Mg exhibited the highest burning rate (0.126 cm/s) at ambient conditions. 

The heat of combustion increased with oxidizer content up to zero oxygen balance, and 

the addition of metal additives enhanced the heat of combustion 4142.57 kJ/mol and 

specific impulse 183.56 s.  Mechanical properties were evaluated using tensile and 

Shore A hardness tests. The results showed that incorporating 5 wt% magnesium and 1 

wt% ferric oxide significantly improved mechanical durability. In particular, the 

combined addition of Mg and ferric oxide in formulation SP8 produced the highest 

tensile stress at 1.116 N/mm² along with increased hardness, indicating enhanced 

structural integrity. AP/sorbitol based solid propellant formulations were synthesized 

and characterized using FTIR, XRD, and CHNO-S analyses. The incorporation of 

magnesium significantly enhanced thermal stability, increasing the decomposition and 

ignition temperature to 243.59 °C. In contrast, 0.05 wt% ferric oxide acted primarily as 

a catalyst and did not directly contribute to energy release. Kinetic analysis using the 

Kissinger–Akahira–Sunose methods showed activation energies ranging from 75 to 161 

kJ/mol, with formulation SP6 exhibiting the highest values, attributed to its energy-

dense combustion pathway. The static firing tests demonstrate that the incorporation of 

magnesium significantly enhances propellant performance, producing a peak thrust of 

4.40 N and a specific impulse of 29.60 s. Formulations employing a weaker oxidizer 

generated a lower thrust of 2.61 N compared to 3.00 N for formulations with a stronger 

oxidizer, despite using the same fuel composition. Among all samples, SP4 and SP5 

exhibited the highest light transmittance and lowest particle mass, qualifying under 

Advisory Group for Aerospace Research and Development (AGARD). In contrast, SP6 

to SP8, which included metal additives, showed increased smoke opacity and particle 

mass, falling under AGARD Class BA or BB. The findings in this research of 

AP/sorbitol-based propellants, enhanced with optimized metal additives, as promising 

low-signature alternatives for regional space and defence applications.  
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CHAPTER 1 

INTRODUCTION 

1.1 Research Background 

The first rocket was invented in China back in the 13th century [1]. They were 

used as short-range missiles in the military, as well as a firecracker. Gun powder was 

used as a solid fuel for solid rocket propellant at an early stage of its development, but 

as time passes, the invention improves as modern civilization modernizes at a rapid 

pace. Since then, rocket technology has evolved to fulfil the demand in a variety of 

fields including not only defence but also in space exploration, meteorology, and 

education [2]. 

Rocket motors are classified into solid, hybrid and liquid [3]. One type of rocket 

fuel engine used in rocket systems is solid rocket propellant. It converts chemical energy 

into kinetic energy produce at exit nozzle under isentropic flow. It can be divided into 

heterogeneous and homogeneous mixture solid propellant. The oxidizer, fuel, plastic 

binder, and additive materials make up heterogeneous solid propellant, also known as 

composite propellant [4]. Oxidizer and fuel are combined and formed into a solid rigid 

mixture. To achieve high thrust force, the solid is burned in a chemical reaction with an 

additive to improve combustion performance [5]. Solid rocket propellant is easy to 

handle, safe due to chemical stability, easy to store, low shock resistant, and solid rocket 

motor does not require complex equipment such as a liquid pump [6]. Because of these 

advantages, solid propellant was used as engine fuel in missiles or short-range rockets. 

Many studies have been conducted to investigate the solid propellant burning 

rate, solid propellant formulation, solid propellant performance, and physical properties 

of solid propellant. A mixture of fuel, oxidizing agent, and additive demonstrated 

outstanding ballistic performance [7]. In a solid propellant system, an oxidizing agent 

provides enough oxygen to the fuel to allow combustion to occur in outer space no 

oxygen, while an additive is added to improve the physical and chemical properties of 

the propellant. Moreover, the burning products of solid propellant generate smoke, 

which must be controlled in order to achieve the desired objective and specific 

qualification. Smoke produce from solid propellant combustion is not only harmful to 

the environment, but it also exposes the position of the armed forces to enemies [8]. 
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The smoke produced by the combustion of solid propellant is hazardous to humans and 

environment. Besides that, its smoke also exposes the military position to adversaries. 

Solid propellant plumes that are chlorinated, aluminized, and highly acidic are 

hazardous to human health, the environment, and the ozone layer [9]. The exhaust gas 

produced by solid combustion is corrosive and hazardous to the environment. This issue 

has prompted researchers to create green solid propellants with the goal of reducing and 

eliminating toxic gases.  

The combustion concept requires fuel, heat, and oxygen. Fuel reacts rapidly with 

oxygen, producing heat as a byproduct. Smoke produced during the incomplete 

combustion of substances indicates a lack of oxygen to oxidize the substance. As a 

result, complete combustion with sufficient oxygen need to oxidize substances produces 

little  smoke and only yield water vapor and carbon dioxide [10]. Hence, oxygen balance 

is an important analytical tool for determining the type and completeness of combustion.  

Oxygen balance is an important thermochemistry parameter, required to study 

smoke production of combustion propellant material [11]. By knowing amount of 

oxygen balance for oxidizing agent, researcher can predict the constituents of solid 

propellant burning. The nature of products will depend upon the amount of oxygen 

available during reaction [12]. This supply of oxygen will depend in turn upon the 

quantity of oxidizing atoms which present in propellant molecule. This oxygen balance 

is defined as the amount of oxygen, expressed in weight percent, liberated as result of 

the complete conversion of the explosive material to carbon dioxide and water. The 

oxygen balance provides information on the types of gases liberated [13]. A large 

negative oxygen balance indicates insufficient oxygen for the complete combustion to 

occur. This is because oxygen plays a critical role in the combustion process, acting as 

one of the three fundamental components alongside fuel and heat required to sustain the 

reaction. Consequently, toxic gases such as carbon monoxide will be liberated. For 

ammonium perchlorate (AP), it has high oxygen balance with positive sign [14]. It 

indicates that it has high proportion of oxygen more than required for complete 

oxidation of its fuel elements. Moreover, AP mixtures with fuel produce high 

performance of solid propellant combustion compared to another oxidizing agent. 

Hence it necessary in application in solid rocket motor field. 

Solid propellants with a minimum of smoke were developed and produced 

decades ago. Many research papers [15] on minimum signature propellants have 

recently been published  [16], [17]. It has become a hot topic in research [18] to reduce 
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the smoke produced by solid propellant combustion  [19], [20], [21]. Efforts to develop 

modern solid propellants continue around the world in search of the best solution. 

Future green oxidizer development must meet new criteria such as environmental 

friendliness, low hazard, low cost, high performance, compatibility, and stability  [22], 

[23], [24]. Currently, missile rocket defence technology necessitates minimum 

signature, environmentally friendly solid propellant without sacrificing performance.  

Many efforts have been carried out to produce solid minimum signature 

propellant to be applied in defence by using more high energetic material and greener 

materials [25]. However, in Malaysia there are several constraints including raw 

materials to produce green oxidizing agents [26]. Examples of high energetic materials 

are HMX(cyclotetramethylene-tetranitramine), RDX (1,3,5-trinitro-1,3,5-triazine), 

FOX-12 (N-guanylurea-dinitramide), FOX-7(1,1-diamino-2,2-dinitroethylene) and 

CL-20(Hexanitrohexaazaisowurtzitane) [27], [28], [29]. Among the constraints are 

availability, production cost, expertise, safety and many more[30]. In addition, the 

process to produce the material is very complex. Its process is also time-consuming and 

dangerous. The most suitable materials to be use and have oxygen balance close to AP, 

are Ammonium dinitramide (ADN) and AN (Ammonium Nitrate). Oxygen balance for 

ADN is +25.8% and Ammonium nitrate is +20% positive oxygen balance means perfect 

combustion as mentioned above[31].  Unfortunately, these two materials also have 

limitations to be used in this research.  

As for ADN, it is not stable when it is melt [32]. The same goes for its 

performance as propulsion solid. Furthermore ADN is strong hygroscopic, difficult 

storage and incompatibility with curing agent [14]. This is also the same goes with AN. 

Many studies state that AN and ADN can produce product that does not emit smoke at 

the expense of combustion quality. The combustion rate for AN based as an oxidizing 

agent is weak. On the contrary, for AN based, the biggest problem faced by propulsion 

researchers is a solid phase transformation [33]. It will leave excess product in solid 

form. This will cause a problem with the solid rocket motor.  

AP is a common oxidizing, agent it’s been used in rocket field since many 

decades ago [34], [35]. Consequently, obtaining AP is not challenging. Its ease of 

production, compatibility with a wide range of additives, and positive oxygen balance 

have maintained AP as the primary oxidizer for solid rocket propellants  [36] . AP also 

offers several performance and practical advantages high specific impulse, reliable 

performance, and straightforward manufacture which have secured its continued use 
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across aerospace launch systems and military applications. Beyond propulsion, AP is 

employed in airbag inflators, ejection-seat charges, and certain demolition and 

construction blasting applications [37], [38]. 

Most of the fuel used to mix with AP is HTPB (hydroxyl-terminated 

polybutadiene), plastic polymer, and metal fuel. A well-known composition for solid 

rocket propellant is AP/HTPB with aluminium metal as an additive metal [39]. This 

mixture performs well in terms of combustion. HTPB is also poisonous and damaging 

to human health. Hence another option is to utilize sugar alcohol like sorbitol to mix 

with AP [40].  Despite its excellent performance, it emits visible smoke. An attempt to 

reduce chlorine smoke from AP is to use alkali metal to attract chlorine gas by reacting 

with it [41]. Example of alkali metal that have been used as scavengers are lithium and  

magnesium which is the most chosen scavengers [42]. In addition,  AP work in synergy 

with catalyst and others metal additive [43]. Additionally, AP serve as a filler that gives 

the propellant physical strength and is crucial in adjusting the propellant burning rate 

using multimodal particle size distribution [44]. Since the primary topics of recent AP 

research have been catalyst and thermal AP decomposition [45]. Hence it is important 

to get better understanding to produce better performance of solid propellant 

combustion. However, AP has a significant flaw that makes it particularly risky at 

superfine sizes [43]. In addition, several other factors must be taken into account before 

a solid propellant may be produced [46]. The component and the stage of the production 

process are a couple of examples of parameters need to be considered. Because of this 

versatility, AP is the preferred oxidizing agent to be employed in this study. 

Sugar alcohols like sorbitol, dextrose, xylitol, mannitol, erythritol, and maltitol 

are commonly used in the food industry and as sweeteners. It was commonly used to 

replace table sugar as a sweetener for diabetics.  Sorbitol is a type of sugar-based alcohol 

that is commonly used to substitute table sugar in diabetics. In this rocketry field, it is 

typically combined with potassium nitrate and used in the invention of solid propellants 

[47]. Because of its high caramelize point compare to sucrose it is an excellent candidate 

for solid propellant formulation [48]. Given its applicability to substitute table sugar 

(sucrose), it is widely available in stores and malls [49]. Furthermore, its price is very 

low, allowing individuals to purchase sorbitol. However, the potassium nitrate/sorbitol 

mixture generates a lot of smoke. Smoke species such as carbonate, carbon, and carbon 

monoxide are becoming a problem. Because potassium nitrate is a weak oxidizing 

agent, this smoke species is the result of incomplete combustion due to lack of oxygen 
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supplies to the fuel. As a result, the use of sugar alcohol such as sorbitol use as a solid 

propellant for rocket combustion fuel typically results in a lower combustion rate [50]. 

On the other hand, it will reduce the performance of the rocket's solid propellant. 

Catalysts such as iron oxide, copper oxide, and aluminium oxide are used to increase 

the rate of combustion of solid rocket propellant. Furthermore, additives such as 

energetic polymeric binder are added not only to improve the burning performance but 

also to improve the physical properties of the propellant. 

Beside that due to its availability, easy to get, not toxic or harmful to human and 

has high caramelize point, it becomes perfect choice to replace sucrose as fuel. The 

majority of research on sorbitol as a solid propellant has focused on its performance, 

optimum formulation, casting method, physical properties, burning rate, and production 

method [51], [52], [53]. Aside from that, the ignition method has emerged as a hot topic 

for research in sorbitol-based propellants. Moreover work on sorbitol propellant meet 

new level [54]. Effort to combine sorbitol with nitrous oxide in hybrid system is a sign 

of research in this field is moving forward sustainably [55]. In fact, it attracted more 

interest from researchers to be involved in this study. Many studies on solid rocket 

propellant employ potassium nitrate as an oxidizing agent [56], [57], [58]. This 

ingredient is called as KNSB (potassium nitrate sorbitol) propellant. KNSB solid 

propellant has a significant downside in that it produces a lot of smoke when burned 

due to the fact that it weak oxidizing agent [58].  

Researchers in this field overlook to investigate the combustion product of 

KNSB propellant [59]. There has been little effort made to reduce smoke from the 

combustion of KNSB propellant. Recently researchers have added metal powder, such 

as magnesium, lithium or sodium to ensure that the smoke is scavenged by metal 

reaction [60]. To comply with the authorities' rules and regulations, research in 

minimum signature (minimum smoke) of solid propellant must be done and 

investigated to produce better quality solid rocket propellant for use in defence and 

aerospace. The idea is to combine a strong oxidizer, such as AP, with sorbitol. AP is a 

good candidate because it has a positive oxygen balance of +34%, indicating high 

oxygen content [61]. The study provides new insights into oxygen balance alignment, 

smoke opacity behaviour, thermal decomposition interactions, and the suitability of 

sorbitol as a green fuel for AP-based formulations 

No study has combined sorbitol (green fuel) with ammonium perchlorate (strong 

oxidizer) to evaluate the feasibility of a low-signature, reduced-smoke composite 
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propellant. Current sorbitol-based propellants produce significant smoke due to weak 

oxidizers like KNO₃, while high-performance oxidizers such as ADN and AN face issue 

related to instability, hygroscopicity, and poor combustion. AP remains the most viable 

oxidizer, but AP-based propellants face challenges in smoke generation and chlorine-

based exhaust species The idea is to use AP as an oxidizer, which can provide high 

oxygen, and it is anticipated that this oxidizer will produce a synergetic propellant with 

the fuel and that with catalyst to produce clean combustion with minimum soot trace. 

This research aims to develop and characterize a minimum signature solid propellant 

by combining sorbitol with ammonium perchlorate and metal additives. The 

methodology includes material synthesis, thermal analysis, combustion experiments, 

smoke-opacity measurement, and static testing evaluation. The novelty of this study lies 

in introducing sorbitol typically used with weak oxidizers incorporated into an AP-

based system to achieve cleaner combustion, reduced smoke, and improved 

environmental compatibility while maintaining acceptable combustion performance for 

defence and aerospace application  

1.2 Motivation for This Work 

The responsibility to develop and find alternative methods to produce solid 

rocket propellants is part of this researcher's obligation for the future of the country in 

aerospace and defence field. As a progressive and forward-looking nation, Malaysia has 

strategically prioritized research and development to address emerging global and 

regional challenges. In line with this vision, the government launched the National 

Space Policy 2030, which outlines four strategic pillars aimed at strengthening the 

national space ecosystem: (1) advancing space technology, (2) enhancing space 

infrastructure, (3) mastering the space sector, and (4) expanding space applications. 

This policy framework is designed to cultivate local expertise, promote scientific 

advancement, and stimulate economic growth through innovation in space-related 

domains. To further reinforce this national agenda, complementary policies have been 

implemented across various ministries. These include the Malaysian Aerospace 

Blueprint 2030 (MAB2030) under the Prime Minister’s Department, the National 

Science, Technology, and Innovation Policy (MOSTI), and the National Defence Policy 

(MINDEF). Notably, this research aligns directly with the second core strategy of the 

National Space Policy 2030 and supports Strategy 4 of MAB2030, particularly Initiative 
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4.3, which focuses on capability development in avionics, mission systems, sensor 

integration, electronic warfare (EW), ground systems, and missile/rocket propulsion 

technologies. 

As a patriotic Malaysian, this project aligns with national policies aimed at 

advancing Malaysia’s technological capabilities in rocket propulsion and solid 

propellant development. It directly contributes to Malaysia’s national agenda of 

strengthening original capabilities in space and defence technologies, while also 

supporting the broader objective of positioning the country as a leading space 

technology hub in Southeast Asia. 

1.3 Problem Statement 

The development of efficient, low-signature solid propellants is crucial for 

modern aerospace and defence applications. Although traditional solid propellants are 

widely used, they often produce high infrared and visible signatures, which reduces 

their suitability for stealth operations. The incorporation of alternative fuel binders like 

sorbitol and metal additives has the potential to enhance combustion characteristics 

while reducing detectable emissions. Nonetheless, there is a lack of comprehensive 

research on the formulation and synthesis of AP/sorbitol-based propellants with Mg 

metal additives to achieve minimum signature effects. The influence of metallic 

additives on the combustion behaviour, thermal stability, and exhaust emissions of 

AP-based solid propellants remains insufficiently understood. The optimum ratio of 

fuel, oxidizer, and metallic additive required to achieve clean combustion is needed to 

discover. Furthermore, a comparative analysis of propellants with and without metallic 

additives will be carried out. Addressing this knowledge gap is essential for improving 

propellant performance while minimizing environmental and operational drawbacks. 

The performance and stability of solid propellants are significantly influenced 

by their thermal and physical properties, as well as their kinetic decomposition 

behaviour. AP and sorbitol-based propellants are commonly used due to their energy 

density and processing advantages. However, the addition of metal additives, such as 

magnesium, introduces complex thermal reactions that can affect combustion 

efficiency, burn rates, and decomposition kinetics. Regarding their potential benefits, 

there is little study on the thermal stability, mechanical integrity, and kinetic 

decomposition features of AP/sorbitol-based propellants with Mg metal additive. 
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Understanding how these formulations behave under different thermal conditions is 

essential for improving their combustion efficiency, ignition characteristics, and safety 

performance. Besides that, kinetic decomposition parameter for AP/sorbitol/Mg 

formulations are very limited, creating a significant knowledge gap. To address this, the 

present study will perform using TGA measurements at multiple heating rates. The 

experiments will allow strong determination of thermal stability, ignition sensitivity, 

AP/sorbitol/Mg propellants. 

The performance of solid propellants in propulsion systems is important, since 

characteristics like as thrust performance, combustion stability, and exhaust signature 

determine their suitability for aerospace and defence applications. Traditional AP-based 

propellants frequently emit significant infrared and visible emissions, making them 

easily detected. The use of green biodegradable fuel like sorbitol and Mg as chloride 

scavenger in AP-based formulations has demonstrated potential for enhancing 

combustion performance while lowering signature emissions. Nevertheless, there is a 

scarcity of detailed testing of minimum signature solid propellants. While theoretical 

research and thermal analyses offer insights on decomposition behaviour, real-world 

performance testing, such as static firing tests and ballistic evaluation motor tests, is 

required to evaluate their efficiency, thrust generation, and emission characteristics. 

Without such empirical evidence, the true usefulness of these formulations in practical 

applications is questionable. Static test validation of lab-scale formulations and 

systematic smoke opacity measurements for each propellant variant are currently 

lacking. This study therefore conducts controlled static-fire tests with time-resolved 

optical and particulate instrumentation to quantify signature and combustion 

performance. 

 

1.4 Research Objectives  

The purpose of this research is to synthesis, evaluate, formulate, characterize, 

and test a minimum smoke from combustion AP/sugar alcohol-based solid propellant 

that is reliable and safe for laboratory testing for educational purposes. The following 

objectives must be met to meet the criteria for this study. 
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a) To formulate an ammonium perchlorate sorbitol propellant composition 

with metal additives for minimum signature solid rocket propellant 

characteristics. 

b) To characterize thermal and physical properties of solid propellant of 

ammonium perchlorate mix with sorbitol and magnesium metal. 

c) To test the performance of minimum signature solid propellant using static 

firing test and smoke opacity meter. 

1.5 Research Question 

i) How can the amount of ammonium perchlorate will affect the providing of 

oxygen to sorbitol to undergoes complete combustion and how magnesium 

metal play a role in scavenge the chloride gas? 

ii) What is the energy, physical and chemical analysis result of solid propellant 

from the formulation, with and without metal additive? 

iii) What is the amount of smoke concentration, burning rate and specific 

impulse of solid propellant.  

 

1.6 Significance of Study 

The significances of this study are to provide a novel minimum signature solid 

propellant that is low in cost, has a simple manufacturing method, optimum new 

formulation of fuel/oxidizing agent/metal additive and has readily available raw 

materials. As a result, mass manufacture of solid propellant is feasible. Beside that it 

delivers a clean combustion product at the exhaust outlet of a rocket/missile for 

improved performance in the military and aerospace industries in Malaysia for better 

future. On the other hand, the outcome of this study will be able to assist researchers 

around propulsion field in better understanding prediction for combustion products in 

propellant. 

Furthermore, the study's thermal and kinetic decomposition analysis offers 

critical information on thermal stability, ignition behaviour, decomposition mechanisms 

and mechanical properties which are essential for improving propellant safety and 

performance. The use of static firing tests and ballistic evaluation motor tests ensures 
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that the research findings are experimentally validated, bridging the gap between 

theoretical predictions and real-world applications. 

The findings from this study are expected to enhance existing models of solid 

propellant combustion, providing valuable data for researchers working in propellant 

chemistry, aerospace engineering, and defence technology. Additionally, the 

development of a minimum signature propellant formulation can contribute to future 

innovations in green high energetic materials. By contributing to both fundamental and 

applied research, this study lays the groundwork for future advancements in solid 

propellant technology, supporting the development of safer, more efficient, and 

environmentally friendly propulsion systems. 

 Eventually this work going to be provided minimum signature composite solid 

propellant that complies with insensitive munitions standards, with a focus toward 

safety and accident prevention to bring Malaysia align in research of defence 

technology with other developed countries. 

1.7 Limitation  

This research is subject to several limitations that define the scope and 

constraints of the study. Firstly, the formulation and synthesis of the solid propellant 

are conducted on a laboratory scale, meaning that findings may not fully represent large-

scale production or real-world manufacturing conditions. The study is also limited to 

specific metal additives, particularly magnesium, and does not explore other potential 

additives that might influence combustion energy and signature reduction. Additionally, 

the research focuses solely AP and sorbitol as the primary oxidizer-fuel combination, 

without considering other potential oxidizers or hybrid formulations that could provide 

further insights into minimum signature characteristics. In addition to not considering 

all the toxic species likely to be produced by the ignition of a predominantly organic 

matrix, the model does have several limitations. First, it is an equilibrium-based system 

and does not consider those synthesis pathways which may be governed predominantly 

by kinetic processes. 

Secondly, it assumes Ideal gas behaviour on the part of all the gases produced, 

this assumption is not likely to be accurate over the entire range of conditions existing 

inside the rocket motor, However, from a practical standpoint, this may not be a severe 

limitation. For example, the magnitude of non-Ideal gas effects depends primarily on 
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the density and the temperature in the system. For the system in question, the largest 

densities occur in the chamber. 

In terms of performance testing, the study relies on static firing tests and ballistic 

evaluation motor tests conducted in controlled laboratory conditions. While these tests 

provide insights into burn rate, thrust performance, and emission characteristics, they 

do not account for external environmental factors such as humidity, extreme 

temperatures, or variations in atmospheric pressure, which may influence real-world 

combustion performance.   

The study is limited in its application to specific defence and aerospace 

propulsion systems. While the findings contribute to the advancement of minimum 

signature solid propellant technology, the research does not extend to actual rocket 

motor integration, large-scale propulsion system testing, or military field applications. 

The insights gained are primarily intended for fundamental research and development, 

providing a foundation for further studies in energetic materials, combustion science, 

and emission control in propulsion systems. 

Moreover, one of the notable limitations encountered in this research is 

restricted access to comprehensive scientific literature and technical data, particularly 

those related to advanced solid propellant formulations, combustion, and performance 

testing. This limitation arises due to the sensitive nature of the subject matter, which is 

closely associated with defence applications and missile technology. As a result, many 

high-level studies and experimental findings are either classified, governed by export 

control regulations. Consequently, the scope of this research had to rely primarily on 

publicly available data, open-source publications, and declassified materials, which 

may limit the depth of comparative analysis with internationally developed defence-

grade systems 

1.8 Assumption  

In this research, several assumptions are made to ensure the validity and 

feasibility of the study. First, it is assumed that the AP/sorbitol/Mg metal additive 

formulation will be homogeneous and stable, allowing for consistent combustion 

behaviour without unexpected variations. Additionally, the incorporation of metal 

additives, such as magnesium, is expected to enhance combustion performance while 

minimizing the visible and infrared signature. It is also assumed that the synthesis 
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process will not introduce unintended impurities that could significantly alter the 

thermal decomposition or combustion characteristics of the propellant. 

Furthermore, in the characterization phase, it is assumed that the thermal 

decomposition behaviour of the formulated propellant will follow predictable kinetic 

models, facilitating accurate analysis. The thermal stability and mechanical reliability 

of the propellant are expected to remain within acceptable limits under normal storage 

and operational conditions. Additionally, the inclusion of metal additives is assumed to 

modify the decomposition kinetics in a controlled manner, without compromising the 

overall safety and stability of the propellant. 

For the performance testing phase, it is assumed that the static firing test will 

provide reliable thrust and burn rate data, accurately reflecting real propulsion 

conditions. Similarly, the ballistics evaluation motor test is expected to yield 

meaningful insights into pressure generation, burn efficiency, and exhaust signature 

characteristics. It is also assumed that the minimum signature effect will be measurable 

and significant when compared to conventional AP-based propellants. Lastly, it is 

assumed that environmental factors, such as humidity and temperature fluctuations, will 

have minimal impact on combustion performance under controlled testing conditions. 

These assumptions serve as the foundation for the research and help guide the 

methodology in achieving reliable and meaningful results. 

1.9 Ethical Committee  

This study conforms to the highest ethical standards, ensuring integrity, 

transparency, and responsibility throughout. The Ethical Committee approved the 

research to ensure that it followed established ethical norms. The environmental effect 

of the experimental techniques was carefully considered, notably in terms of handling 

and disposal of hazardous chemicals such as AP and other solid propellant components. 

Furthermore, all data obtained during the study were kept strictly secret and utilised 

only for the purposes specified in the research goals. The committee's ethical 

monitoring guarantees that the study meets all legal and moral duties, encouraging 

appropriate research procedures. 
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1.10 Thesis Scope  

In this work, sorbitol is used as the fuel, and AP serves as a powerful oxidizing 

agent to create solid propellants with a low signature. AP is supplied by STRIDE 

(Science & Technology Research Institute for defence), while Sorbitol is supplied by 

HEMREL UITM. In addition, formulation thermodynamics properties of mixture will 

be calculated to support the fact that AP/Sorbitol is compatible in produce low 

signature. The formulation process is limited to laboratory-scale production, ensuring 

strict adherence to safety protocols and handling procedures for energetic materials. 

The thermal and physical characterization of the propellant includes the analysis 

of thermal stability, decomposition behaviour, and structural integrity using techniques 

such as differential scanning calorimetry (DSC), thermogravimetric analysis (TGA), 

and kinetic decomposition studies. Additionally, the mechanical properties of the 

propellant, such as tensile strength and hardness, will be evaluated to determine its 

suitability for propulsion applications. The study focuses on metal additives, sorbitol, 

and their effects on AP-based solid propellant, without extending to alternative 

oxidizers or hybrid fuel systems. 

To understand the kinetic decomposition behaviour, this study evaluates the 

reaction mechanisms, activation energy, and combustion stability of the formulated 

propellant. The impact of mixture between sorbitol and metal additives AP-based solid 

propellant on burn rate, ignition characteristics, and decomposition pathways will be 

analysed, with a particular emphasis on minimizing exhaust emissions and improving 

combustion efficiency. Computational simulations of kinetic behaviour are beyond the 

scope of this research. 

The performance evaluation of the propellant will be conducted through static 

firing tests and ballistic evaluation motor tests, which will assess burn rate, pressure-

time characteristics, thrust performance, and smoke emission reduction. These tests will 

be conducted under controlled laboratory conditions, and real-world aerospace 

applications, such as large-scale rocket motor testing, are not included in the scope of 

this study. Additionally, environmental, and long-term aging effects on the propellant 

are beyond the study’s focus. 
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1.11 Thesis Outline  

The thesis for this research is on the study of solid propellant combustion with 

minimum signature and its performance, with the goal of providing a better knowledge 

of combustion mechanics and solutions for reducing combustion signature in solid 

rocket propellant combustion. The importance of solid propellants in pyrotechnics and 

propulsion systems is discussed in the Introduction, with particular attention to the 

difficulties in attaining steady combustion and a low environmental effect. It highlights 

the significance of the study in improving combustion energy and lowering signatures 

while outlining the research goals. 

The Literature Review goes into existing research on solid propellant 

compositions, combustion mechanism, noting gaps such as inadequate data on light 

transmittance and difficulty in reducing combustion byproducts. It also emphasises the 

significance of optimising propellant mixtures to improve performance. 

The Methodology section details the experimental setup, which includes 

propellant formulation preparation and combustion analysis using the Digital Light 

Transmittance equipment, burning, and testing. 

The Results & Discussion section contains extensive results about combustion 

properties. The effects of formulation factors on combustion behaviour are carefully 

investigated. Conclusions summarize key finding on minimum signature solid 

propellant formulation. 
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CHAPTER 2  

LITERATURE REVIEW 

2.1 Introduction 

This chapter present a review of the previous works on solid propellant which 

is categorized into 3 topics: the overview of minimum signature solid propellant, the 

performance and characterization of minimum signature solid propellant and 

quantification of the primary and secondary smoke of solid propellant. The chapter start 

with the overview of the minimum signature solid propellant in section 2.2. 

Accordingly, a review on performance and characterization of solid rocket propellant is 

written in section 2.3. In section 2.4 present the quantification of the primary and 

secondary smoke from combustion of solid propellant. the chapter culminate with the 

identification of gaps in the literature in section 2.5.  

2.2 Overview of Minimum Signature Solid Propellant 

A rocket is a device with an accelerating force known as thrust, which is 

achieved by ejecting a hot gas at high speed, high temperature and high pressure. A 

rocket or missile can be divided into two types: solid propellant and liquid propellant. 

Solid propellants are preferred because of their reliability, simplicity, easy-to-use, 

availability, lower production cost, chemically stable, high thrust and ability be stored 

for future use [62]. A solid rocket propellant system is applied in various types of fields 

and disciplines. Solid rocket propellant is used in tactical missiles, cloud seeding, space 

shuttle rocket boosters, air bag generators and hail suppression. 

Solid propellant can be categorized into two classes: homogenous and 

heterogeneous propellant as depicted in Figure 2.1. Homogenous (double-base) 

propellant, first discovered by Alfred Nobel in 1890, is made up of nitrocellulose and 

nitro-glycerine [63]. Nitrocellulose is a sensitive material, thus limiting its applications. 

Nitrocellulose, due to its sensitivity and inherent instability, imposes limitations on its 

applications. To address this issue, nitro-glycerine was introduced to serve as a 

plasticizer for nitrocellulose, transforming it into a more manageable slurry that can be 

easily extruded into the desired shape, a formulation known as percussor for minimum 
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signature powder used in solid propellant field. Double-base propellants can further 

undergo modification, leading to the development of composite-modified double-base 

(CMDB) propellants through the addition of additive metals, thereby enhancing their 

performance characteristics [64]. 

 

 

Figure 2.1  Classification Of Solid Propellant For Rocket Propulsion 

A composite propellant is characterized as a heterogeneous propellant 

consisting of an oxidizer, powdered fuel and additive metal. In solid propellants, the 

oxidizer plays a crucial role, typically constituting a weight percentage within the range 

of 60-80%, while the solid fuel component generally falls below 25% by weight [4]. 

Solid rocket propellant does not need an external source of oxygen for combustion since 

there is oxidizer to supply oxygen in comparison with liquid propellant. Furthermore, 

most composite propellants produce a lot of smoke during combustion. Grain 

fabrication method of solid propellant can be divided into two methods: case bonding 

and free standing [65]. For case bonding method, solid propellant grain is directly put 

into the combustion chamber, whereas for the free-standing method, propellant grain is 

cast separately from the Combustion chamber. 

Additives alkali earth metal, polymeric binder, iron oxide, and plasticizers  were 

added to the formulation to enhance their performance, such as burning rate and 

improve their mechanical properties [24]. A common composite propellant that has 

been used for 50 years is, known as AP/HTPB. AP act as an oxidizer and hydroxyl 

terminated poly butadiene (HTPB) acts as a binder fuel. Binders not only act as a matrix 

for the solid propellant mixture but also improve propellant mechanical properties and 

influence the combustion rate of propellant [24]. The binder must have a high C/H ratio 

in its backbone so that exhaust gas release contains a lower average molecular weight 
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and no heavy gas is released [66]. Solid propellant performance is increased by metal 

additives like aluminium powder. The well-known formulation for this conventional 

composite propellant is 69-70% (AP), 16-20% (Al Powder) and 11-14% (HTPB). This 

is a remarkable finding in solid composite rocket propellant system with a specific 

impulse of 277 s and a pressure 68atm [67].  

The major drawback of using composite propellant is the production of smoke. 

Smoke produced by a combustion of solid propellant has high impact to humans and 

the environment. Chlorinated, aluminized, and highly acidic plumes produced by solid 

propellant are harmful to human health, the environment, and the ozone layer [9]. When 

hydrogen chloride from the solid propellant burning it will react with atmospheric 

moisture, it will produce a highly toxic acidic gas. Exhaust gas produced from solid 

combustion is corrosive and harmful to the environment. This problem has prompted 

researchers to develop green solid propellant, aiming to reduce and eliminate toxic gases 

[9].  

Minimum smoke solid propellants have been developed and have been produced 

many decades ago. Many research papers on the minimum signature propellant have 

been published recently  [68]. It has become a hot topic in research to reduce the smoke 

produced by the combustion of solid propellant [69]. Efforts to develop modern solid 

propellants are continuing around the world to find the best solution. The development 

of futuristic green oxidizers must meet new criteria, which include being  environmental 

friendly, low hazard, low cost, high performance, compatible and stable from external 

stimuli [70]. Powell et al. [71] analysed reduced vulnerability minimum smoke 

propellants, emphasizing the role of Insensitive Munitions (IM) compliant formulations 

to mitigate detonation risks upon impact or exposure to high temperatures. Their 

research underscores the growing need for safer propellant formulations that not only 

reduce emissions but also enhance storage stability and operational safety.  

 Currently, missile rocket defence technology requires minimum signature, 

environmentally friendly solid propellant without sacrificing performance and handling 

hazard which also knowns as green propellant. The combination of green propellant and 

preventing giving away the position from which missiles (minimum signature) are 

launched becomes an objective in this work. This work summarizes recent working 

progress on the production of environmentally friendly and minimum signature modern 

solid propellant.  
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2.2.1 Development of Minimum Signature Solid Propellant 

The futures design of rocket and weapon systems requires the use of energetic 

materials with high energy output that are environmentally friendly which reduce 

vulnerability during storage or transportation. Extensive programs have evolved 

worldwide for the development and introduction of insensitive Munitions (IM) 

Ordinances that fulfil performance expectations in response to unplanned hazardous 

stimuli [72]. The main function of the oxidizer in propellants is to provide the required 

oxygen for the perfect combustion of fuel. Therefore, the oxidizer must release as much 

oxygen as possible for combustion. Besides, the stability and melting point above 200˚C 

of the oxidizer are also important for practical use in solid rocket propellant, during 

manufacture and during its wear (shelf life). It is always better to have an oxidizer with 

a high melting point, as propellant curing takes place at high temperatures. The density 

of the oxidizer must be high enough at 1.95 g/cm3 to accommodate the high solid load. 

In addition, it must have a low heat of formation and a high oxidation potential [20]. 

The present oxidizer that has been used conventionally is ammonium 

perchlorate. Ammonium perchlorate became the best oxidizer in solid rocket 

propellants because of specific features like high burning rate, high thermal stability, 

high energy density, good compatibility, low sensitivity to shock, and long shelf life 

[8].The drawback of using AP propellant is that it produces chlorinated exhaust gas 

products, which have a huge impact on the environment and produce a signature for 

missiles to be tracked. To address these issues, researchers have explored various 

approaches, including alternative oxidizers, energetic additives, and advanced bonding 

agents, to develop propellants that minimize their exhaust signature while maintaining 

high combustion efficiency.  

Early efforts to formulate minimum signature propellants focused on replacing 

AP with alternative oxidizers.  Helmy et al. [73] studied the potential of nitramines such 

as HMX and RDX to reduce smoke emissions while sustaining high-energy output. 

Building on this work, Bivin et al. [74] developed Class 1.3 minimum smoke 

propellants using hydroxy-terminated nitramine polyester (ORP-2) and treated 

ammonium nitrate as oxidizers. Their formulations demonstrated improved mechanical 

properties and met stringent military standards for survivability and low-detection 

propulsion systems. Parallel advancements have explored gelled propellants as an 

alternative to traditional solid propellants. Hodge et al.[75] investigated gelled 
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propellants for tactical missile applications, which provided the density impulse of solid 

propellants while allowing controlled combustion similar to liquid propellants. Their 

work emphasized the safety and mission flexibility benefits of gelled fuels, though their 

handling and storage complexities remain a challenge.  

Additionally, Menke et al. [76] focused on ammonium dinitramide (ADN)-

based propellants, highlighting their high thermodynamic efficiency and low-emission 

characteristics compared to AP-based formulations. The push for environmentally 

friendly oxidizers has also driven the adoption of ammonium dinitramide ADN as a 

viable alternative to AP. Nagamachi et al. [77] emphasized the benefits of ADN, 

particularly its chlorine-free composition, which eliminates hydrochloric acid emissions 

and enhances specific impulse performance. Advances in crystal reshaping and 

microencapsulation techniques have further improved ADN’s stability and 

processability, making it a promising candidate for future propellant formulations. 

Another work by Menke et al.[78] introduced a new class of AP/CL20/GAP mixed with 

ADN formulations, which provided burn rates up to 45 mm/s at 10 MPa while 

maintaining a significantly reduced exhaust signature. These propellants offer a balance 

between high combustion energy and low visibility exhaust, making them suitable for 

tactical missile applications. Use of ADN as green oxidizer was further investigate by 

Cican et al. [79] highlighted the potential of ammonium dinitramide (ADN) as an 

alternative oxidizer to AP and to calculate the amount HCl produce from combustion 

of ADN/GAP solid propellant in comparison with the classic formulation of AP/HTPB. 

The result demonstrating low-smoke and high-energy characteristics with minimum 

smoke and no HCl were produced from this formulation without scarifying solid 

propellant performances which has a high specific impulse.  

Another effort was done by Williams et al. [80] introduced a lead-based additive 

for minimum smoke compositions, which effectively reduced smoke emissions while 

enabling sustained combustion at lower pressures. Similarly, Landsem et al.[81]  

developed neutral polymeric bonding agents (NPBA) for smokeless composite 

propellants, which enhanced mechanical properties without negatively impacting 

combustion efficiency. These findings demonstrate the importance of chemical 

modifications and stabilizers in achieving optimized performance for minimum 

signature solid propellants. Similarly, Abd-Elghany et al. [82] explored 2,2,2-

trinitroethyl-formate (TNEF), which showed superior specific impulse at 250.1s 

compared to AP based solid propellant at 156.9 s while eliminating toxic chlorine 
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emissions. Youssef et al. [83] further optimized low-signature base bleed propellant 

formulations, which effectively minimize secondary smoke emissions in artillery 

applications, highlighting a shift toward cleaner and more efficient propellant 

formulations. The research used of sorbitol as fuel in minimum signature solid 

propellant was done by Oyedeko et al. [84] investigated the impact of sorbitol-based 

propellants, demonstrating how variations in oxidizer-to-fuel ratios affect thrust 

performance and exhaust emissions. Although sorbitol has been explored as a clean, 

low-toxicity fuel, existing research primarily pairs it with weak oxidizers like KNO₃, 

resulting in heavy smoke and low combustion efficiency. Very limited work 

investigates sorbitol in high-oxygen systems, and no study has evaluated sorbitol 

combined with ammonium perchlorate for minimum-signature applications. This 

absence of data indicates a clear gap in understanding how a strong oxidizer green fuel 

system behaves in terms of thermal decomposition and combustion cleanliness. 

Overall, the reviewed literature shows substantial progress in developing 

minimum-signature solid propellants through alternative oxidizers, energetic additives, 

polymeric bonding agents, and advanced scavenging strategies. While materials such 

as ADN, CL-20, GAP, nitramines, and gelled propellants have demonstrated reduced 

smoke and improved environmental performance, they remain limited by issues of 

stability, cost, manufacturability, or storage. Ammonium perchlorate continues to be 

the most practical oxidizer due to its high performance and compatibility, despite 

generating HCl during combustion. Sorbitol, although recognised as a clean and low-

toxicity fuel, has only been studied with weak oxidizers such as potassium nitrate, which 

leads to significant smoke formation and poor combustion efficiency. Critically, no 

prior work has examined sorbitol in combination with a strong oxidizer such as AP for 

minimum-signature applications, leaving a clear gap in understanding of its combustion 

behaviour and smoke-suppression potential. This gap establishes the need to investigate 

AP–sorbitol formulations with suitable additives to determine whether a cleaner-

burning, minimum-signature solid propellant can be achieved without compromising 

performance. 

2.2.2 Formulation of Minimum Signature Solid Propellant 

The first minimum signature solid propellant was produced by nitration of 

cellulose in the 19th century. Known as a homogenous solid propellant, it is relatively 
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unstable and dangerous to produce. Alfred Nobel first produced a remarkable finding 

by mixing 40% nitrocellulose with 60% nitro-glycerine plasticizer to make it more 

stable which has been used until now as a double base propellant [85]. Additive 

materials like ammonium perchlorate, Al, and stabilizer were added to enhance the 

propellant’s performance such as burning rate and energy density [86][87]. It is used in 

guns, canon, and in solid rocket propellant. Since it does not produce smoke, it is 

suitable to be applied in defence especially in production of bullets and missiles [87], 

[88]. 

However, double base propellants have major problems regarding stability, 

especially when handling nitro-glycerine. Liquid inclusion of nitro-glycerine causes 

major problems in propellant performance and stability [89]. In double base propellants, 

sodium nitrate ester 1,4-dinitro-to-2,3-dinitro-2,3bis(nitratomethylene) butane (SMX) 

is replaced by the nitro-glycerine above 40% wt, and their interaction with nitrocellulose 

was investigated [89]. The aging of double base propellant has also become a major 

problem. Nitrocellulose is decomposing, and chemical stability is degrading with time. 

Nitrogen dioxide formed during the aging process is reacting with stabilizer to prevent 

this compound from building up in rocket chamber[90]. Aromatic amine with 

diphenylamine and ethyl-centralite is a typical additive stabilizer in USA [90]. To 

overcome these problems, the amount of stabilizer should be decreased during 

manufacturing, and nitrocellulose molar mass should be decreased [89]. Thus, a proper 

manufacturing service lifetime can last up to 20 years. 

After WW2 ended, double based propellant was replaced by composite solid 

propellant  because of its great performance and quality [91]. But they have huge 

problems regarding smoke visibility. Much research on how to reduce smoke from the 

combustion of solid propellant has been done in the past. Generally, the composition of 

composite solid rocket propellant is ammonium perchlorate, hydroxyl-terminated 

polybutadiene, and aluminium as solid fuel. The addition of aluminium produces a lot 

of smoke and has become a major problem for this system. Productions of aluminium 

oxide produce dense smoke, making the trail visible and exposing the position of the 

armed forces. By replacing aluminium with the 0.5% zirconium silicate and 2% 

strontium carbonate, firing with minimum signature stability of propellant is achieved 

[92]. 

Besides aluminium oxide, production of HCl gas from the burning of AP 

propellant is also becoming a huge problem [17]. This is due to the fact that secondary 
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smoke formation from exhaust plume is a major disadvantages  in the defence sector as 

well as for the environment [17], [23], [93]. Researchers use lithium to scavenge the 

chlorine gas from the reaction. The formulation used was Al/Li 26.6 %, coarse AP 49.2 

%, fine AP 12.3 %, and HTPB 11.7 % for 20 gram solid propellant can reduce 95% HCl 

formation with an improvement of 7% specific impulse compared to conventional 

AP/HTPB/Al propellant [23], [94]. Researchers try to produce synergetic effect by 

combining AP with AN (Ammonium Nitrate). Many literatures already mentioned that 

ammonium nitrate is minimum signature oxidizer that is good for the environment, but 

it has significant drawbacks such as low combustion rate and phase transformation at 

low temperature[95]. An attempt was made  to combine the properties of 30% AP and 

55-80% AN in single ingredient[95], [96], [97] The result produced is not impressive 

enough with a burning rate 8 mm/s although it is the minimum signature propellant. 

Another formulation is using nitramine as an energetic material. 60% nitramine, 

20% copper oxide as a catalyst, and 20% black carbon produce burning rate 10.4 mm/s 

and specific impulse 232s [98].  Solid loaded carbon gel is an attractive way to produce 

minimum smoke but also has an impulse almost identical to the formulation using Al 

metal [75]. The addition of nitramine based high energetic material RDX and HMX to 

composite double-based propellant formulations increase energy density, burning rate 

and reduce exhaust smoke [99]. CL-20 (china lake compound) is new oxidizer that has 

high energy content, chlorine free, and minimum signature exhaust [100]. It has 14 % 

energy per mass and is 20% higher than HMX.  This propellant is non-toxic, does not 

pollute environment, is lead free and contain no solid particulate free[101]. It also 

produces the minimum signature gas and has only a faint shock diamond pattern that is 

visible. Without dense smoke trails and bright flames  this propellant become a close 

candidate to replace the current solid propellant[102].  CL-20 was mixed 90% with 

HTPB binder, which cures using standard isocyanates[101]. 

HMX was used to have dual effect on performance and improve strength. The 

result clearly shows that adding HMX in formulations enhances mechanical properties 

and improves the impact sensitivity of the ingredient [103]. By adding HMX, the 

performance is comparable with AP/HTPB solid propellant. Another work reported that 

using polyurethane as a binder produces great results [42]. This work studied a method 

to detect the density of smoke from solid propellant. High energy materials used are 

HMX, AP, AN, and NANO3 with polyurethane as a binder and Mg/Al as metal fuel. 

The result of this study concludes that the formulation of 60wt% AP, 17wt% Mg, 9wt% 
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HMX and 14wt% binder is good in the production of minimum signature exhaust gas. 

Recently, reports of using synergy effects on both sugar fuels have also been conducted 

by researchers. The synergistic effect of both sugar fuels, sucrose, and sorbitol, on 

rocket performance has also been studied. The remarkable result was achieved by using 

a conventional oxidizer, potassium nitrate. The composition of 65 wt% KNO3, 30% wt 

sucrose, 3% wt sorbitol and 1 % of iron oxide as catalyst provides excellent solid rocket 

performance while producing less smoke [58]. 

Table 2.1 shows the solid propellant formulation ratio and their effect on the 

production of smoke according to AGARD. From the table, it can be summarized that 

oxidizing agent compatibility with fuel and additives is the deciding factor in achieving 

great performance and a clean combustion product. The additives in that table are not 

restricted to metal only, but polymers and plastics have also been used to achieve 

desired physical and combustion performance. Information from Table 2.1 showed that 

weak oxidizers have low performance with high smoke concentration, for example 

potassium nitrate/sucrose solid propellants have smoke class BA. Additives like metal 

oxide, polymeric material, plasticizer, and surfactant affected the propellant 

performance and smoke quality. 

According to the NATO standard classification of minimum signature 

propellant, composite propellant falls into quality class CC and AC for primary and 

secondary smoke[104]. The improvement from level A to C is directly proportional to 

the amount aluminium percentage in the formulation. The classification of A level 

smoke is obtained when there is <1% aluminium in the formulation [105]. Results from 

Table 2.1 clearly show a significant change in primary smoke concentration as the 

number of aluminium increases. The smoke class of AP/HTPB solid propellant 

increased from A class to C class as the amount of aluminium increased from 1% to 

18% [105][106]. The primary smoke concentration has increased since the production 

of aluminium oxide solid particle as a combustion product. From the Table 2.1, the 

secondary smoke is independent of the amount aluminum content. It stays constant 

because HCL gas is dependent on the amount of ammonium perchlorate. It is difficult 

to reduce secondary smoke classification for condensable gas, especially HCL gas from 

ammonium perchlorate [105]. 

Production of HCL gas from the combustion of ammonium perchlorate based 

can be reduced by synergically combining with other energetic materials due to AP 

having many excellent properties despite the production of HCL gas.  From Table 2.1, 
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it indicates the  smoke class of AP based propellant improves slightly to the AB class 

when mixed with a strong oxidizing agent CL-20 (Hexanitrohexaazaisowurtzitane or 

HNIW) and the energetic binder GAP (glycidyl azide polymer) [71]. Gettwert et 

al.[106] study the performance of GAP and ADN(ammonium dinitramide) with low 

smoke signature conclude that GAP based propellant can replace AP/HTPB propellant 

with low sensitivity.  From the same work, the addition of aluminum metal causes the 

production of primary smoke class C, although strong oxidizers and binder were used. 

Research done by Lip et al. [107]  mixed AP with FOX(1, 1-diamino-2, 2-

dinitroethylene)  as oxidizer and used GAP binder as a fuel produce smoke class AA 

with no secondary smoke. It proves that AP is compatible with mixing with many other 

energetics material and binder. Fox-7 is an insensitive, highly energetic material used 

in the production of minimum signature propellant. Another study was mixed with Fox-

7 and AN. In this literature, GAP was formulated with an insensitive energetic filler, 

Fox-7/ AN as an oxidizer produce smoke class AA  [39].  GAP is an energetic organic 

binder polymer used as a fuel and as energetic material in many solid propellant 

systems. Many researchers investigated GAP to produce a smokeless rocket combustion 

system[25], [39], [71], [108] Referring to Table 2.1, GAP is used in many solid 

propellant systems to produce smokeless class AA with different types of oxidizers. 

Few works use GAP as a binder which mixed with strong oxidizers proves to be 

effective in producing high quality of minimum signature solid propellant. Another 

polymeric energetic binder used to produce the minimum signature solid propellant is 

Polyethylene Glycol (PEG). Works done by Yim et al.[109] used PEG mixed with 

RDX/HNIW as oxidizing agents to produce smoke class AA. In this work, zirconium 

metal and potassium sulfate were used as additives that show no effect on smoke 

quality.  

All works on production green minimum signature solid propellant can be 

summarized by the fact that types of oxidizing agents, fuel, and most importantly, 

additives play major factors in the concentrations of smoke. Metal additives like 

aluminum make a major contribution to primary smoke production while AP 

contributes to the production HCL gas, which can be reduced by a synergistic mix with 

an energetic binder and oxidizer. 
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Table 2.1  

Solid Propellants Formulation Ratio And Their Effect On Smoke Production 

According To AGARD And Performance. 
Propellants Formulation wt% Results and 

remarks 

Ref 

years Fuels Oxidizers Additives 

HTPB 

16% 

AP 

83% 

Aluminum (Al) 

1% 

Smoke 

Class: AC 

[105]  

HTPB 

9.5% 

AP 

68% 

Al 

18% 

Smoke 

Class: CC 

[106] 

 

GAP 

47% 

AP 

33% 

CL-20 

20% 

Smoke 

Class: AB 

[25] 

 

GAP 

25% 

RDX/HMX 

60% 

BuNena 

15% 

Smokeless 

Class: AA 

[108] 

 

GAP 

(Binder) 

RDX/ 

PSAN 

TMETN/ 

BTTN 

Smoke 

Class: Na 

[71] 
 

GAP 

15% 

FOX 

68% 

Plasticizer/ Stabilizer 

15%/ 2% 

Smoke 

Class: AA 

[107] 

 

GAP 

15% 

FOX/ AP 

48%/ 20% 

Plasticizer/ Stabilizer 

15%/ 2% 

Smoke 

Class: AA 

[107] 

 

Sucrose 

35% 

KNO3 

65% 

- Smoke 

Class: BA 

[9] 

 

Sorbitol 

35% 

KNO3 

65% 

Surfactant Smoke 

Class: Na 

[110] 

 

Polyester 

25% 

AN 

75% 

Nitro- 

Plasticizer 

Smoke 

Class: AA 

[111] 

 

GAP 

35% 

AN 

65% 

BuNena 

Plasticizer 

Smoke 

class: AA 

[39] 

 

Resin 

28% 

AN 

46% 

Nitrocellulose 

50% 

Smoke 

Class:  AC 

[112] 

 

Poly glycidyl 

nitrate (PGN) 

AN 

- 

CL 20 

60% 

Smoke 

Class: AA 

[113] 

 

GAP 

24% 

ADN 

60% 

Al 

16% 

Smoke  

Class: CA 

[106] 

 

GAP 

25.6% 

ADN 

50% 

FOX12/Plasticizer 

20%/4.4% 

Smoke 

Class: AA 

[106] 

 

GAP 

25.5% 

ADN 

50% 

HMX/Plasticizer 

11.5%/4.5  

Smoke 

Class: AA 

[106] 

 

Polyethylene 

Glycol (PEG) 

37.1% 

RDX/HNIW 

27.9%/30% 

ZrC/K2SO4/Additive 

1.0% / 1.1% /2.9% 

Smoke 

Class: AA 

[109] 
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In summary, the evolution of minimum signature solid propellants has shown 

that smoke production is fundamentally governed by the interplay between oxidizer 

type, fuel selection, and additive chemistry. Double-base propellants offered smokeless 

combustion but suffered from long-term instability and safety issues, leading to the 

dominance of composite AP/HTPB/Al systems after World War II. However, 

aluminium oxide particulates and HCl emissions from AP have created serious 

challenges for both environmental impact and concealment on the battlefield. 

Numerous approaches ranging from metal oxide additives, lithium scavengers, 

nitramine oxidizers, CL-20, GAP binders, and AN/FOX-7 synergetic systems have 

demonstrated varying degrees of smoke reduction, with several achieving AGARD and 

NATO smoke classes AA, AB, or AC depending on composition. The collective 

findings across these studies clearly indicate that aluminium content strongly influences 

primary smoke, while AP governs secondary smoke through HCl production, which is 

difficult to suppress without replacing or modifying the oxidizer system. Overall, the 

literature establishes that achieving a true minimum-signature propellant requires 

careful optimization of oxidizer/fuel compatibility and strategic use of additives to 

reduce both particulate and gaseous emissions. This understanding provides the 

foundation for exploring new formulations particularly those combining strong 

oxidizers with cleaner-burning fuels to achieve low-smoke combustion without 

compromising performance 

 

2.3 Performance and Characterization of Minimum Signature Solid 

Propellants 

Solid particulate, toxic compounds and vapor are products of solid propellant 

combustion that emit gas into the environment. Smoke is a suspension of many small 

solid particles in a gas, while vapor is a set of condensed liquid droplets suspended in a 

gas, for an example clouds, fog, or mist [114]. The emission of smoke from the nozzle 

is affected not only by the characteristics of the specific rocket propulsion system or its 

propellant formulation but also the flight path, flight velocity, altitude, weather 

condition, humidity, and particular vehicle configuration. Most solid rocket propellant 

gases contain 5-35% water vapor and solid particle which act as nuclei upon which 

water vapor can condense thus making plume more visible and easier to be tracked 

[114]. Gas like carbon dioxide and water vapor are produced from complete combustion 
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of carbonaceous material. Minimum smoke or soot is seen from the complete 

combustion. Complete combustion occur when there is enough oxygen present in the 

system [115], [116].  For the burning of the solid rocket propellant, it falls under 

deflagration. Deflagration is defined as small number of substances of unconfined 

condition that suddenly ignite caused by flame, spark, shock, friction, or high 

temperature.  When a propellant burns in a confined, the rate of deflagration will 

increase with the degree of confinement, and the hot gaseous product emerge away from 

the regressing surface [115], [116]. Hence, most of the burning in solid rocket propellant 

system consumes little oxygen, therefore gaseous like carbon monoxide and metal salt 

particles were produced [117]. Furthermore, the exhaust plume of the rocket can 

generate visible Infra-red, ultraviolet radiation signatures and gases such as carbon 

dioxide and water. The signature may be detected by radar or expose the position to the 

enemy.  

The Advisory Group for Aerospace Research and Development (AGARD) 

[118], an agency of NATO, proposes the terminology for solid propellant combustion 

exhaust products. This method distinguishes between primary and secondary smoke 

based on the combustion of solid propellant products, as depicted in Figure 2.2. The 

AGARD smoke classification system (AA–CC) is determined from two independent 

measurements: primary smoke and secondary smoke. Primary smoke refers to 

condensed solid particulates formed during combustion mainly metal oxides such as 

Al₂O₃, MgO, carbonaceous residues, and other condensed-phase fragments—and is 

quantified using optical opacity measurements, laser light-scattering techniques, or 

gravimetric collection of particulate mass. A higher particulate concentration 

corresponds to a higher primary smoke class (A → low, C → high). Secondary smoke, 

on the other hand, originates from gaseous chlorine-containing combustion products 

such as HCl, ClO, and NOx that condense or become visible in the exhaust plume. 

These gases are measured using techniques such as FTIR gas analysers, laser absorption 

spectroscopy, titration of HCl absorbed in water, or thermochemical modelling (e.g., 

CEA, CHEETAH). Propellants producing large amounts of HCl are placed into higher 

secondary smoke classes (A → low, C → high). The combination of these two 

independent parameters determines the final classification (e.g., AA, AB, BC, CC), 

reflecting overall exhaust visibility and signature level 

 For primary and secondary smoke three categories were proposed: A, B and C. 

A category is least smoky, while a C category is most smoky.  According to AGARD, 
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primary smoke is the result of condensed solid particle materials, for example metals, 

carbon, and metal oxide thereby resulting in the formation of a particle cloud in the 

atmosphere downstream from the nozzle. The main contributor to primary smoke is 

catalyst, anti-instability, additive, after burning suppressant and metals to increase 

thermodynamic performance. Gaseous products found in exhaust rockets are mostly 

metal compound are copper hydroxide, potassium hydroxide and aluminium oxide. 

Besides that, anti-instability additives do not decompose in the combustion chamber 

and contribute as exhaust products. Other than propellant products, material motor parts 

that are exposed to flame may ablate and generate smoke. Their effect is significant, 

typically in the form of carbon soot, silica, and iron oxide [104]. Finally, the igniter may 

also play an important role in the generation of primary smoke.  

 
 

Increasing Secondary 

Smoke 

AA AB AC 

BA BB BC 

CA CB CC 

Increasing  

Primary Smoke 

Figure 2.2  Classification of Solid Combustion Exhaust Product 

 

For secondary smoke, AGARD states that it results from the condensation of 

water and acid vapor. It occurs from the interaction between the exhaust plume and the 

atmosphere. It is different from primary smoke, which is the result of solid particles, 

and it is independent of ambient conditions. Secondary smoke forms when the local 

vapor pressures of the condensable species exceed their saturation vapor pressure [104]. 

Secondary smoke mainly contains water vapors, chloride salt, and fluoride salt. 

Secondary smoke can form within a primary smoke to give total sum of individual effect 

on visibility and obscuration. The formation of secondary smoke is totally dependent 

on condensable species in motor exhaust, concentration of solid product, relative 

humidity, and ambient temperature [104].  

During a reaction in the combustion chamber, solid propellant breaks apart into 

its constituent atoms. This is quickly followed by the rearrangement of atoms into more 

stable compounds. These molecules are usually water, carbon dioxide, carbon 

monoxide, nitrogen gas, hydrogen gas, carbon, aluminum oxide and sulfur dioxide. 
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They can be found in all combustion and explosive product materials. The nature of the 

product will depend on the amount of oxygen content during the reaction take place 

[11]. Alternatively, the amount of oxygen content will depend on quantity of oxidizing 

atoms that are present in solid propellant molecule [11]. The quantity of oxygen 

consumed in combustion reactions will affect the type of gases released to environment. 

Not enough oxygen in molecules to oxidize reactants will produce toxic gases such as 

carbon monoxide instead of carbon dioxide and water. 

Most energetic materials contains, C, H, N and O atoms [119]. During the 

reaction, the molecules use oxygen provided by the oxidizing agent. Heat release and 

heat absorbed during reaction known as heats of formation. When energetic materials 

do not contain enough oxygen to combust, they will produce carbon monoxide, carbon 

soot, and hydrogen gas. The heat energy released during the formation of these gases is 

known as “heat of explosion”. Conversely, reactant burn in excess oxygen to form 

substance like carbon dioxide, and water, liberated heat added with the heat of explosion 

would be equal to the heat of combustion [11], [119]. 

2.3.1 Green Oxidizing Agent Solid Propellants Performance 

Rocket propellant is a tool that develops thrust through the rapid expulsion of 

matter. This high speed fluid is created by the high pressure combustion of liquid or 

solid propellant, consisting of fuel and oxidizer components in the combustion chamber 

[120]. Specific impulse is an important parameter for rating the efficiency of rocket 

propellant, which indicates how many pounds of thrust are obtained by the consumption 

of one kilogram of propellant in one second. Basically, propellant formulations with 

different mass ratios and additive play a major role in the performance of solid rocket 

propellant [121]. Table 2.2  gives the details of the performance characteristics of a few 

solid propellant formulations using advanced green oxidizers and energetic binders in 

comparison with solid propellant base line. Addition of energetic binder GAP (Glycidyl 

Azide Polymer) and CL-20 (Hexanitrohexaazaisowurtzitane) to AP formulation 

synergistically improve the propellant performance compare. Oyedeko et al. [121] 

performed the characterization study on the performance of potassium nitrate-sucrose 

with 2% carbon and 3% magnesium as an additive material. Burning products from this 

formulation generate a lot of smoke due to the presence of carbon and magnesium. 

Excessive gases like magnesium oxide, carbon monoxide, chloride gas and magnesium 
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carbonate could be harmful to the environment. Hence, new green oxidizers with better 

solid propellant performance need to be studied more thoroughly.  

Table 2.2  

Performance of Solid Propellant with Advanced Oxidizing Agent 

Composition WT% 
Specific 

Impulse(s) 

Gap Identified Ref 

14% HTPB  68%AP  

18% Al 

(Base line)  

264.5 

Nano-Al increased burning rate up 

to 100%; higher Isp; enhanced 

ballistic performance. 

[122] 

58%GAP   22%AP  20%AL 266.0 

Novel PGN-based energetic 

plasticizers improved thermal 

stability and compatibility; raise 

Isp 

[123] 

22%GAP  56%AP  

22% (70:30) Al/Mg 
260.3 

GAP-coated Al improved energy 

release; faster reaction under 

ultrafast stimulus; superior 

underwater blast performance. 

[124] 

55%GAP  23%ADN 20%Al 276.5 

ADN is highly sensitive, 

hygroscopic, chemically unstable, 

storage-limited, and costly. 

[76] 

55% GAP  25%CL-20 

20%Al 
267.1 

High cost, complex foaming, 

extreme sensitivity, and high 

energy unsuitable for minimum-

signature tactical propellants 

[125] 

60% GAP  25%HNF 15%Al 277.2 

HNF/HNE increased energy 

performance; improved Isp and 

stability. 

[126] 

 

Russian scientist in the 70s had come out with an oxidizer ADN (ammonium 

dinitramide) is inorganic strong oxidizer. ADN is a promising candidate for a green 

oxidizer alternative to AP solid rocket propellants. It’s not only environmentally 

friendly but also overcomes the limitation in performance possessed by AP/HTPB. Few 

scientists had done characterization studies on ADN based propellants. They found that 

ADN decomposition happened above the melting point. Gaseous emission of N2O, 

NO2, H2O, CO2, CO, N2 and NO were detected during ADN decomposition [127]. 

Coating agents in the ADN pellet improve the thermal stability of ADN at temperatures 

above the decomposition temperature, while at low temperature the addition of coating 

agents seems has no effect on the thermal stability of ADN [128]. Result of this study 

concludes that ADN crystal and pellet are sensitive to impact. Moreover the ADN/GAP 

propellant has significant minimum signature exhaust product of solid propellant 

burning compared to AP/HTPB [106]. V.Gettwert et al.[106] conducted an experiment 

on performance of ADN/GAP propellants in comparison AL/AP/HTPB. The results 

from this investigation show that the specific impulse for the ADN/GAP propellant is 

2247 Ns/kg significantly higher compared to the AL/AP/HTPB propellants which is 

2070 Ns/kg.  
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ADN based propellants offer great performance for rocket propellants with high 

impulse, and no secondary smoke is produced [76]. It works well with polymeric binder 

such as GAP and HTPB gives excellent results on the combustion performance of ADN 

propellant [89], [90]. Koji Fujisato et.al [131] investigated the combustion 

characteristics of ADN based solid propellants with HTPB as a solid propellants binder 

for this research. They found that the burning rate of HTPB/ADN was faster than that 

of HTPB/AP. In addition, thermal properties of binder affect their combustion rate 

characteristics, thus more research needs to be studied on the compatibility of binder 

with ADN propellant. It is becoming a major workhorse today for rocket propellant 

applications to replace AP based propellant. ADN is classified as ‘class C’ minimum 

hazard material. The products of ADN based combustion are usually ammonia, water, 

N2O and NO2. The problem regarding ADN is that it is very sensitive to moisture, 

rapidly decomposes, and has chemical incompatibility with some compound in 

composite propellants [132], [133]. Hence, efforts have been made to improve the 

chemical stability of ADN. Jessica de Olivera Silva et al. [133] investigate ADN 

recrystallization and microencapsulation with HTPB by using simple coacervation 

method of separating macromolecules into two immiscible liquid . ADN was made into 

spherical pellets to ease processing and casting. Chemical stability between the capsule 

(HTPB) and ADN happened at 60˚C.  Hence, ADN pellet are key product for 

environmental friendly and low signature solid composite propellant for defence and 

space applications [133], [134]. 

Another effort was done by Thao T.Vo et al. [135] using nitration of Fox-7 to 

produce tetranitroacetimidic acid (TNAA) for replacing ammonium perchlorate in solid 

rocket propellant systems. TNAA was found to have a slightly higher specific impulse 

at 209 s and was slightly more stable than ammonium perchlorate based. An attempt 

has been made to use Fox-7 as a high energy oxidizer for replacing the minimum 

signature double base propellant in solid rocket motors. In this work, Fox-7 was 

substituted for nitramine filler to be used in the GAP-RDX formulations [108]. The 

result exhibited reduced shock sensitivity with increasing content of Fox-7, while losing 

performance efficiency. FOX-7 was first produced by Laytpoz in 1998. FOX-7 is a 

great oxidizing agent and has been considered to be used in solid rocket propellant 

system [136]. This compound’s performance is comparable to the high energetic 

material HMX, RDX and PETN [137]. FOX-7 was mixed with the binder containing 

AP/AL to study its performance, thermochemical, and ballistic properties [138]. The 



33 

result from this work explained that the incorporation of FOX-7 instead of AP cause a 

reduction in combustion energy, specific impulse, burning rate and temperature [138], 

[139]. In other work, research to investigate the properties of propellant formulation 

based HTPB/FOX-7 using DSC and a sensitivity test apparatus has been done. The 

result showed that impact sensitivity was over 25.0 J and friction sensitivity was less 

than 68%. If compared with the HTPB/FOX-7 formulation with the RDX formulation 

the mechanical sensitivity and electrostatic discharges of FOX-7 based are decreased. 

Recently, a report about the comparison effect of FOX-7 and HMX on the properties of 

AP/AL/binder concluded that the specific impulse value of 251 s, density of 1.91 g/cm3 

and burning temperature of 3600 k can be synthesized using 60% FOX-7 and 19% 

active binder [140]. In another literature, formulation of FOX-7/AP/GAP propellants 

with 68% to 70% solid loading including 20% to 42% AP and TMENTN/1, 2, 4-

butandiole trinitrate (BTTN) nitrate ester plasticizers was prepared [141]. These 

formulations showed a high burning rate at 20mm/s, better chemical stability, low 

thermal sensitivity, and low smoke combustion. Jensen et .al [108] report that FOX-7 

is not suitable to substitute for minimum signature GAP/RDX composite rocket 

propellants that have lower shock sensitivity but have good mechanical properties 

[142]. 

Research to find the minimum signature combustion product and 

environmentally friendly oxidizing agent has moved to a new level. A new oxidizing 

agent, Hexanitrohexaazaisowurtzitane (CL-20), was synthesized to meet the current 

requirement for a solid propellant that is less smoky and greener for the environment. 

Literature studies on comparative performance of CL-20/RDX-based solid propellants 

were done [143]. Analyses of the combustion performance of CL-20-based solid 

propellant show an increase, as the composition of CL-20 is increased. CL-20 is a 

promising oxidizing agent to replace other energetic materials such as AP, HMX or 

RDX to meet new requirements which are eco-friendly, high rocket performance, and 

minimum signature propellants for application on futuristic missiles and space mission. 

CL-20 is cage-like structure that can release energy at a much higher level than 

HMX or RDX.  Its high heat of formation (+454 KJ/mole) is due to the strain introduced 

by the cage like structure and presents 6 N-NO2 groups [144]. It is high density by 

(>2.04g/cc) energy material due to the close packing of the constituent atom shape like 

cage structure[125], [144]. It is the cleanest combustion efficient oxidizer for future 

propellants. Furthermore, it has a good oxygen balance (-11%), good thermal stability 
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and is practical to apply in solid rocket propellant.  It is  bonded with other plastic 

additives such as GAP which 85-95% CL-20 [125].  CL-20 formulation showed a 

higher burning rate compared to HMX and AP based propellant[145]. A series of 

nitramines arranged around a cyclo-butane ring from Cis and Trans-isomer. The Cis 

configuration of CL-20 is commonly used to boost energy in rocket propellant. Figure 

2.3 show a summary of green oxidizers with theirs physical and chemical properties.  

 
Figure 2.3  Classification Of Green Oxidizers For Solid Rocket Propellant 

Olena Kositsyna et al. [146] have calculated specific impulse for 45 different 

compositions  of solid propellant based on green oxidizing agents (ADN, Hydrazinium 

Nitro-Formate (HNF), CL-20) and polymer binders (HTPB, GAP, poly-3-

nitratomethyl-3-methyloxetane(Poly-NIMMO)). The results from the calculation of 45 

compositions could be used as preliminary forecasting of energetic characteristic 

performance as well as their ratios. This work concludes that maximum values of 

energetic characteristics were obtained for compositions based on an energetic binder 

at 80% oxidizer content. In addition, the oxidizer-binder ratio is optimal at 80%: 20%, 

and the most favorable components are HNF, HNIW, GAP, and poly-NIMMO.  HNF 

is an oxidizer that is far superior to ADN. It was produced back in the 80s in the 

Netherland. It was synthesized by acid-based reaction between hydrazine and 

trinitromethane in ethylene dichloride. HNF has improves by 7% in specific impulse 

compared to conventional AP/HTPB propellant [147].  It has a heat of formation 

(ΔH˚f18kcal/mol) higher than ADN, higher melting point, and is less hygroscopic than 

ADN. Its stability highly depends on the purity of final product during production [126]. 

This is due to the dependence on hydrazine content. Besides that, HNF is compatible 
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with the GAP polymeric energetic binder. The HNF/AL/GAP combination is a very 

promising high-performance propellant, according to the European Space Agency 

(ESA). HNF has many advantages such as lower signature, no pollution, and high 

specific impulse compare to Ammonium perchlorate [148], [149], [150]. This is a strong 

oxidizer; it has high burning rate from a formulation of HNF/GAP/AL result as reported 

in the literature. The burning rate and ballistic properties of HNF are dependent on 

particle size. Affected HNF size (mean size 5-10 µm) lowers the pressure exponent of 

the propellant. Hence burning rate of the propellant can be tuning by adjusting HNF 

particle size [151]. Aside from being a good high-performance propellant, it has 

disadvantages such as sensitivity towards impact and friction [152]. 

Over the last few years, substantial work has been performed on producing novel 

green energetic oxidizers, binders, and plasticizers to comply with the regulations, 

together with insensitive munitions. Many attempts have been made to produce a new 

green solid propellant without compromising the propellant’s performance. Regarding 

the toxic gas produced by the combustion of solid rocket propellant, which is harmful 

to humans and the environment. It is notable that the smoke produced will be exposed 

in the soldier position to the enemy. In terms of defence, smoke produced from 

propellant combustion becomes a signature for enemies tracking of missile trajectory, 

revealing the launch location of the missile, and causing the loss of control of optically 

guided missiles. Thus, finding the green, minimum signature, and high-performance 

solid rocket propellant is a top concern and needs further effort to achieve its objectives. 

Table 2.3 shows the part of oxidizer/fuel composition with additive by weight 

percent with their propellant performance and smoke production class according to 

Advisory Group for Aerospace Research and Development (AGARD) after solid 

propellant combustion. It illustrated that oxidizer and fuel play important roles in 

determining the production of smoke from combustion of propellant. Due to its natural 

properties as weak Oxidizing agent Potassium Nitrate depict the low performance and 

produce more smoke compared to other oxidizers. From the Table 2.3 it shows that, 

most high energetic oxidizers with high oxygen balance produce no or less smoke 

during combustion of propellant. With the help of an energetic fuel for combustion the 

reaction produces higher performance with less smoke at all. Besides that, the presence 

of AP as oxidizing agent proved that combustion product produced chloride gas. The 

addition of additive materials like plastic binder or additive metal shows significant 

reduction in chloride gas content. Hence compatibility of oxidizing agent with fuel and 
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additive is major role in deciding whether the combustion produce smoke or not. On 

the hand they also provide good solid propellant performance with high specific 

impulse. 

Table 2.3  

Composition And Performance Characteristic Of Solid Propellants With Difference 

Greenoxidizers. 
Composition wt.% Specific 

Impulse 

Isp(s) 

Smoke 

Production 
Ref. 

Oxidizer Fuel/Binder Additive Others 

46% AN 

16.2% HTPS 

(50%Nc/18%IP

DI/28.2%HTPS) 

24% 

Al 

1%Dessavin 

1%Glycerin 

1%Silicon 

253.93 s 
 

0% HCl 

Class AA 
[112] 

65% 

KNO3 
35% Sorbitol - - 110 s 

0% HCl 

Class CB 
[48] 

58% 

HNF 

24% Energetic 

Binder 
18% Al - 273.1s - [153] 

41% 

TKX-50 

16% Ap 

10% GAP 18% Al 15% NG 278s 
3% HCl 

Class AB 
[154] 

54% CL-

20 

3% AP 

10% GAP 18% Al 15% NG 275s 
4% HCl 

Class AB 
[154] 

63% 

ADN 

18.6% 

Ammonia 

18.4% 

Methanol 
- 250s 

0% HCl 

Class AA 

[155] 

[76] 

 

Although ammonium perchlorate remains widely used due to its stability and 

proven performance, its production of HCl and dense exhaust plume continues to 

motivate the search for greener alternatives. Modern oxidizers such as ADN, FOX-7, 

CL-20, and HNF offer improved specific impulse, reduced smoke, and cleaner 

combustion, particularly when combined with energetic binders like GAP or poly-

NIMMO. However, each candidate faces limitations including moisture sensitivity, 

thermal instability, mechanical sensitivity, or reduced performance when substituted 

directly into AP-based formulations. Studies consistently show that propellant 

performance and signature depend strongly on oxidizer–fuel compatibility, oxygen 

balance, binder interaction, and the role of additives in modulating combustion 

behaviour. Table 2.2 and Table 2.3 clearly highlight that high-oxygen, high-energy 

oxidizers tend to produce minimal smoke, whereas weak oxidizers such as KNO₃ yield 
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poor performance and heavy emissions. Overall, while considerable advancements have 

been made, the literature reinforces the need for continued exploration of green 

oxidizer–fuel systems that balance performance, stability, safety, and minimum exhaust 

signature for next-generation defence and aerospace applications. 

 

2.3.2 Burning Rate Measurement Using Ballistic Evaluation Motor (BEM) 

The Ballistic evaluation motor (BEM) is very popular in rocket propellant field, 

especially for the evaluation of ballistic properties. These give an insight into the 

burning rate of propellant at various operating temperatures and pressure ranges [156]. 

Among all kinds of data that can be obtained experimentally by a Ballistic Evaluation 

Motor (BEM), there is one especial property interpreted as burn velocity versus time, 

also known as burning rate. This property is related to the chamber pressure and 

temperature during the steady state burning grain (the rigid mass of propellant with 

specific form, geometry and burning area). Research concerning burning grains can be 

obtained by experimental tests, using a Crawford bomb (with this equipment, the 

combustion pressure is previously fixed) or one Ballistic Evaluation Motor by applying 

analytical relations between the pressure curve and propellant burning time [120].  

Based on industry requirements, a Ballistics Evaluation Motor (BEM) was 

created to determine performance characteristics and stable regression behavior across 

a wide pressure range in a single test [48]. More Ballistic evaluation Motors provide a 

more feasible operating environment, both in terms of gas and temperature. In 

contemporary propellant laboratories, several methodologies coexist and are utilized to 

evaluate the propellant's ballistic performance [157]. The performance of a Ballistic 

Evaluation Motor depends on factors such as burning rate modifiers, plasticizers, curing 

agents, and nozzle design [158]. A solid rocket motor nozzle is finely formed behind 

component of the thrust chamber that controls the expansion of exhaust products, 

converting the energy forms created in the combustion chamber into kinetic energy 

effectively hence providing thrust to the vehicle. This is accomplished by creating the 

necessary nozzle geometric profile; the typical rocket motor nozzle is convergent-

divergent. This nozzle is subjected to extremely high pressures and a quick, dense gas 

flow at high temperatures. A nozzle must be made of a material that can sustain 

structural and thermal load.  
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Shekhar et al.[156] study start port propellant grain for Ballistic evaluation 

motor (BEM), used 2.5 kg solid propellant and has dimensions of OD 115 mm, ID 60 

mm, length 200 mm with throat diameter around 30 to 50 mm. This study found that at 

pressure between 8-10 Mpa need to burn solid propellant around 7-9 s. Another study 

Terzic et al.[159] predict ballistic parameter of different grain solid propellant using 

ballistic  evaluation motor (BEM) with designed nozzle  for between  14- 29 mm. From 

this study the maximum pressure achieve is 21 Mpa with burning time 6s. The longest 

burning time recorded in this study was 15 s and the highest thrust recorded is 19200 

N. Same study done by Ame’rico et al.[49] measure burning rate of potassium 

nitrate/sucrose solid propellant using developed BEM. In this study the BEM used 5 

different nozzle sizes to generate different chamber pressure. In this investigation, the 

burning rate is plotted against the chamber pressure to validate the result of burning rate 

from numerical estimation. Further study to investigate the effect of casting technique 

on solid propellant performance was done by Ramesh et al. [160] therefore to achieve 

a relatively high burn rate of about 13-14 mm/s at 7000 kPa, the propellant's solid 

loading was increased from 85.15% to 87.27% using ammonium perchlorate and 

process aids, without altering burn rate or mechanical attributes. In this study, the 

altered mixture was tested for several parameters including end-of-mix viscosity, 

density, mechanical, and ballistic qualities. The cured propellant's density increased 

from 1.74 g·cm-3 to 1.79 g·cm-3, but mechanical characteristics remained unchanged. 

The findings of this investigation show that the modified composition's performance 

index has increased from 416 to 437, which is supported by the results of ballistic 

evaluation motors weighing 2 kg. Similar study 

Raj Alexander et al.[161] developed a ballistic evaluation motor for testing a 

solid propellant based on ammonium perchlorate with a high burning rate and density 

loading. In this investigation, the BEM measured a high burn rate of 23 mm/s at 35 bars.  

Moreover, burn rate measurement at 10 bar, 20 bar, and 35 bar is accomplished by 

evaluating three alternative nozzle diameters (7 mm, 6 mm, and 5.5 mm). Olde et 

al.[110] employed a potassium nitrate-based sorbitol solution to monitor burning rate 

in BEM and analyze the underlying cause of reported BEM ignition failures. This 

investigation discovered an issue with the ignition of potassium nitrate sorbitol solid 

propellant with surfactant and fine potassium nitrate. This inspired the development of 

laser ignition research to evaluate KNSB combustion behavior. Propellant samples of 

various compositions were ignited using a 1064 nm laser. Samples with fine particle 
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dispersion and surfactant had a distinct flame structure become the reason for failure 

ignition. This study suggests that reducing incoming flux to 250 W/cm2 would result in 

an estimated ignition transient of around 0.5 s for uncoated KNSB propellant, as a 

compromise between detecting transient behavior and restricting heat conduction 

throughout the sample [162]. The literature clearly shows that the Ballistic Evaluation 

Motor (BEM) is a critical experimental tool for determining the burning rate, pressure 

behaviour, and overall ballistic performance of solid propellants under realistic 

operating conditions. Various studies demonstrate that BEM performance is strongly 

influenced by grain geometry, nozzle configuration, chamber pressure, propellant 

formulation, and ignition characteristics, with reported burning rates and thrust outputs 

varying widely depending on these parameters. Research also highlights the importance 

of modifying oxidizer loading, particle size, binder compatibility, and casting 

techniques to achieve stable regression and improved ballistic efficiency. Furthermore, 

several investigations reveal challenges associated with ignition sensitivity, pressure 

stability, and formulation-dependent response, reinforcing the need for controlled and 

well-designed BEM testing. 

2.3.3 Effect of Oxygen Balance on Solid Propellant Performance 

The oxygen balance is a method in the high energetic material field to evaluate 

the properties of materials [10]. It tells the researchers whether the energetic materials 

can complete combustion or vice versa. It is divided into positive and negative oxygen 

balances, which serve as predictors of the type of combustion [10]. A positive oxygen 

balance (OB) indicates that they could be used as energetic oxidizers. Positive OB of 

oxygenated materials can produce less harmful gas than negative OB. A very high 

positive oxygen balance means it is a high energy dense oxidizer. All carbon, metal, 

and hydrogen can be converted into carbon dioxide, water, and metal oxide by an 

energetic with a zero or positive oxygen balance[163]. Simultaneously, by introducing 

nitro chemicals into the formulation, the oxygen balance can be modified [164].  

By paying attention to the type of oxygen connections in the explosive 

molecules, it can be described as a linear function of oxygen balance. The oxygen 

balance cannot be too negative or too positive, and only values near to zero are 

preferred, the stoichiometric mixture ratio between oxidizing agent and reducing agent 

is used [13], [165]. By referring Figure 2.4 the relation of Oxygen Balance of many 
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strong oxidizing agents in relation with Heat of explosion.  As the oxygen balance 

approaches zero the heat of explosion increases regardless positive or negative oxygen 

balance. These parameters can help the researcher to regulate the amount of oxidizing 

and reducing agent to get optimized value of performance.  

The minimum amount of oxidizer required to achieve complete combustion in 

a solid propellant is governed by the stoichiometric oxygen balance of the formulation. 

Studies consistently show that propellants must maintain an overall oxygen balance 

close to zero  OB ≈ 0%  to ensure that the oxidizer provides sufficient oxygen to fully 

oxidize the fuel without generating soot or carbon monoxide [166]. For composite AP-

based propellants, this typically requires an oxidizer content of about 68–72 wt%  [167], 

while sugar-based KNO₃ propellants require more than 72 wt% KNO₃ due to their 

oxygen deficiency [58] . High-oxygen oxidizers such as ADN and AN achieve complete 

combustion at lower thresholds approximately 55–60 wt% for ADN and 60–65 wt% for 

AN [76], [107] These findings demonstrate that oxidizer content is the primary 

determinant of combustion completeness and directly influences smoke formation and 

exhaust quality 

 

 

Figure 2.4 Heat Of Explosion For Different Energetic Materials With Respective To 

Oxygen Balance [13] 

 

In terms of thermodynamics, the use of the thermodynamic equation of state of 

the reaction products has made it possible to evaluate the chemical properties of 

propellant. As depicted in Figure 2.4 and Figure 2.5 Heat of explosion reaches a 

maximum with an oxygen balance approaching to zero because this corresponds to the 
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stoichiometric oxidation of carbon to carbon dioxide and hydrogen to water [168]. 

Furthermore, in study of performance explosive properties the result show that -NH2, -

C=O, and -N-O groups improve oxygen balance and hence increase heat of formation 

[169]. Consequently, it may result in the desirable outcome of better stability, higher 

density, and hence higher detonation velocity and pressure. The study on the flow 

properties of solid rocket motor plumes shows that Hydrogen/oxygen/chlorine 

chemistry has a substantial influence on solid rocket motor plumes [170]. The findings 

indicate that the choice of kinetic model for combustion propellant has a greater impact 

in oxygenated plumes. The calculation conditions for this study, which the theoretical 

would be near to the measured calorimetric heat were identified through a comparison 

of the measured and calculated values of the heat of combustion for a few propellants 

[171]. H.Muthurajan et al.[168] used computer code LOTUSES to predict the explosive 

mixtures properties such as heat of formation, velocity detonation. This computer code 

optimized the value of mixed explosive combination to get high value velocity 

detonation and compute amount of oxygen balance for the explosive mixture. The study 

revealed that as oxygen balance approach to zero the detonation velocity is increased 

[172]. Another work done by Alipoor et al. [173] calculate detonation velocity of mixed 

explosive for TNT and AN (Ammonium Nitrate) using chemical equilibrium 

application software. The result conclude from this work is that oxygen balance in 

condensed explosive is key parameter to determine the optimized detonation properties 

and [173]. Qiong et al.[174] substituted aminofurzan into N-trinitroethyl with good 

oxygen balance to study its performance of detonation and heat of formation. The 

compound contains a good oxygen balance within the range -15.31%-0% and shows 

good thermal stability at 159-230°C with high positive heat of formation (268-1259.5 

kJ/mol). Furthermore nitramine substation helped the compound to has zero oxygen 

balance with high detonation velocity 9486 ms-1 [174]. From the same author, Qiong  

introduce the trinitromethyl group into 1,3,4-oxadiazole has very high positive oxygen 

balance (39.12%) with high detonation velocity 9266 ms-1 [175]. On the other hand, 

there is no standard approach for calculating the oxygen balance of metal-containing 

energetic materials due to the uncertainty of the detonation of product metals. The most 

common technique, however, implies that the metals be transformed into metal oxides 

[176]. 
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Figure 2.5 Effect of Oxygen Balance on Heat of Explosion 

 

Because the type of product created from propellant combustion is heavily 

dependent on the oxygen balance of the propellant, knowing the composition of gaseous 

products formed is critical for determining heat of formation and other chemical 

attributes. There are numerous guidelines for figuring out the decomposition products, 

but they only give an understanding of the decomposition products. They are necessary 

when calculating the heat of combustion, but they provide no information regarding the 

energy released during decomposition. Hyun et al. [177] compare various methods for 

calculating the performance of energetic materials. In this work, the products were 

determined using several rules Kamlet-Jacobs (K-J), Kistiakowsky-Wilson (K-W), and 

modified-Kistiakowsky (modified K-W).The model K-W rule was found to be the most 

accurate when compared to others [177]. Another comparison approach for estimating 

velocity and detonation pressure of high energetic materials was investigated by 

employing the kamlet method based on K-W principles [178]. The results of the heat of 

detonation calculation demonstrate that the K-W technique was more accurate. 

Paraschiv et al. [179] assess three combustion models for determining the heat of 

explosion. The authors employed the Le Chateliar-Millard method in this paper, which 

yielded a decent result with a 7% error for determining the heat of combustion. The L-

M model produced the best results, which were extremely close to the experimental 

results. The Kamlet-Jacobs model produces results with a significant level of 

inaccuracy. The conclusion of this experiment is that the chemical composition of the 

propellant is critical in predicting performance parameters [179].  

Chen et al. [43] optimize oxygen balance by changing the A-site cation in 
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molecular perovskite by trimming carbon/hydrogen and adding oxygen atom into 

perovskite molecule. In this work calculation on energetic materials performance is 

using density functional theory (DFT) and Kamlet-Jacob equation. The study found that 

oxygen balance of molecular perovskite changes from -22.0% to -3.9% and increases 

in crystal density from 2.02 to 2.07 gcm-3. This study revealed how to determine the A-

site cations in a perovskite structure rationally for altering the properties of molecular 

perovskite high-energetic materials, providing vital indications for building more 

sophisticated energetic materials for practical usage. 

Table 2.4 shows the various oxidizing agents with their oxygen balance and 

performance. Depicted from the table, DOTZ (1,4,2,3,5,6-dioxatetrazinane) oxidizer 

with zero oxygen balance has high specific impulse with high heat of formation. On the 

other hand, ammonium perchlorate has the lowest performance compared to others 

despite it having a positive oxygen balance. 

Table 2.4  

Oxygen Balance And Performance Of Advanced Oxidizing Agents 
Oxidizer Oxygen  

Balance 
(%) 

Specific 
Impulse  
Isp 

Limitation and research gap Heat of 
Formation 
KJ/mol 

Ref 

Ap +34.04 158.76 Extremely high OB oxidizers with 
high predicted impulse. Not 
physically stable and no 
propellant integration 

-290.45 [

126] 

HMX -21.63 265.72 - 75.02 [

126] 

RDX -21.61 265.06 - 61.53 [

126] 

CL-20 -10.95 272.81 - 415.80 [

126] 

[NF2O] + +47 264 Extremely high OB oxidizers with 
high predicted impulse. Not 
physically stable and no 
propellant integration. 

-624 [

180] 

DOTZ 0 297.9 High-performance, zero OB 
oxidizer with predicted Isp=298 s. 
No real combustion system; 
unstable synthesis 

265.7 [

181] 

DNDOT

Z 

+43.9 230.9 Shows link between detonation 
products and performance. no AP 
or green fuel systems 

410.5 [

181] 

TNT -174 268.8 High-energy and chlorine-free; 
good specific impulse. ADN is 
moisture-sensitive, expensive 

-67 [

182] 
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Materials with oxygen balance values near zero consistently exhibit higher heat 

of explosion, greater detonation velocities, and more efficient conversion of fuel 

elements into fully oxidized gaseous products. Studies show that the required oxidizer 

fraction for achieving OB ≈ 0% varies widely among systems, with AP composites 

typically needing 68–72 wt% oxidizer, KNO₃–sugar propellants requiring over 72 wt% 

KNO₃, and high-oxygen oxidizers such as ADN and AN reaching complete combustion 

at substantially lower loadings. Numerous computational and experimental approaches 

including thermochemical models, EOS calculations, and predictive formulations such 

as the K-W rule confirm that oxygen balance strongly correlates with performance 

indicators such as heat of formation, detonation velocity, and plume composition. 

Furthermore, molecular design strategies, such as nitro-substitution and perovskite 

cation modification, demonstrate the ability to tune oxygen balance and thereby 

optimize energetic behaviour. Overall, the studies highlight that achieving an 

appropriate oxygen balance is essential not only for maximizing propulsion 

performance but also for controlling smoke, toxic by-products, and plume visibility—

factors that are central to the development of minimum-signature, environmentally 

responsible solid propellants. 

2.3.4 Thermal Decomposition & Kinetic Analysis 

 Thermal decomposition and stability studies have been integral to 

understanding the long-term viability of minimum signature propellants. Tomaszewski 

et al. [183] investigated the effects of processing solvents on nitrocellulose 

decomposition, providing insights into thermal stability and degradation mechanisms. 

Such studies are critical in ensuring that minimum signature formulations maintain their 

structural integrity and safety over extended storage periods. 

The thermal breakdown of AP that occurs at the orthorhombic-to-cubic phase 

transition temperature of 240°C is referred to as low-temperature decomposition. This 

stage ends with a 30 wt.% loss and the cessation of decomposition. When the 

temperature climbs over this point, the decomposition process continues until it is 

completed. It is generally important to understand the mechanisms of ammonium 

perchlorate (AP) low-temperature breakdown and how the addition of additives may 

affect decomposition rates. Proton transfer and electron transfer mechanisms are the 

two main pathways for AP low-temperature breakdown that have been proposed in the 
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literature [184]. According to the proton transfer mechanism, ammonia and perchloric 

acid are formed when a proton is transferred from the ammonium cation, causing 

breakdown. This method is more commonly acknowledged. However, the electron 

transfer mechanism suggests that the molecule breaks down into NH4 and ClO4 radicals 

at low temperatures because of an electron transfer. 

Differential Scanning Calorimetry (DSC) and Thermogravimetric analysis 

(TGA) are useful method for evaluating the kinetic parameters and thermal properties 

of energetic materials. It has been shown by Kissinger [185], Ozawa [186], and Flynn 

[112] that DSC relies on the linear correlation between peak temperature and heating 

rate. The extensively used Ozawa method, also referred to as an iso-conversional 

method, is especially noteworthy for its use in linear heating rate activation energy 

estimation. Dynamic analysis has been useful in understanding the total thermal 

degradation kinetics of polymers and composites, even if thermal analysis alone may 

not fully explain the entire mechanism of thermal deterioration. Important parameters 

including the frequency factor (A), activation energy (E), and overall reaction order can 

be reliably determined using this method.  

The use of kinetic models has provided deeper insights into the reaction 

mechanisms of AP-based propellants. Additionally, Wang et al. [187] analysed the 

thermal decomposition of HTPB/AP and HTPB/HMX mixtures using TG-FTIR and 

Raman spectroscopy. Their results indicated that HTPB decomposes in a two-stage 

process, with significant gaseous product formation under an inert atmosphere. The 

presence of AP influenced the reaction pathways, leading to different gas-phase and 

condensed-phase interactions. These insights contribute to improving fuel-rich 

propellant formulations by optimizing oxidizer content and decomposition efficiency. 

Xue et al. [188] developed a micro-scale combustion model for AP/HTPB composite 

propellants, analysing the flame structure and transient burning rate behaviour. The 

study demonstrated that a decrease in environmental pressure from 3 MPa to 2 MPa led 

to a sharp decline in transient burning rate, with flame extinction occurring below a 

critical temperature of 700 K. Their findings emphasize the need for pressure-dependent 

kinetic models in predicting combustion instabilities in solid propellants. 

The decomposition of AP-based propellants has been widely studied to 

understand its multi-stage reaction mechanisms. Zhang et al. [189] investigated the 

thermal decomposition kinetics of naturally aged AP/HTPB base bleed composite 

propellants using DSC under different heating rates. The study revealed that the 
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decomposition occurs in three stages: phase transition of AP at 513 K, low-temperature 

decomposition below 587 K, and high-temperature dissociative sublimation near 830 

K. The activation energy of naturally aged samples was found to be lower than 

laboratory-aged samples, indicating the effects of long-term aging on degradation 

kinetics. Another significant study by Gonçalves et al. [190] analysed the thermal 

decomposition kinetics of aged and non-aged AP/HTPB composite propellants using 

DSC and the Ozawa method. The activation energy of non-aged samples was 134.5 

kJ/mol, while aged samples showed a reduced value of 79.0 kJ/mol, highlighting how 

aging affects the energetic properties and stability of solid propellants. These findings 

emphasize the importance of storage conditions and aging mechanisms in propellant 

performance. 

The thermal breakdown process of AP is quite complex [191]. The perfect 

mechanism of thermal decomposition of AP has not been understood totally yet. 

According to the proton-transfer mechanism stated by Jacobs et al. [192] AP 

decomposes into ammonium ion and perchlorate ion show in (2.1) , followed by proton 

transfer from ammonium ion to perchlorate ion (2.2), leading to ammonia and 

perchloric acid formation in (2.3) . The remaining ammonia and perchloric acid are 

sublimated into the gas phase in (2.4). The lower decomposition temperature of AP is 

as follows: 

𝑁𝐻4𝐶𝑙𝑂4 → 𝑁𝐻4
+ + 𝐶𝑙𝑂4

− 
(2.1)  

𝑁𝐻4
+ + 𝐶𝑙𝑂4

− → 𝑁𝐻3 + 𝐻𝐶𝑙𝑂4 
(2.2) 

4𝐻𝐶𝑙𝑂4 → 2𝐶𝑙𝑂3 + 2𝐶𝑙𝑂 + 2𝐻2𝑂 + 3𝑂2 
(2.3) 

2𝑁𝐻3 + 2𝑂2 → 𝑁20 + 3𝐻2𝑂 ↔ 𝑁𝐻4𝑁𝑂3 + 𝐻20 
(2.4) 

 

At high temperatures: 

4𝐻𝐶𝑙𝑂4 → 𝐶𝑙2 + 5𝑂2 + 2𝐶𝑙𝑂2 + 𝐻2𝑂 
(2.5) 

2𝐶𝑙2 + 2𝐻2𝑂 → 4𝐻𝐶𝑙 + 𝑂2 
(2.6) 

2𝑁𝐻3 + 2𝐶𝑙02 → 𝑁2𝑂 + 𝐶𝑙2 + 3𝐻2𝑂 
(2.7) 

𝑁2𝑂 + 𝑂2 → 𝑁𝑂 + 𝑁𝑂2 
(2.8) 
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The main reasons of the completion of AP thermal degradation are the catalyst's 

role in O2 production and gas absorption on its surface. The prior studies [193] suggest 

that the catalytic mechanism of metal oxide for AP can be generally characterized as 

follows: in the middle of the AP thermal decomposition process, the metal oxide 

interacts with ammonia, perchloric acid, and the corresponding decomposition products 

via hydrogen bonding or coordination with Lewis acid sites; this disrupts the AP 

decomposition reaction balance and causes the reaction equilibrium to shift in a 

direction that will speed up the AP decomposition. Additionally, a few metal oxides are 

common semiconductor materials that have hole conductivity, which makes them 

efficient carriers of electrons [194]. These characteristics speed up the electron transfer 

involved in a few events that occur during the breakdown of AP. In conclusion, it is 

possible to alter the AP breakdown route when metal oxides are present.  

Ammonium perchlorate is a flexible oxidising agent that interacts with a variety 

of materials to improve performance [195]. Several previous investigations have shown 

that AP efficiently work together with metals additive [196], [197], metal oxides [197], 

[198], [199], organic polymers [190], [200], mineral metals [45], [201], and a variety 

of other energetic materials [191], [202]. Moreover, it mixes well with other energetic 

substances such as  CL-20 and octahydro-1,3,5,7-tetranitro-1,3,5,7-tetrazocine (HMX), 

resulting to a higher burning rate than traditional AP solid propellants [203]. The role 

of metal oxide catalysts in enhancing the decomposition and combustion characteristics 

of AP-based propellants has been extensively studied. Padwal & Varma et al.[204] 

examined the thermal decomposition of HTPB-AP composite solid propellants 

catalysed with Ferric Oxide ( Fe₂O₃). Their results indicated that nano-Fe₂O₃ (4 nm) had 

a stronger catalytic effect compared to micro-Fe₂O₃, shifting the exothermic peak to a 

lower temperature and increasing the burning rate. These findings suggest that 

nanoscale catalysts enhance energy release and combustion efficiency.  

Ferric oxide is one of metal oxide shows an impressive catalytic proficiency in 

both AP/sorbitol and AP/sorbitol/Mg solid propellant. It lowers the kinetic parameters 

of solid propellant AP/Sorbitol/Magnesium and lowers the decomposition temperature 

of the solid propellant. Hence AP/Sorbitol/Mg can work synergistically with Ferric 

oxide to improve the solid propellant performance for better applications in rocket 

testing. It demonstrated strong catalysis in AP catalytic reduction. It was well accepted 

that it may interact with ammonia gas from AP decomposition in (2.9). The reaction 

was followed: 
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𝐹𝑒3+ + 𝑁𝐻3 → 𝐹𝑒2+ + 𝑁𝐻2 + 𝐻+ 
(2.9) 

At high temperatures AP decomposes into gases. Thus, hypothetically Fe2O3 

reacts with HCl gas, scavenging the HCl from the system hence reduce the HCl 

concentration in (2.10).  Ferric oxide does not only function as a catalyst that lowers the 

decomposition temperature of ammonium perchlorate (AP) it also has an indirect but 

important influence on smoke output [205]. Secondary smoke reduction requires 

reactive metals such as Mg, Li, or Al–Li alloys that can chemically bind HCl to form 

metal chlorides. Therefore, Fe₂O₃ improves rate of combustion and may help lower 

particulate-based primary smoke, making it necessary to pair Fe₂O₃ with scavenging 

metals in minimum-signature formulations 

 

𝐹𝑒3+ +  3 𝐶𝑙− → 𝐹𝑒𝐶𝑙3 
(2.10) 

Similarly, Almeida et al. [197] investigated the effect of iron oxide burning rate 

catalysts in nano and micro-scale on AP-HTPB propellants. The study applied the 

Flynn-Wall, Ozawa, Kissinger, and Starink methods to determine the kinetic 

parameters, revealing that nano-Fe₂O₃ significantly reduced the activation energy of AP 

decomposition, thereby improving the burning rate and reducing ignition delay. The 

incorporation of transition metal oxide influenced the combustion wave structure, 

demonstrating their role as burning rate enhancers. Additionally, they improve heat of 

combustion, activation energy, and mechanical qualities. Therefore, Fe₂O₃ improves 

combustion rate and may help lower particulate-based primary smoke, but it does not 

reduce HCl-based secondary smoke, making it necessary to pair Fe₂O₃ with scavenging 

metals in minimum-signature formulations. This provides as proof for researchers, 

suggesting that AP is an extraordinary material that is compatible with a wide range of 

compounds. 

At higher temperatures decomposition, there is a reaction between AP and 

Magnesium [206][207] show in (2.11) and (2.12). Through adding magnesium as a 

metal additive, HCl neutralization improved by generating the reactive base magnesium 

hydroxide Mg (OH)2 (2.13). After Mg particles are incorporated with AP solid 

propellants, magnesium chloride is produced as a product of combustion show in (2.14). 

The reactions between magnesium atoms and HCl are as follows: 
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𝑀𝑔 + 𝑁𝐻4𝐶𝑙𝑂4 → 𝑀𝑔𝑂 + 𝑀𝑔𝐶𝑙2 + 𝐻𝐶𝑙 
(2.11) 

2𝐶𝑙2 + 2𝐻2𝑂 → 4𝐻𝐶𝑙 + 𝑂2 
(2.12) 

𝑀𝑔𝑂 + 𝐻2𝑂 → 𝑀𝑔(𝑂𝐻)2 
(2.13) 

𝑀𝑔(𝑂𝐻)2 + 𝐻𝐶𝑙 → 𝑀𝑔𝐶𝑙2 + 𝐻2 
(2.14) 

 

Magnesium influences both the thermal decomposition and exhaust chemistry 

of AP-based propellants. Its exothermic oxidation accelerates AP breakdown, while its 

strong affinity for chlorine enables the formation of magnesium chloride, effectively 

reducing HCl emissions. Through these combined effects, Mg enhances combustion 

energy and significantly decreases secondary smoke, supporting its use in minimum-

signature propellant formulations. The metal hydroxide formed reacts with hydrogen 

chloride to give magnesium chloride and water it will neutralize and reduce the HCl 

concentration. Thus reduce the effect of HCl production in combustion of AP based 

propellant. 

Overall, the literature shows that the thermal decomposition of AP and AP-

based propellants is a multi-stage, complex process influenced by decomposition 

mechanisms, binder interactions, aging effects, and the presence of catalytic additives. 

DSC, TGA, and kinetic modelling consistently indicate that additives particularly 

metals and metal oxides such as Fe₂O₃ lower activation energy, shift decomposition to 

lower temperatures, and enhance burning efficiency. Studies on AP/sorbitol and 

AP/sorbitol/Mg formulations further demonstrate that metal additives modify thermal 

behaviour and improve combustion characteristics. These findings confirm that AP is a 

highly adaptable oxidizer whose decomposition behaviour can be effectively tuned 

through additive selection, supporting its suitability for developing improved minimum-

signature propellants. Lastly, the metal additives help to improve the AP-based solid 

propellant, making it more appropriate for rocketry applications. 

2.3.5 Physical Properties of Solid Propellant 

The physical properties of solid propellants are crucial for ensuring structural 

stability, safety, and reliable performance in rocket propulsion systems. These 

mechanical characteristics are strongly influenced by the choice of oxidizer, binder, 

plasticizer, bonding agents, and metal additives. While metallic additives are 
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traditionally introduced to enhance combustion behaviour, they also play an equally 

important role in determining the mechanical response of the propellant under 

operational stressed. 

The incorporation of metallic additives significantly impacts the mechanical 

behaviour of solid propellants. Zhang et al. [208] synthesized multi-functional bonding 

agents that, when integrated into HTPB/AP/RDX/Al propellant formulations, led to a 

35.4% increase in tensile strength and a 62.0% enhancement in elongation at break. The 

bonding mechanism between amine-modified polybutadiene and the metal particles 

created stronger interfacial adhesion, which improved mechanical stability and 

prevented crack initiation. In the meantime, another study is conducted to compare the 

effects of metal additive 5% by weight in AP-based solid propellant using magnesium 

(Mg) and Aluminum (Al). The obtained results from the study revealed that propellants 

containing Mg exhibit a higher tensile strength and lower strains than those containing 

Al  [209]. Further studies on effect of metal additive size on mechanical properties was 

done by Armstrong et al. [210]  examined the mechanical integrity of metal-energized 

formulations, demonstrating that particle size and distribution affect stress localization 

and deformation resistance. A finer metal particle size resulted in enhanced fracture 

toughness, while larger particles contributed to stress concentrations and potential crack 

initiation. Similarly, Göçmez et al. [211] examined the effect of oxidizer content and 

fine-to-coarse ratio of AP particles on burning rate and mechanical properties. They 

found that higher solid loading (up to 82%) increased tensile strength and burning rate 

while reducing elongation at maximum stress. This highlights a trade-off: higher 

oxidizer content improves energy output but makes the propellant more brittle. 

Further study by Xiao et al. [212]  on CL-20/HMX cocrystals and composites 

demonstrated that metallic inclusions affect the elastic modulus, tensile strength, and 

failure strain. Molecular dynamics simulations revealed that cohesive energy density 

(CED) and binding energy (E-bind) between energetic molecules decrease with 

increasing temperature, indicating a trade-off between thermal stability and mechanical 

resilience. Additionally, a study on aluminized propellants by Glotov et al. [213] 

investigated the role of aluminium agglomeration in mechanical degradation. The 

researchers found that large agglomerates led to localized stress concentrations, causing 

premature cracking and failure under mechanical loading. However, when aluminium 

particles were properly coated or nano-structured, they exhibited improved dispersion 

within the binder matrix, leading to higher impact resistance and tensile stability. 
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Bonding agents are critical in enhancing adhesion between the oxidizer, binder, 

and metallic fuel. It plays crucial role in enhancing mechanical strength of solid 

propellant [214]. From the same research using epoxy as binder stating that the higher 

hydrogen-bond density correlated with increased Young’s modulus and tensile strength. 

This study provides insights into how modifying binder chemistry can optimize 

mechanical behaviour without compromising energetic performance. Recent studies 

have explored the effect of sorbitol content on the tensile strength, modulus, and 

flexibility. Sorbitol is commonly used as a plasticizer to improve the flexibility and 

processability of starch-based materials. A study by Izamuddin et al. [215]  investigated 

the effect of different sorbitol weight percentages (60 wt%, 65 wt%, 70 wt%, and 75 

wt%) on the tensile properties. Their findings revealed a decreasing trend in tensile 

strength as sorbitol content increased. This indicates that higher sorbitol concentrations 

weaken intermolecular forces, reducing tensile strength. The plasticization effect of 

sorbitol disrupts the hydrogen bonding network between amylose and amylopectin 

molecules, leading to increased molecular mobility. Research by Abd elall et al.[216] 

demonstrated that methyl aziridinyl phosphine oxide (MAPO) improved Young’s 

modulus and tensile strength. From same study highlighted that the choice of solvent in 

bonding agent production affects mechanical properties. The use of polar solvents 

improved strain values, while copper chloride (CuCl₂) at 4.5% yielded maximum strain. 

However, increasing CuCl₂ beyond this concentration led to reduced mechanical 

performance Also, Yadav et al. [217] reviewed various bonding agents, emphasizing 

that neutral polymeric bonding agents (NPBA) and hydantoin-based additives enhanced 

strain-stress characteristics by improving interfacial adhesion and reducing dewetting.  

Overall, the literature demonstrates that the physical and mechanical properties 

of solid propellants are strongly governed by the interaction between oxidizers, binders, 

plasticizers, bonding agents, and metallic additives. Metal fuels such as Al, Mg, and B 

not only enhance combustion performance but also significantly influence tensile 

strength, elasticity, fracture behaviour, and failure modes. Studies consistently show 

that particle size, dispersion quality, and interfacial adhesion play critical roles in 

determining stress distribution and crack initiation within the propellant matrix. Higher 

solid loading and finer particle sizes tend to improve strength but often reduce 

elongation and increase brittleness, highlighting the inherent trade-off between 

mechanical robustness and energetic performance. Bonding agents and binder 

chemistry further modify these relationships by strengthening molecular interactions 
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and improving load transfer between components. Additionally, plasticizers like 

sorbitol can increase flexibility but may weaken tensile properties at higher 

concentrations. Together, these findings emphasize that achieving optimal mechanical 

stability in minimum-signature propellants requires careful balancing of formulation 

parameters to ensure structural integrity without compromising combustion efficiency.  

2.4 Reduction and Quantification of the Primary and Secondary Smoke of 

Solid Propellant 

The combustion of solid propellants produces both primary and secondary 

smoke, which consists of various gaseous and particulate emissions. These emissions 

are a major concern in military, aerospace, and space propulsion applications, where 

reducing the visibility and environmental impact of exhaust plumes is critical. Primary 

smoke is directly generated from the combustion of oxidizers, fuels, and binders within 

the propellant formulation, while secondary smoke results from condensation, chemical 

recombination, and atmospheric interactions after the exhaust gases leave the nozzle 

[218]. The reduction of these smoke emissions is essential for stealth applications, 

improved propulsion efficiency, and regulatory compliance in both defence and civilian 

aerospace sectors. 

The primary contributors to smoke formation in composite propellants are 

metallic fuel additives [219], such as Al, oxidizers like AP, and polymeric binders such 

as HTPB. The incomplete combustion of metal fuels leads to the formation of 

aluminium oxide (Al₂O₃) agglomerates, which are responsible for the visible smoke in 

exhaust plumes. Additionally, secondary smoke is formed due to the reaction of 

combustion by-products with atmospheric moisture and oxygen, generating submicron-

sized particulates and condensed-phase aerosols. To mitigate these effects, researchers 

have focused on alternative oxidizers, nano-structured metal additives, and advanced 

combustion stabilizers to optimize combustion energy and reduce smoke emissions. 

Quantification of primary and secondary smoke involves spectroscopic analysis, 

laser-based diagnostics, and particulate sampling techniques to measure optical opacity, 

particle size distribution, and emission composition. Advanced experimental setups, 

including high-speed imaging and infrared (IR) absorption spectroscopy, allow for real-

time tracking of smoke formation and dissipation [220]. The development of minimum-

signature propellants requires an integrated approach, combining material formulation 
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strategies and exhaust gas characterization to minimize both thermal and optical 

signatures. 

2.4.1 Reduction of Hydrogen Chloride Gas in Combustion Product of Solid 

Propellant 

AP is an inorganic chemical with the formula NH4ClO4 that is utilized in solid 

propulsion systems as a strong oxidant. It is a white crystalline material that readily 

dissolves in water. The reaction of ammonia and perchloric acid produces ammonium 

perchlorate (AP). Because of its improved mechanical and ballistic qualities in 

comparison to other oxidizers, AP is a well-known oxidizer. It has been used in solid 

rocket composite propellants for many decades ago. Ammonium perchlorate acts as an 

oxidizer while Hydroxyl-terminated polybutadiene (HTPB) and aluminium acts as a 

metal fuel [221]. 

According to many researchers, [114]–[116] the development of AP kinds of 

propellant faces three major environmental challenges: 

• Impacts on the ground, such as groundwater contamination or mishaps 

brought on by incorrect propellant processing and handling, 

• Biological impacts, such as propellant toxicity and corrosiveness, 

• Environmental effects, which are typically induced by the interaction of 

waste products from burning with the surrounding air, particularly the 

ozone layer. 

According to Abd-Elghany et al. [82] the combustion of an AP-based solid 

propellant system emits about 100 T of HCl gas into the upper atmosphere. It is thought 

that AP may interfere with thyroid gland function in humans [38]. This is because the 

combustion of AP-containing propellants releases hydrochloric acid (HCl) as exhaust 

gas, which pollutes the surrounding air. The heated gases released during rocket 

launches emit dangerous pollutants. Furthermore, poisonous rocket emissions have a 

deleterious impact on the upper atmosphere as well as the flora and fauna near the rocket 

launch site [225], [226]. The build-up of these harmful substances in the atmosphere 

results in ozone depletion, acid rain, climate change, and adverse impacts on human 

health. In addition, the HCl gas released by rocket exhaust causes air pollution to rise 

by 1% with each launch. Dennis et al. [227] report that the exhaust from a rocket launch 

pad using composite propellant contains 60 T of HCl [227]. The peak HCl 
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concentrations in the exhaust plumes of eight Titan III rockets ranged from 25 to 0.5 

mg/L or parts per million (ppm) for 3 to 300 minutes [227], [228]. Furthermore, the 

European Space Launcher Ariane-5, which includes 476 T of AP-based solid composite 

propellants and generates 270 T of concentrated HCl during burning, highlights the risk 

of HCl. 

Toxic HCl emissions have prompted researchers to develop several solutions, 

one of which is the use of green propellants. Three methods exist for converting 

conventional AP-based propellants into green propellants: scavenging, neutralising, and 

non-chlorine propellants [83], [209]. 

2.4.1.1 Neutralization HCl Gas by Metal Additive 

Metal is used to neutralize HCl gas to reduce the concentration of chloride gas. 

The oxide reacts with chloride to form metal chloride. According to the experimental 

results, the neutralized reaction could eliminate HCl from the product gases if the 

aerosol MgO/H2O/HCl is generated. Consequently, when magnesium particles are 

added to AP-based propellant, the amount of HCl molecules decreases. The phrase 

"neutralized propellants" refers to this type of propellant. Among the combustion 

products of the AP propellant is HCl gas, which is transformed into magnesium 

chloride, a stable and environmentally friendly substance [209]. Although it has been 

demonstrated that these formulations significantly reduces HCl emission during the 

combustion process, they are also distinguished by their low cost of production and 

fabrication. Furthermore, prior research by Terry et al. [23]  and Rodic et al. [209]  

discovered that aluminium (Al), magnesium (Mg), and lithium (Li) metals are the most 

promising alkali metals for usage as scavenging agents in AP solid propellants. 

Several studies have found that including metal additions in composite 

propellant reduces the percentage of HCl in the combustion output [229]. According to 

Terry et al. [23] metal alkali halophilic materials are chosen based on their capacity to 

efficiently remove chlorine ions and create alkali metal chlorides (i.e., salts) during the 

combustion process. Sodium nitrate (NaNO3) is partially substituted for ammonium 

perchlorate (NH4ClO4) in scavenging propellants. This approach is used in the 

combustion chamber to eliminate HCl by producing sodium chloride (NaCl). Sodium 

nitrate, chlorine-free oxidants, and metal additions can scavenge or neutralize 1-10% of 

the HCl. Because of its high density, wide availability, and convenience of use, using 
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NaNO3 as an HCl scavenger is favourable. Thus, alkali metal nitrates such as lithium 

nitrate (LiNO3) and sodium nitrate (NaNO3) have been used to replace a stoichiometric 

amount of AP in order to introduce extremely halophilic material in a stable manner 

[230]. Another study used lithium carbonate and sodium carbonate to eliminate HCl gas 

in solid heterogeneous rocket combustion. The results of this study conclude that 20% 

lithium carbonate by mass successfully eliminates HCl gas. while for sodium carbonate, 

it needs to be 25% to eliminate all HCl [206]. Beside that ferrous oxide is well known 

catalyst neutralize with chloride gas to form metal chloride [231]. Another research is 

using Zinc oxide and alumina as sorbent to remove HCl gas at high temperatures. The 

metal provide place for the highly reaction with acid HCl gas for various absorption 

applications[41] 

Further research found that nanoscale alkali metal hydride mixed with 

aluminium can be used as a scavenger to remove HCl gas effectively. Only 8% % mass 

of alkali metal hydride can remove 28% of the HCl gas from the combustion product 

[232]. Chalghoum et al.[233] study on the effect of complex metal chloride elimination 

on HCl exhaust gas combustion product reveal that complex metal chloride such as 

Mg2FeH6, LiMgAlH4, and LiAlH4 show a synergetic effect with high performance and 

a good HCl scavenger effect [233]. Terry et al. [23] reduce HCl gas from combustion 

AP oxidising agent and (Hydroxyl-terminated polybutadiene) HTPB using binary metal 

Al/Li; 80/20% by mass manages to reduce HCl at 95%. From the same work, it was 

concluded that Li 15% by mass above will have a greater impact on removing HCl gas. 

In AP composite propellant formulations, the aluminium-lithium binary alloy was 

assessed both theoretically and empirically as a high-performance halide scavenger, 

which means it can significantly lower HCl production and raise the ideal specific 

impulse. Further research to reduce HCl gas using binary metal Al/Li; 80/20 % succeed 

to reduce 65-70 % HCl [234]. This work uses new method to measure HCl which is 

laser-absorption-spectroscopy to accurately measure HCl concentrations as illustrated 

in Table 2.5. In addition binary metal, Mg/Al is also used as HCl gas scavenger greatly 

reduce the amounts of gas [226].  

Figure 2.6 summarises the type of chemical species that capable of scavenging 

the H Cl produced during the combustion of AP-based propellants. These scavenger 

function by neutralizing or capturing chlorine-containing species to reduce secondary 

smoke and corrosive exhaust. Metal scavengers such as Al, Mg, and Li react directly 

with HCl to form stable chlorides, while alkali nitrates and carbonates promote 
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oxidation or neutralization pathways. Complex hydrides provide highly reactive sites 

that bind chlorine at elevated temperatures. Sorbent materials, including ZnO, ZrO₂, and 

Al₂O₃, further reduce HCl by physically or chemically adsorbing acidic gases. Together, 

these categories represent the primary strategies employed to minimize chlorine 

emissions in AP-based propellant systems. 

 

 
Figure 2.6 Classification Of Hcl Scavenging Species.  

 

2.4.2  Method for Measuring Hydrogen Chloride Gas Concentration 

From formulations show in Table 2.5 perfect combustion and complete HCl 

removal to those revealing interesting variations, this study investigates a range of 

possibilities. This compilation explains a spectrum of solid propellant formulations, 

distinguished by varying concentrations of ammonium perchlorate (AP), binders, and 

metallic additives. The focus is on the effect of these formulations on hydrogen chloride 

(HCl) concentrations and the methods employed for measurement. Notable 

formulations include one with AP, magnesium, and iron oxide, demonstrating complete 

combustion with 100% removal of HCl. The methods employed for HCl measurement, 

including combustion gas solubility, gas analysers, and theoretical calculations, add a 

layer of scientific depth to the exploration. 

From Table 2.5 it shows magnesium metal (Mg) effectively removes HCl from 

the exhaust gas of solid propellant combustion. Hansen et al. [235] use magnesium and 

HCl scavenging in AP based 

solid propellant 
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1.Li 

2. Mg 

3. Boron 

Alkali Earth  
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1.NaNo3 

2. LiNo3 
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Carbonates 

 

1.CaCo3 

2. NaCo3 

3. MgCo3 

Complex 

hydrides  

 

1. LiBH4 

2. NaBH4 

 

Sorbents 

 

1. Zno 

2. Mgo 

3. Al2O3 
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ferrous oxide as catalysts to successfully remove 100% of HCl gas. From the research 

utilization of sodium nitrate within the examined solid propellant formulations is 

noticed to result in an important reduction of hydrogen chloride (HCl) gas removal 

effectiveness. This observation implies that the incorporation of sodium nitrate as an 

additive exerts a mitigating influence on the neutralization and elimination of HCl 

during the combustion process. Besides that, metallic compounds, particularly those of 

a complex or binary nature, exhibit a noteworthy effectiveness in the removal of 

hydrogen chloride (HCl) gas. The synergistic effect of combining two or three metals 

as compounds demonstrates a remarkable enhancement in the efficiency of HCl gas 

removal. This observation underscores the potential benefits of leveraging compound 

metal formulations to optimize the removal of HCl, showcasing a promising avenue for 

further exploration in the development of advanced solid propellant compositions [23], 

[233], [234].  

To determine the efficiency of metal scavengers on hydrogen chloride (HCl) 

gas, a rigorous assessment necessitates the implementation of a precise measurement 

methodology to accurately determine the extent of HCl concentration removal. The 

selection of an effective method is paramount in achieving reliable results. Various 

approaches, including combustion gas solubility, gas analysers, and theoretical 

calculations, have been employed to estimate HCl concentrations in previous research. 

To address this, experimental validations are crucial to ensure the real-world 

applicability of theoretical models. By comparing theoretical predictions with empirical 

observations, researchers can enhance the reliability of their findings, uncover 

distinctions in the scavenging process, and identify potential limitations in theoretical 

calculations. This integrated approach, combining theory and experimentation, 

strengthens the overall understanding of HCl removal mechanisms and ensures more 

robust scientific conclusion. For example, Vellaisamy et al. [236] employed both the 

Mohr titration method and chemical equilibrium application to measure hydrogen 

chloride (HCl) concentrations. The results from their work revealed significant 

discrepancies between the two methods. This discrepancy underscores the importance 

of careful consideration when selecting measurement techniques, as different methods 

may yield varying outcomes. The choice of method can significantly influence the 

reported HCl concentrations, emphasizing the need for researchers to critically evaluate 

and validate. 
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Table 2.5  

Effect Of Metals Additive And Method Of Measurement On Hcl Concentrations 
Solid 

Propellant 

Formulation 

wt. % 

Metal Additive 

wt.% 

Method of measurement 

HCl concentration and 

research gap.  

HCl mole 

Fraction% 

Removed 

Ref 

AP 38.6 % Al 21.0% 

NaNO3 28.1% 

Fe2 O3 0.25% 

Combustion gas is soluble 

in water. Identified gas-

phase/condensed-phase 

reactions. Chemical 

analysis of AP exhaust 

reactions. 

69.3% [235] 

AP 65 % Mg 25.25 % 

Fe2O3 0.5 % 

Combustion gas soluble in 

water 

100% [235] 

AP 62.5% Al 15% 

Mg 11.54% 

 

Combustion gas soluble in 

water 

44.5% [235] 

AP 61.5 % 

HTPB 11.7% 

AL/Li 26.8 % 

(20/80) % 

Thermochemical 

Calculation (CHEETAH) 

*Dissolved HCl in distilled 

water (Validation) 

95% [23] 

AP 69% 

Binder 26% 

Mg 5% Gas Analyzer. HTPB 

binder; no primary smoke 

work 

(Gas mestdx 4030) 

45% [237] 

AP 67% 

RDX 7% 

Binder 26% 

- Gas Analyzer HTPB 

binder; no primary smoke 

work.  

(Gas mestdx 4030) 

84% [237] 

AP 65 % 

HTPB 35 % 

AL/Mg 15 % 

(5/10) % 

Theoretical, NASA 

chemical equilibrium 

Application (CEA)  

90 % [226] 

AP 65 % 

HTPB 35 % 

AL/Mg 15 % Gas Bubbling  

Mohr Titration 

Mg > Al in scavenging; 

Fe₂O₃ catalytic 

51 % [226] 

AP 60% 

HTPB 10% 

LiAlH4 30% Theoretical calculation  

Chemical equilibrium 

Application (CEA) 

Mg, Fe₂O₃ reduce HCl 

 

98 % [233] 

AP 68 % 

HTPB 14 % 

 

AL/Li 18% 

(20/80) % 

Laser absorption 

spectroscopy. Accurate HCl 

measurement 

70 % [234] 

 

Based on the limitations identified in previous studies from Table 2.5, this 

research adopts a measurement approach that minimizes underestimation error and 

provides results that closely represent the actual gas-phase HCl produced during 

combustion. Methods such as Mohr titration and water-solubility techniques, although 

widely used, quantify only the dissolved fraction of HCl and therefore tend to 
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underestimate total emissions. Thermochemical calculations (CEA/CHEETAH) 

provide valuable theoretical predictions but cannot account for real combustion 

kinetics, heterogeneous reactions, or incomplete scavenging. Gas-phase spectroscopic 

techniques have consistently been shown to provide the most accurate measurements 

because they directly detect HCl in the exhaust plume. For these reasons, the method 

selected in this study prioritizes direct gas-phase analysis, ensuring higher accuracy, 

reduced dependency on absorption efficiency, and better comparability with modern 

diagnostic standards. This approach provides a more reliable representation of HCl 

formation and removal in AP/Sorbitol/Mg combustion, addressing the methodological 

inconsistencies highlighted in earlier literature. 

Ruesh et al. [234] have introduced a novel approach for accurately measuring 

hydrogen chloride (HCl) concentration through the utilization of laser absorption 

spectroscopy. Their work demonstrates that, employing aluminium and lithium metal 

as HCl scavengers, the method effectively measures a substantial portion of HCl, 

specifically achieving a 70% removal. This innovative method, relying on laser 

absorption spectroscopy, not only represents a technological advancement in HCl 

concentration measurement but also showcases the effectiveness of specific metal 

combinations in scavenging HCl in the studied context. Such findings contribute to the 

scientific foundation for tailoring propellant formulations with enhanced environmental 

considerations and improved combustion performance. By employing a method that 

aligns with the specific characteristics of metal scavengers and their interactions with 

HCl, researchers can ensure a comprehensive and accurate evaluation of the efficacy of 

these scavengers in mitigating HCl gas concentrations. 

The exploration of green oxidizers, and their role in clean combustion reactions 

has not only contributed to a deeper understanding but has also paved the way for future 

innovations in propellant formulations. By comparing the performance of new green 

oxidizers to conventional counterparts, the review highlights the ongoing pursuit of 

cleaner and more sustainable alternatives. The Advisory Group for Aerospace Research 

and Development (AGARD), an agency of NATO, plays a critical role in shaping the 

terminology for solid propellant combustion exhaust products. Their proposed method 

distinguishes between primary and secondary smoke, categorizing them into A, B, and 

C, with A being least smoky and C being most smoky. Primary smoke primarily results 

from condensed solid particle materials such as metals, carbon, and metal oxides. 

AGARD identifies catalysts, anti-instability additives, after-burning suppressants, and 
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metals as main contributors to primary smoke. Gaseous products in rocket exhaust, 

including copper hydroxide, potassium hydroxide, and aluminium oxide, are 

predominantly metal compounds. 

The emphasis on achieving clean combustion not only aligns with 

environmental regulations but also addresses the priority of developing insensitive 

munitions. The dedication to balancing performance with environmental responsibility 

reflects a forward-looking approach, ensuring that the future of solid rocket propellants 

is not only technologically advanced but also environmentally conscious. Furthermore, 

this review lies in the focus on reducing hydrogen chloride (HCl) gas concentration in 

combustion products. Recognizing the environmental and health implications 

associated with HCl emissions, the integration of strategies for HCl reduction marks a 

significant step towards achieving an eco-friendlier propulsion technology. The 

exploration of alkali metals scavengers and neutralization processes by metal oxides 

plays a pivotal role in this reduction effort, demonstrating a holistic approach to 

minimizing the environmental impact of solid rocket propulsion. 

In essence, the comprehensive review serves as a valuable resource for 

researchers, engineers, and policymakers involved in the propulsion field, providing a 

roadmap for further advancements in minimum signature solid rocket propellants and 

the realization of cleaner and more sustainable combustion technologies. 

2.5 Conclusion Remark 

In summary, ammonium perchlorate (AP) has demonstrated remarkable 

compatibility with a wide range of fuels, binders, and additives, a clear knowledge gap 

exists regarding its use in combination with sorbitol and magnesium. No published 

formulation to date has evaluated AP–sorbitol composite propellants incorporating Mg 

as a chlorine-scavenging metal, leaving the combustion behaviour, thermal stability, 

and smoke-reduction mechanisms of this system uncharacterized. The interaction 

between sorbitol’s oxygen balance and Mg’s combustion chemistry also remains 

unresolved, particularly because Mg reacts through pathways that differ significantly 

from hydrocarbon-based fuels. This raises a fundamental uncertainty about whether 

oxygen availability is sufficient to avoid incomplete combustion and residue formation 

in AP/Sorbitol/Mg systems. 
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Furthermore, although oxygen balance is recognized as a major determinant of 

propellant performance, its role in modifying burn rate in the presence of metallic 

additives has not been systematically studied, especially for systems combining 

positive-oxygen-balance oxidizers with carbohydrate-based fuels. The decomposition 

behaviour of sorbitol, which produces low-molecular-weight intermediates before full 

combustion, may further complicate reactions with AP and Mg. No existing studies 

have examined whether these intermediates influence ignition stability, burn-rate 

consistency, or aging behaviour in AP/Sorbitol/Mg formulations.  

Another significant gap concerns the thermal degradation pathway. While Mg 

is known to act as a chlorine scavenger, its catalytic influence on the decomposition 

kinetics of AP/Sorbitol mixtures is unknown, and no kinetic modelling or DSC/TGA 

studies have been published to clarify whether Mg accelerates, delays, or destabilizes 

the decomposition process. Existing kinetic literature is overwhelmingly focused on 

AP/HTPB or nitrate-based propellants, leaving AP/Sorbitol/Mg combustion 

mechanisms, flame structure, and transient burning characteristics largely unexplored. 

Finally, although smoke reduction is a recurring topic in minimum-signature 

propellant research, there is no standardized methodology for quantifying primary and 

secondary smoke, as studies rely on inconsistent techniques (opacity measurements, 

laser diagnostics, or particulate sampling). This lack of standardization prevents 

meaningful comparison across formulations and limits the ability to evaluate the 

environmental impact of new propellant systems. 

Taken together, the key knowledge gap identified in the literature is the 

complete absence of scientific data on AP/Sorbitol/Mg propellants, specifically 

concerning their combustion behaviour, thermal decomposition mechanisms, oxygen-

balance interactions, and smoke-generation characteristics. Addressing this gap forms 

the core motivation and novelty of the present research. 
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CHAPTER 3 

RESEARCH METHODOLOGY 

3.1 Introduction 

This chapter outlines the experimental methods used in the development of 

minimum signature solid propellant from AP-based mix with sorbitol and Mg metal. 

The method starts with the synthesis of AP/sorbitol/Mg solid propellant. The method 

described in Section 3.2 was implemented using three approaches to determine the 

optimal ratio of ammonium perchlorate (AP), sorbitol, and magnesium (Mg) metal. This 

optimization was conducted with respect to achieving the ideal oxygen balance, 

elemental stoichiometric coefficient greater than one (fuel lean) and maximizing 

combustion energy release. The first approach involved a parametric analysis to 

determine the optimal ratio with respect to energy, specific impulse and combustion 

product using the Propellant Evaluation Program (PROPEP) software. The second 

approach utilized thermodynamic mathematical calculations, while the third approach 

validated the heat of combustion through experimental measurements using a bomb 

calorimeter.  Next, the method in section 3.3 proceed to the characterization of the 

sample. The characterization process was divided into two categories: chemical and 

physical characterization. The chemical characterization involved analysing the surface 

properties, elemental composition, and thermal decomposition behaviour of the 

propellant. Surface topography and morphology were examined to assess structural 

features, while elemental analysis was conducted to determine the composition of the 

solid propellant. Additionally, the physical characterization was performed using tensile 

testing and Shore hardness measurements to evaluate the mechanical properties of the 

propellant. Thermal stability analysis was conducted to provide insights into the 

properties of the solid propellant, offering crucial information for the subsequent stages 

of propellant testing. Additionally, kinetic analysis contributed valuable data to ensure 

the safe testing of the solid propellant in the next phase. The subsequent method in 

section 3.4 is divided into three subsections, focusing on evaluating the burn rate, 

assessing thrust performance, and quantitatively measuring smoke concentration. The 

methods utilized in this research are summarized in Figure 3.1.  
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Figure 3.1 Research Frame work for Development of Solid Rocket Propellant 
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3.2 Synthesis of Minimum Signature Solid Propellant 

Solid propellant was prepared in in the laboratory in weigh basis of 100 gram 

for the combustion to quantify the smoke concentration and thrust with burn rate 

performance. First, new formulation of minimum signature solid propellant is analysed 

using PROPEP to determine the performance parameter and burning product 

constituent at optimum ratio.  In the next step, the optimum ratio which give the lowest 

amount combustion products and heat energy is evaluated by using thermochemical 

calculation and compared with the result from PROPEP. Bomb calorimeter was used to 

find the value of heat combustion for validation. The following sub-chapters present the 

heat energy calculation, chemical equation of the reaction and experiment to measure 

heat of combustion. 

. 

3.2.1 Propellant Evaluation Program (PROPEP) Software  

PROPEP is software to determine chemical equilibrium for the combustion of 

solid rocket propellant and most possible effective propellant formulation ratio [238].  

 

 

 

Figure 3.2 PROPEP Software Interface 
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In PROPEP, the total propellant mass is normalized to 100 units for calculation 

purposes. This value does not represent an actual physical mass but only expresses the 

relative mass fractions of each component in the formulation. By using this software 

rocket solid propellant performance can be predicted shown in Figure 3.2. Furthermore, 

it helps researcher to evaluate theoretical performance such as specific impulse and 

characteristic velocity. Default operating conditions values are set up as shown below. 

Total mass of propellant is 100 gram which is represent the mass percent of constituent.  

• Temperature condition: 298K is room temperature.  

• Chamber pressure: 1000 psi 

• Exhaust pressure: 14 psi (1 atm ideal expansion at sea level) 

 

From the Figure 3.2, shows the PROPEP interface used to evaluate the 

theoretical combustion performance of the solid propellant under the defined operating 

conditions of 298 K ingredient temperature, 1000 psi chamber pressure, and 14.7 psi 

exhaust pressure, PROPEP calculates the equilibrium properties of the propellant. The 

predicted gas density (0.066 lb/ft³) and molecular weight (27.51 g/mol) show that the 

exhaust is dominated by light species such as H₂O and CO₂, consistent with a minimum-

signature formulation producing minimal particulate matter. The Cp/Cv ratio of 1.20 

further confirms a gas composition typical of triatomic combustion products. Overall, 

Figure 3.2 demonstrates how PROPEP predicts the thermodynamic and performance 

behaviour of the AP/Sorbitol/Fe₂O₃ mixture, providing a theoretical foundation for 

understanding its combustion characteristics prior to experimental testing. The chemical 

ingredient for oxidizer, fuel and catalyst is filled in propellant formulation with total 

weight up to 100 grams. Result from this software tells the performance of new solid 

formulation. In addition, the most important is it’s shown a chemical species with 

amount produce inside the product of the propellant combustion which is very important 

for this study. 

 

3.2.2 Thermochemical Calculation for Solid Propellant Performance  

Thermochemical calculation is a crucial tool in solid propellant research, 

providing valuable insights into combustion efficiency, burn rate behaviour, exhaust 

composition, and overall propulsion performance. By predicting key combustion 

parameters such as adiabatic flame temperature, heat release, and specific impulse, 
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facilitates optimization the oxidizer-to-fuel ratio for maximum efficiency. In 

AP/Sorbitol/Mg-based propellants, thermochemical calculations assist in evaluating the 

optimum ratio between AP, sorbitol, and Mg metal which provide the oxygen balance 

value, elemental stoichiometric coefficient (fuel-rich or fuel-lean), energy release, and 

amount of combustion product. The determination of oxygen balance (OB), equivalence 

ratio (ϕₑ), and related thermochemical parameters was performed using manual 

stoichiometric calculations, supported by Microsoft Excel for numerical processing and 

tabulation. No external thermochemistry software was employed for these 

computations. Instead, customised Excel worksheets were developed to systematise the 

calculations, verify mass balance, and ensure consistency across all formulations 

analysed 

 

3.2.2.1 Oxygen Balance  

The oxygen balance (Ω) provides information on the types of gases that are 

liberated. The set of guidelines was used to help understand the issue in the breakdown 

of CaHbNcOdXe combustion products with relation to the oxygen balance of AP/Sorbitol 

solid propellant [146], [182]. The oxygen balance indicates the types of gases that are 

liberated. To optimize the performance of propellant compositions, the atomic 

composition of the mixture must first be calculated. Thus, by controlling the oxidizing 

agent content in the propellant’s mixture, it will change the value of the oxygen balance. 

The oxygen balance of the solid propellant of ammonium perchlorate/sorbitol 

formulation was calculated using (3.1), where Ω is oxygen balance is representing 

amount of oxygen required for complete oxidation, a is amount of carbon, b is amount 

hydrogen, d is amount of oxygen and e is amount of metal which represent any additive. 

M is relative atomic mass for mixture [12]. The propellant composition is optimized to 

achieve an oxygen balance as close to zero, as the heat of combustion reaches its 

maximum when the oxygen balance is approaching zero [11]. This is because it 

corresponds to the stoichiometric oxidation of carbon to carbon dioxide and hydrogen 

to water [13]. 
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Ω =
[𝑑 − (2𝑎) − e − (

𝑏
2

)] × 1600

M
 

 

(3.1) 

3.2.2.2 Element Stoichiometric Coefficient 

The energetically related properties of propellants, fuels, and explosives are 

evaluated using a straightforward method that considers the chemical valences of the 

fuel, and the oxidizer components present in a combustible mixture. It provides a quick 

way to get the elemental stoichiometric coefficient and makes it easier to balance 

complex combustion equations stoichiometrically. This method effectively predicts 

whether a mixture is fuel-lean, fuel-rich, or stoichiometrically balanced. It has been 

demonstrated that the total oxidising or reducing valences of different 

stoichiometrically balanced combustible systems has a linear relationship with their 

calorimetric values. This relationship has been effectively applied to determining the 

calorific value of fossil fuels. According to Bakhman et.al [239], elemental 

stoichiometric coefficients ∅𝒆 are parameters that indicate the intramolecular 

interaction between the oxidizer and fuel. For this work, this is a more user-friendly 

approach for multicomponent systems that can be used to determine the elemental 

stoichiometric coefficient. The elemental stoichiometric coefficient ∅𝒆 is defined in  

(3.2). 

 

 

Ø𝑒 =  
∑ 𝑛°𝜐°

(−1) ∑ 𝑛𝑟𝜐𝑟
 

 (3.2) 

 

 

Where 𝜐 and n are the valence and number atoms of the element, whereas o and 

r refer to the oxidizing agent and reducing agent element, respectively. The denominator 

is multiplied by (-1) to convert the negative sign of the reducing element given by fuel. 

A mixture is fuel rich if ∅𝒆< 1, fuel lean if ∅𝒆 > 1, and stoichiometrically balanced at 

Ø𝑒 = 1, [239], [240], [241].  

In order to clarify the decomposition product, a set of rules was used. According 

to the Springall Roberts rule of decomposition a set of chemical equation was developed 
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for this solid propellant reaction. The Springall–Robert’s rule is an empirical method 

used to estimate the amount of oxidizer required for complete combustion in solid 

propellant formulations. It assumes that all carbon must oxidize to CO₂ and all hydrogen 

to H₂O, allowing a quick determination of whether a mixture is oxygen-rich, oxygen-

balanced, or oxygen-deficient. This rule provides a simple preliminary check on 

oxidizer–fuel ratios before applying more detailed thermochemical calculations First 

step chemical equation in (3.3) was developed in this study for basic AP-based sorbitol 

solid propellant without metal additive. This chemical equation is crucial in early stage 

of this study as such it provide useful information of reaction product and used to 

calculate many important thermodynamic parameters for this work. It became blueprint 

for the next method to study the effect of metal additive. By using the  (3.3), the 

calculations in (3.2) can be done. Hence the value of elemental stoichiometric 

coefficient ∅𝒆 can be computed. The detail calculation of stoichiometric formulation 

shown in appendix 1.  

26𝑁𝐻4𝐶𝑙𝑂4 + 5𝐶6𝐻14𝑂6 → 30𝐶𝑂2 + 26𝐻𝐶𝑙 + 13𝑁2 + 74𝐻2𝑂                  (3.3) 

 

3.2.2.3 Thermochemistry  

Thermochemistry is the branch of science that studies heat changes occurring 

during chemical reactions. The concept revolves around three key parameters: internal 

energy (E), heat content or enthalpy (H) and work done (W). Nevertheless, the oxygen 

balance does not provide information about the amount of heat actually released and 

composition gas product during a reaction [242], [243]. The number of moles of gaseous 

products produced during combustion, the average molar mass of gas products, and the 

explosion heat all have a significant impact on explosion performance [177]. In a 

constant-pressure environment and in accordance with Spring Robert’s Rule, the 

following equation (3.4) expresses the enthalpy of formation for each constituent. This 

method aligns with the approach used by Ying Li et al. [244] and Dany Frem et al. 

[245]. Therefore, Heat of explosion can be determined by the difference between the 

total of energies for the formation of explosive components and the sum of energies for 

the formation of the explosion product. 

The heat of reaction is the net heat absorbed or evolved during a chemical 

reaction. It can be divided into two types of reactions: endothermic and exothermic 
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reaction. According to Hess’s law in (3.5)  is used to calculate the heat of reaction for 

solid propellant mixture. 

 

CaHbNcOdCle − −Δ𝐻𝑅𝑥𝑛 → aCO2 + (
b

2
) H2O +

e

2
Cl2 +

C

2
N2 

          (3.4) 

                      

                                   ∆𝐻1                                                    

𝛥𝐻2 

 

 

 

∆𝐻 = 𝐻𝑃𝑟𝑜𝑑𝑢𝑐𝑡𝑠 − 𝐻𝑟𝑒𝑎𝑐𝑡𝑎𝑛𝑡𝑠    (3.5) 

 
 

∆𝐻 represents a negative for exothermic reactions and a positive for 

endothermic reactions. Whereas ∆𝐻𝑃𝑟𝑜𝑑𝑢𝑐𝑡 and ∆𝐻𝑅𝑒𝑎𝑐𝑡𝑎𝑛𝑡 represent heat of formation 

for each product and reactant.  All heat of reactions is compared at standard state, which 

is typically defined at 298K and 1atm pressure. All explosive chemical reactions are 

exothermic. The heat evolved or absorbed when 1 mole of a compound is created from 

its element in the standard state is known as the heat of formation of a compound. Heat 

of formation (ΔHf) is an important thermochemical parameter for an explosive because 

it affects the heat of explosion and heat of detonation. 

Hess’s law is used to calculate enthalpies of product or reactant. It states that “if 

a chemical reaction is carried out in stages, the algebraic sum of the amounts heat 

evolved in separate stages is equal to the total amount of heat evolved when the reaction 

occurs directly”. Hess’s law states that the heat of a chemical reaction can be obtained 

by the sum of the heats of reaction of several subsequent partial reactions starting with 

the same reactants and leading with to same product as depicted in Figure 3.3. 

 

A          ΔH           B 

ΔH1                        ΔH3 

C           ΔH2         D 

Figure 3.3   Hess’s Law Cycle  

𝑎𝐶 + 𝑑𝑂2 + 𝑏𝐻2 + 𝑐𝑁2 + 𝑒𝐶𝑙2 

b 
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It is common practice to use constant pressure conditions for rocket propellant 

burning in the combustion chamber of a rocket motor under conditions of free expansion 

to the atmosphere [11]. For this reason, the equation (3.6)  show the ∆𝐻𝑟𝑒𝑎𝑐𝑡𝑖𝑜𝑛 is Heat 

of combustion, ∆𝐻𝑓𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑠 is Heat formation of product and ∆𝐻𝑟𝑒𝑎𝑐𝑡𝑎𝑛𝑡 is Heat of 

formation component of solid Propellant.  

 

𝛥𝐻𝑅𝑒𝑎𝑐𝑡𝑖𝑜𝑛 = ∑ ∆𝐻𝑓(𝑃𝑟𝑜𝑑𝑢𝑐𝑡)
𝜃 − ∑ ∆𝐻𝑓(𝑆𝑜𝑙𝑖𝑑 𝑃𝑟𝑜𝑝𝑒𝑙𝑙𝑎𝑛𝑡)

𝜃     (3.6) 

  

Q =
∆Hd × 1000

MW
 (3.7) 

  

Eventually, (3.7) is used to calculate final Heat release from the combustion of solid 

propellant where ∆𝐻𝑑 is Heat of reaction according to Hess’s law, 𝑀𝑊 is molecular 

weight of solid propellant mixture and 𝑄 is Heat of explosion. The calculated Heat of 

explosion is compared with Heat of explosion from bomb calorimeter in section 3.2.4. 

 

3.2.3 Solid Propellant Production 

Granule Sorbitol and ammonium perchlorate powders with an average particle 

size of 90 μm were used as feedstock materials in this work. Sorbitol and ammonium 

perchlorate were weighed according to the ratio calculated with optimum oxygen 

balance.  

A sample composed of AP/Sorbitol/Mg serves as the primary material in this 

study, while the remaining four samples incorporate with ferric as metal oxide catalyst 

and varying AP concentrations. These variations are introduced to facilitate 

comparative analysis, enabling the evaluation of the interaction effects between the 

metal additives and different AP content on the overall combustion and mechanical 

properties of the propellant. A total of five samples were prepared with different weight 

percentages following the calculation of the oxygen balance content of the mixtures. 

The sample with optimized oxygen balance was mixed by electric mixer with 

magnesium and ferric oxide as a power enhancing material. Figure 3.4 show that 

Sorbitol was first heated at a temperature of 120 °C until it melted. Immediately 
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ammonium perchlorate was added slowly to avoid accidents because ammonium 

perchlorate auto ignition temperature is 240°C and it was stirred evenly until it formed 

slurry-liked paste followed by additive metals. After melting the sorbitol and 

incorporating the oxidizer and additives, the mixture was allowed to cool slightly until 

it reached a slurry-like consistency suitable for shaping. The propellant was cast into 

cylindrical Mold and formed using a cold-press technique. This method involved 

applying uniform mechanical pressure at room temperature to compact the formulation 

and remove trapped air. The grains were then left to cool and solidify completely inside 

the Molds. This approach ensured consistent grain geometry, improved mechanical 

integrity, and eliminated defects that could arise from uneven cooling or incomplete 

compaction.  

The temperature of the mixture must be carefully monitored at all times to 

ensure it remains well below the 240 °C auto-ignition temperature of AP. The melted 

solid propellant was first recrystallized for few minute. The recrystallization step was 

essential because sorbitol is hygroscopic, and residual moisture can alter propellant 

viscosity during mixing, promote premature decomposition reactions, and negatively 

impact ignition and burning rate consistency. For safety consideration all experimental 

work was conducted using appropriate PPE, including heat-resistant gloves, chemical-

resistant nitrile gloves, safety goggles, a full-face shield, and an antistatic laboratory 

coat. To minimize ignition risk, antistatic grounding straps and electrostatic discharge-

safe footwear were used during handling of ammonium perchlorate and magnesium 

powders. A particulate respirator was worn throughout powder preparation to prevent 

inhalation of fine oxidizer and metal particle.  

In this solid propellant preparation, AP was set as excess reactant while sorbitol 

as limiting reactant. AP was set slightly in excess to create a fuel-lean mixture, ensuring 

cleaner combustion and reducing soot formation. The additional oxygen also supports 

the full oxidation of sorbitol to reduce formation of carbon soot. Thus, the choice of 

excess AP was intentional to enhance combustion cleanliness and minimise exhaust 

signature. Selecting sorbitol as the limiting reactant in AP/Sorbitol-based solid 

propellants ensures complete fuel combustion, optimized oxygen balance, and 

enhanced thermal efficiency. By maintaining an oxidizer-rich environment, this 

approach minimizes unburned residues, soot, and secondary smoke formation, leading 

to cleaner combustion and improved energy output. 
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Figure 3.4  Process Flow For Propellant Production 
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3.2.4 Measuring Heat of Combustion 

Energy performance is assessed through the Heat of Explosion (Qv), determined 

using an adiabatic calorimetric oxygen bomb under pressurized oxygen. Each sample's 

Qv was measured three times, and the average results were reported. The IKA C 2000 

oxygen bomb calorimeter was employed to measure the combustion heat value of the 

0.5g sample using the resistance nichrome wire ignition method, and subsequently, the 

combustion heat ratio was calculated [244]. The experiment took place within an 

ambient temperature range of 20 to 30°C, and an oxygen pressure of 3.0 MPa was 

applied under oxygen gas atmosphere [245] [246]. The result then compared with 

section 3.2.2.3.  

 

 

Plate 3.1 Oxygen Bomb Calorimeter 

3.2.4.1 Open Burning for Burn Rate Determination of Solid Propellant   

The burn rate investigation was initially conducted at ambient pressure and room 

temperature as a preliminary assessment to characterize the combustion behaviours of 

the solid propellant. This initial evaluation serves as a foundational step before 

performing burn rate measurements under high pressure and temperature conditions in 

next section. By establishing baseline data in controlled conditions, this approach helps 

ensure experimental safety and prevents potential hazards during high-pressure testing. 

The cured samples were cut into smaller pieces with diameters of 1.0 × 1.0 × 

4.0 cm, and the burning rate was measured at ambient pressure, as depicted in plate 3.2. 

This method was adopted by [247].  
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Plate 3.2  Measurement of Burn of Solid Propellant at Ambient Temperature and 

Pressure 

 

3.3 Characterization of Solid Propellant 

The characterization of solid propellants is essential for evaluating their 

chemical, physical, thermal, and kinetic properties, as these factors directly influence 

combustion performance, stability, and efficiency. A characterization approach 

provides critical insights into the morphology, Thermal decomposition behaviour, 

reaction kinetics, and mechanical strength of the propellant formulation. All 

experimental analyses in this study were performed in duplicate to ensure repeatability 

and reliability of the results. For DSC and TGA, each formulation was tested twice, and 

the thermal curves were compared to confirm consistency. FTIR spectra were obtained 

from two independently prepared pellets, while SEM observations were carried out on 

two separate sample surfaces to verify morphological uniformity. Mechanical testing 

was also conducted on two specimens per formulation. These replicated measurements 

ensured that the reported findings are representative and not influenced by single-

sample variation 

The chemical characterization of the propellant was performed using SEM and 

EDX to examine surface morphology and elemental distribution. These techniques 

allowed the evaluation of particle dispersion, formulation homogeneity, and the 

influence of metal additives on the material structure. Additionally, thermal analysis is 

performed using thermogravimetric analysis (TGA) and differential scanning 

calorimetry (DSC) to study the thermal decomposition profiles of the propellant 

components. These techniques help identify onset decomposition temperatures, reaction 

pathways, and the impact of additives on thermal stability. 
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To further understand the reaction kinetics of the propellant, kinetic analysis is 

conducted to determine activation energy (Ea), reaction order, and decomposition rate 

constants. This is achieved through model-based and model-free approaches using 

Kissinger and Flynn-Wall-Ozawa (FWO). By analysing the kinetic parameters, this 

study provides a deeper understanding of the propellant's combustion efficiency, 

thermal degradation mechanisms, and safety margins under various operating 

conditions. 

For physical characterization, mechanical properties such as tensile strength and 

Shore hardness are evaluated to assess the mechanical properties of the propellant. 

These properties are critical in ensuring that the propellant can withstand storage, 

handling, and operational stresses.  

By integrating chemical, thermal, kinetic, and mechanical characterization, this 

methodology ensures a comprehensive evaluation of the propellant’s properties. The 

findings from these analyses will support the optimization of solid propellant 

formulations for enhanced combustion performance, safety, and structural durability, 

ultimately contributing to the development of high-performance and minimum-

signature propellants. 

3.3.1 Mechanical Testing 

The mechanical properties of AP/Sorbitol solid propellant, as well as the effect 

of metal additions on solid propellant strength, are critical in the solid rocket propellant 

area for better quality and safety feature. Tensile test and shore durometer hardness test 

were applied in this section. All samples were conditioned prior to analysis to eliminate 

moisture effects, as sorbitol is highly hygroscopic. After casting, the propellant 

specimens were placed in a drying cabinet and held under controlled temperature and 

low-humidity conditions until a constant mass was achieved. This conditioning step 

ensured that absorbed moisture did not influence thermal behaviour, mechanical 

properties, or combustion characteristics during testing. 

 

3.3.1.1  Tensile Test 

For testing brittle materials, including certain types of solid propellant, test 

speed must be carefully chosen to ensure the accurate measurement of their tensile 
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properties without causing any premature failure or unrealistic results. The ASTM D638 

standard specifies different test speeds for various materials. For brittle materials, the 

slower test speed is generally recommended to avoid any rapid stress application, which 

can possibly lead to inaccurate results. ASTM D638 Type IV was selected because the 

use of sorbitol as a sugar-based fuel causes the propellant to behave similarly to a candy-

like material, where a relatively soft outer layer forms despite a brittle interior. In this 

study, Type IV geometry provided the most practical and reproducible sample shape 

for brittle propellant specimens, ensuring uniform stress distribution and reducing the 

likelihood of grip-induced failure The recommended test speed for brittle propellants is 

often in the range of 1 to 5 mm/min [248].  

Additionally, for the Ammonium Perchlorate/Sorbitol-based solid propellants, 

relevant ASTM standard for testing mechanical properties, including tensile testing, is 

ASTM-D638 Type IV and the required standard test specimen is as illustrated in Figure 

3.5 [215], The tensile and hardness testing procedures followed a defined specimen 

geometry consistent with the requirements of ASTM D638 for polymer-based 

materials. As illustrated in Figure 3.5, the tensile specimen was prepared in the shape 

of a Type IV dog bone, which is appropriate for small such as AP/sorbitol propellant 

grains. The specimen dimensions overall length 115 mm, gauge length 33 mm, gauge 

width 6 mm, and tab width 19 mm match the standard Type IV configuration. It should 

be noted that such a test specimen is ideal for testing very soft polymers (e.g. rubber) 

and it is used when comparing soft and more stiff polymers. To evaluate the mechanical 

properties of five different samples of solid propellant, a tensile test is performed under 

the atmospheric pressure and speed of 2 mm/min. The test is carried out using the tensile 

test machine from Shimadzu with capacity of 50 kN as depicted in Plate 3.3. 

 

 

Figure 3.5 Dimension Of The Test Specimen Used For AP/Sorbitol Solid Propellant 
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Plate 3.3 Example Depiction Of The Solid Propellant Sample Under Uniaxial Tensile 

Test 

3.3.1.2 Hardness Test 

Shore A durometers can measure hardness on a scale from 0 to 100, with higher 

values indicating harder materials [249] . This scale has been frequently employed in 

the polymer industry for selecting materials, maintaining consistent product quality, and 

facilitating comparisons of material hardness. In this study, the durometer is used for 

the hardness test. Shore D hardness testing was performed on the fractured halves of 

the tensile specimens immediately after tensile failure. This approach ensured that the 

hardness measurements were taken from the same batch, curing history, and material 

conditions as the tensile samples, while also fulfilling the minimum flat-surface and 

thickness requirements specified by ASTM D2240. 

3.3.2 Thermal Gravimetric Analysis (TGA) 

TGA technique is one of the thermal analysis methods to characterize sample. 

It measured mass change of substance as function of temperature. This technique used 

to characterize thermal stability of material, melting point, and decomposition 

temperatures. TGA can be used using two experimental approaches [250], which are 

isothermal and non-isothermal (dynamic). In this study, a non-isothermal analysis 

method was used involving the rapid heating of material sample to a specific 

temperature and monitoring the mass change as a function of time while maintaining 
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the temperature. TGA measurements were performed at multiple heating rates of 5, 10, 

15, and 20 °C/min to obtain kinetic parameters using standard iso-conversional 

approaches. 

Thermogravimetric (TG) analysis was conducted using a Thermogravimetric 

Analyzer model Q500 plate 3.4. The DSC and TGA instrument were calibrated one 

month before the experiment following the procedure specified in the manufacturer's 

technical guide Sample is extracted from the minimum signature solid propellant with 

a mass 10 mg. The tests are run in nitrogen atmosphere from ambient temperature to 

500˚C with a heating rate of 5,10,15 and 20˚C min. The result from different heating 

rate is used as variable to calculate kinetic parameter at high temperature 

decomposition. 

 

 

Plate 3.4 Thermal Gravimetric Analayzer 

 

3.3.3 Differential Scanning Calorimeter (DSC) 

Differential Scanning Calorimetry (DSC) was employed to characterise the 

thermal behaviour of the propellant samples by recording heat-flow changes during 

controlled heating. The method provided quantitative values for melting, phase 

transitions, and decomposition onset, which are essential indicators of thermal stability. 

In this study, DSC was used strictly as an analytical tool to identify the temperatures at 
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which structural or chemical changes occur within the AP/sorbitol/metal formulations, 

thereby supporting the evaluation of propellant safety and performance. 

Approximately 10 mg of each propellant sample was weighed and placed in an 

aluminium crucible. The crucible was sealed and positioned inside the DSC sample 

holder, which was then tightly closed to ensure consistent thermal contact and prevent 

atmospheric interference. The DSC analysis was conducted using a constant heating 

rate of 5 °C/min, under a steady flow of high-purity nitrogen gas at 20 mL/min, which 

served as an inert purge to prevent unwanted oxidation during the test. The choice of 

5 °C/min heating rate was based on recommendations from prior research [219][251], 

which suggests that slower heating rates offer better resolution of thermal events, reduce 

thermal lag, and provide more accurate onset temperatures for energetic materials. For 

energetic systems, including AP-based composite propellants, such controlled rates are 

necessary to distinguish overlapping exothermic events and minimize thermal runaway 

risks. Nitrogen was selected as the purge gas to create an inert environment, thereby 

ensuring that the observed thermal responses were intrinsic to the material rather than 

influenced by external oxygen. 

In this research, DSC was conducted at a single heating rate of 5 °C/min, while 

TGA was performed using multiple heating rates (5, 10, 15, and 20 °C/min). This 

difference reflects the distinct analytical purposes of the two techniques. DSC was used 

mainly to identify thermal transitions such as melting and the onset of AP and sorbitol 

decomposition. A single low heating rate is standard for energetic materials because it 

provides well-resolved peaks, minimises thermal lag, and ensures safe operation, as 

higher heating rates can shift or distort exothermic transitions in AP-based propellants. 

In contrast, TGA was used to obtain kinetic parameters, which require multiple heating 

rates for iso-conversional models (e.g., Ozawa–Flynn–Wall). The varying rates allow 

activation energy to be calculated reliably across different degrees of conversion. 

Therefore, the use of one rate for DSC and multiple rates for TGA is intentional and 

methodologically consistent with the objectives of each thermal analysis technique. 

This setup allowed for precise determination of ignition temperature, LTD, and HTD 

points, which were later correlated with mass loss profiles from TGA and used in kinetic 

modelling.  

 



81 

3.3.4 Kinetic Analysis  

 The kinetic studies of AP/sorbitol solid propellant have been examined by two 

different methods via Kissinger and Flyn-Wall-Ozawa with different heating rates 

based on (3.8)  and (3.9). Under isothermal conditions, kinetic data are normally 

determined by measuring the rate of propellant breakdown [252]. In thermo-kinetics, 

activation energy and pre-exponential factors values of Kissinger methods are lower 

than Ozawa method. The Ozawa method states that both the activation energy and the 

pre-exponential factor are functions of the degree of conversion, indicating that they 

remain constant throughout the reaction. The underlying assumption of iso-

conversional techniques is that the reaction rate at a fixed conversion level is only a 

function of temperature. This approach requires no knowledge of the reaction rate 

equation. These parameters could be achieved from the dependence of exothermic peak 

temperature as a function of heating rate. The Kissinger correlation can be utilized to 

define the relationship among decomposition temperature and heating rate [253].  

The kinetics of heterogeneous decomposition of a solid-state substance can be 

investigated through the TGA [254], [255] at high temperature decomposition (HTD). 

HTD was chosen as the reference temperature because it represents the final and most 

energetic stage of decomposition, where complete breakdown and maximum heat 

release occur. This provides a reliable point for comparing combustion energy and 

thermal performance across formulations, as it reflects the true energetic potential of 

the propellant. HTD is also less influenced by early-stage fluctuations, making it 

suitable for consistent kinetic evaluation. Four different heating rates were used for the 

5, 10, 15 and 20°C/min  [256]. The activation energy was calculated using two different 

methods, including Flynn-Wall-Ozawa (FWO) and Kissinger-Akahira-Sunose (KAS) 

[256], [257].  

The iso-conversional approach, originally proposed by Flynn, Wall, and Ozawa 

using the Doyle approximation for the temperature integral, provides a practical 

alternative to the Kissinger method for kinetic analysis. One of the main advantages of 

this technique is that it does not require prior knowledge of the reaction rate equation. 

In solid composite propellants, thermal decomposition kinetics are typically described 

using a single-step kinetic model. To accurately analyse activation energy, specific 

decomposition temperatures must be identified across different heating rates, as these 

temperatures correspond to consistent extents of reaction. This requirement forms the 
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basis for the so-called "iso-conversional methods" [258]. The fundamental assumption 

of iso-conversional analysis is that the reaction rate, at a fixed degree of conversion, is 

solely temperature-dependent. In the Ozawa method, it is further assumed that both the 

activation energy and the pre-exponential factor remain constant throughout the 

reaction. Experimentally determined activation energy values are then used to select the 

most suitable kinetic model. Moreover, the iso-conversional method enables the 

evaluation of how activation energy varies with the degree of conversion under different 

heating rates at the respective peak temperatures  [259]. 

The activation energy was determined by analyzing the slope of a graph of ln=β 

for Flynn-Wall-Ozawa (FWO) and ln=(β/T^2 ) for Kissinger-Akahira-Sunose (KAS) 

against different heating rates β, with Tm representing the temperature in kelvin at 

maximum degradation rate of sample [260] as shown in equation (3.8) and (3.9) The 

activation energy (Ea) is obtained from the slope value of the plot, while the exponential 

factor (A) can be approximated from the intercept of the corresponding plots. 

𝑙𝑛(𝛽) = 𝑙𝑛 (
𝐴𝐸𝑎

𝑅
) − 5.331 − 1.0516

𝐸𝑎

𝑅𝑇𝑚
 

(3.8) 

𝑙𝑛 (
𝛽

𝑇𝑚
2 ) = 𝑙𝑛 (

𝐴𝑅

𝐸𝑎
) −

𝐸𝑎

𝑅𝑇𝑚
   

 

(3.9) 

In this study, the Kissinger and Flynn–Wall–Ozawa (FWO) methods will be 

compared by evaluating the activation energy values obtained from each technique and 

examining their consistency across the decomposition process. Kissinger provides a 

activation energy based on peak temperature, while FWO provides conversion-

dependent activation energy across the reaction range. If differences arise, FWO results 

will be prioritised because they capture the multi-step and non-linear decomposition 

behaviour typical of AP-based propellants, while Kissinger serves as a verification 

benchmark for overall thermal stability. 

3.3.5 Scanning Electron Microscope (SEM) & Energy Dispersive X-Ray (EDX) 

Analysis 

Morphology, composition, microstructure, and dispersion between AP, 

Sorbitol, and additive metals were characterized using a scanning electron microscope 
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(HITACHI SU3500) instrument with 200-500 times of magnification. Double sided 

conductive adhesive tape was attached on the SEM specimen stub, 12.5 mm diameter. 

Solid powder sprinkled on the double conductive adhesive tape. The purpose of 

analysing the powder was strictly to verify elemental composition, confirm the presence 

of AP, sorbitol, Mg, and Fe₂O₃, and identify their characteristic spectra before 

processing. This procedure was performed solely to confirm the elemental composition 

of the raw constituents and to obtain clear spectra without interference from the binder 

matrix before solid propellant was Mold. Sputter coating with platinum thin layer at 10 

nm is necessary for the samples to obtain high SEM image quality [38] and Energy 

dispersive X-ray (EDX) is used to identify the chemical elements, estimation purity and 

the position of each material content in solid propellant [40].  

To accurately characterize the internal structure of the final solid propellant, a 

fractured segment from the tensile dog-bone specimen was used after tensile testing as 

mentioned in section 3.3.1. This cured cross-section allowed proper assessment of 

particle dispersion, oxidizer–fuel interaction, void formation, and microstructural 

uniformity within the binder matrix. 

Calibration of SEM equipment was done 3 months before experimentation show 

in plate 3.5. 

 

Plate 3.5 Scanning Electron Microscpoe And EDX Equipments 
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3.3.6 X-Ray Diffraction 

X-ray diffraction (XRD) analysis in this study was performed exclusively on the 

raw, unburned propellant powders to identify the crystalline phases present in the initial 

formulations. Combustion residues were not examined, as the primary objective was to 

characterise the solid-state structure before ignition and to evaluate how the 

incorporation of metal additives influences phase composition. SP5 was excluded from 

XRD analysis because its formulation is nearly identical to SP4, differing only by a 

small increase in AP content and introducing no new additives or catalytic species. 

Since XRD results for SP4 already captured the crystalline phases of the AP/sorbitol 

system, SP5 was expected to produce an essentially identical diffraction pattern, 

offering no additional structural information. To avoid redundant data and focus on 

samples where compositional changes could influence crystal structure or residue 

formation, XRD analysis was limited to formulations containing metal additives (SP6–

SP8). 

The Rigaku X-ray Diffraction (XRD) machine, equipped with a Cu K𝛼 radiation 

source (λ = 1.5406 Å), was utilized to collect Powder X-ray Diffraction (XRD) patterns 

of the solid propellant samples. This instrument operates by directing monochromatic 

X-rays onto the powdered sample, allowing for the identification of crystalline phases 

based on their unique diffraction patterns. The measurements were conducted within a 

scanning angle range of 5° to 90° (2θ), ensuring comprehensive phase detection and 

structural analysis. A scan rate of 8° per minute was applied to optimize data resolution 

while maintaining efficient data acquisition. This setup provides critical insights into 

the crystallographic properties of the propellant components, enabling the evaluation of 

phase composition, crystallinity, and possible structural transformations resulting from 

formulation modifications or thermal exposure [261].  

3.3.7  CHNO Elemental Analysis. 

The Carbon-Hydrogen-Nitrogen-Sulfur-Oxygen (CHNS-O) analyzer, 

specifically the Flash EA-1112 model, was employed to determine the elemental 

composition of the AP/Sorbitol/Mg propellant. This technique provides quantitative 

data on the percentage content of carbon (C), hydrogen (H), nitrogen (N), and oxygen 

(O), which are essential for evaluating the purity and stoichiometric balance of the 
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synthesized compounds. CHNS-O analysis is particularly useful in assessing the 

consistency of the formulation and detecting any unintended variations in composition 

that may affect combustion performance. Reproducibility was verified by ensuring that 

the replicate measurements for each element varied by less than 2% relative deviation, 

confirming the reliability of the analytical procedure For this study, 10 mg of each of 

the five propellant samples was accurately weighed and prepared for analysis, ensuring 

reliable and reproducible results [262]. To minimise sorbitol’s hygroscopic effects, 

samples were pre-dried and weighed quickly in a low-humidity environment to prevent 

moisture uptake during CHNS-O analysis. 

3.3.8 Fourier Infrared Transform Analysis 

FTIR was employed to ascertain the chemical species and chemical composition 

of five samples. FTIR is a technique used to obtain infrared spectra of transmission and 

absorption of solid fuel samples to investigation of chemical bonds. 

In this study FTIR technique used to ascertain the chemical composition and 

sample crystal structure.  It can identify chemical bonds between functional groups by 

the absorption of infrared radiation which excites vibrational modes in the bond. The 

detection depth is 1-2 micrometres deep. A milligram of solid propellant sample was 

set at a pressure of 69-103 MPa. The scanning range of FTIR was between 4000-500 

cm-1 with resolution of 4 cm-1  [263]. 
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3.4 Measuring the Thrust, Burn Rate and Concentration Smoke of Solid 

Propellant 

During development of a minimum signature solid propellant, it is tested 

extensively and characterized. This includes the testing of the burn rate under different 

pressure and temperature, impurities, and conditions [114]. A solid rocket motor nozzle 

is a specifically designed front section of the thrust chamber that regulates the expansion 

of the exhaust products to effectively transfer the energy forms produced in the 

combustion chamber to kinetic energy, providing thrust to the vehicle[157]. This is 

accomplished by creating the required nozzle geometric profile. Under high 

temperatures, this nozzle is subjected to extremely high pressures and rapid dense gas 

flow. Extreme heat transfer occurs in the nozzle's throat area, which reduces thrust and 

severely reduces the propulsion system's performance.  The burning rate of propellant 

in a motor is a function of many parameters and at any instant governs the mass flow 

rate 𝑚̇ of hot gases generated and flowing from the motor in stable combustion.  

 

3.4.1 Measuring Thrust of Solid Propellant 

Thrust measurement is a critical evaluation parameter in assessing the 

performance of solid propellants. It provides direct insight into the propellant’s ability 

to generate force, which directly correlates to its energy output and efficiency. In this 

study, the thrust produced by AP/Sorbitol and AP/Sorbitol/Mg solid propellant 

formulations was measured using a static test setup Digital Load Cell Weight Sensor 

HX711 AD Converter Breakout Module 5Kg Electronic Scale. Prior to testing, the load 

cell used for thrust measurement was calibrated using a certified 5 kg standard weight 

to ensure accuracy across the expected measurement range. This calibration step 

allowed verification of the sensor’s linearity and sensitivity. Similarly, the digital 

balance for residue mass measurement was checked against the same standard weight 

to confirm proper zeroing and scale accuracy. These procedures ensured that 

measurement errors were minimized and that the recorded thrust and residue values 

were reliable 

In this section, only AP/Sorbitol and AP/Sorbitol/Mg formulations were 

selected for thrust performance evaluation, as the primary focus of this research is to 

investigate the effect of magnesium as a chloride scavenger and, metal fuel additive, 
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rather than the influence of ferric oxide catalytic materials. The AP/Sorbitol formulation 

was included as a baseline reference propellant to provide a clear comparison of thrust 

enhancement resulting from the addition of magnesium. The result then was compared 

with common Potassium Nitrate/Sorbitol (KNSB) impulse to see the effectiveness of 

oxidizing agent and metal additive.  This strategic selection allows for a more direct 

assessment of how metal additives influence combustion energy and thrust 

characteristics without interference from other modifiers This setup allows for 

controlled ignition and continuous monitoring of thrust over the burn duration. By 

analysing the resulting thrust-time curves, important performance metrics such as peak 

thrust, total impulse, and specific impulse can be derived. The thrust data not only 

validate the thermochemical predictions but also serve to compare the effectiveness of 

metal additives in enhancing propellant output. The details of mechanical drawing with 

throat diameter for rocket motor class-D is shown in appendix 1. 

3.4.2 Nozzle Design   

The performance of a solid rocket motor is highly dependent on the relationship 

between the propellant geometry and the nozzle configuration. In this sub-section, the 

focus is placed on designing the appropriate sizing of the nozzle and estimating the 

expected performance based on standard motor classifications. The initial design is 

guided by the performance target of a class D rocket motor, which typically delivers a 

total impulse ranging from 5-10 Ns. For this reason, schedule 80 PVC pipe was used as 

the test chamber, imposing a thrust limit of below 3 kg. Accordingly, the internal 

pressure was constrained to about 120 psi to ensure structural safety This range serves 

as the benchmark for determining the required propellant mass, burn time, and grain 

geometry to achieve stable and efficient thrust within the defined classification.  

Few vital variables are set and fixed at certain value so that nozzle design is 

aligned with these values: this is crucial to ensure safe and optimal performance and 

certain safety during combustion: 

 

Chamber pressure (Pc) = 120 Psi 

Chamber Temperature (Tc) = 1800 k 

Specific Ratio (k)=   
𝐶𝑝

𝐶𝑣
 = 1.157 
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Ideal gas constant (R)= 321.50 JKg-1 K-1 

Target force = 6 N 

Target Burning duration= 3s-5s 

Grain weight = 20g 

 

To calculate the throat velocity, first must need to calculate temperature at throat 

use (3.10). Hence throat velocity can be calculated using equation (3.11) 

 

 

𝑇𝑡 = 𝑇𝑐(
2

𝐾 + 1
) 

 

       (3.10)    

𝑉𝑡 = √𝑘𝑅𝑇𝐶  (3.11) 

 

Equation (3.12) used to determine the velocity at nozzle exist, it is crucial to get the 

mass flowrate in relation with the force that has been set in equation (3.13). 

  

𝑣𝑒𝑥𝑖𝑠𝑡 = √
2𝑘

𝑘 − 1
√𝑅𝑇𝐶

√1 − [
𝑃𝑒

𝑃𝑐
]

𝑘−1
𝑘

 

           (3.12) 

 

𝑀̇ =
𝐹

𝑉𝑒
 

            (3.13) 

 

(Te) exists temperature is calculated from the equation (3.14) to get the 

important value of Specific volume in  equation (3.15) for nozzle design.    

 

𝑇𝑒 = 𝑇𝑐 [
𝑃𝑒

𝑃𝑐
]

𝑘−1
𝑘

 
                    

(3.14) 

 

𝑉𝑠𝑝𝑒𝑐𝑖𝑓𝑖𝑐 =
𝑅𝑇𝐶

𝑃𝐶
 

            (3.15) 
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Eventually area of throat (At) and exit (Ae) for nozzle can be determined using 

(3.16)  with all gathered information. In addition, the exit (de) and throat diameter (dt) 

is determined by classic formula of circle ( 3.17).   

 

𝐴𝑡,𝑒 =
𝑉𝑡,𝑒𝑚  ̇

𝜐𝑡,𝑒
 

                                 (3.16) 

𝐴𝑡,𝑒 =
𝜋𝑑𝑡,𝑒

2

4
 

                                ( 3.17) 

 

3.4.3 Measuring& Evaluate Smoke /Plume Concentration. 

The evaluation of smoke opacity from solid propellants was conducted in 

accordance with the AGARD PEP WG-21 standard, which outlines procedures for 

characterizing visible smoke from rocket motor plumes. This method is critical in 

assessing the minimum signature capability of propellant formulations by quantifying 

the extent of visual obscuration caused by combustion products. In this study, propellant 

samples ranging from 5 to 10 grams were ignited in an open environment under 

controlled ambient conditions. A light transmittance meter (LS116 Digital 

Transmittance Meter) was positioned behind a translucent acrylic screen to measure the 

degree of light blocked by the smoke plume. The device projects a parallelled light 

beam through the smoke column, and the reduction in light intensity is used to calculate 

smoke opacity in terms of percentage light blockage (%). 

Measurements were taken at a fixed distance and angle relative to the plume to 

ensure repeatability, following the AGARD recommendation on optical path alignment. 

Each formulation was tested in three times to ensure data consistency. The recorded 

data include the maximum opacity, average transmittance, and duration of obscuration, 

which together provide a comprehensive smoke profile for each propellant type. The 

relative humidity (R.H) and ambient temperature were recorded using the SKY2000-M 

multi-gas detector, as the formation of condensed gases is highly influenced by 

surrounding humidity and temperature conditions [264]. These results were analysed to 

determine the effectiveness of metal additives such as magnesium and ferric oxide in 

reducing visible smoke, supporting the development of low-signature propellant 

systems. 



90 

In addition to the primary formulations based on AP/sorbitol with and without 

metal additives, several benchmark solid propellants were examined. These included 

AP/HTPB/Al, a standard high-performance composite propellant widely used in tactical 

missile applications; KNSB (Potassium Nitrate/Sorbitol) and KNSU (Potassium 

Nitrate/Sucrose), which represent typical sugar-based propellants known for their 

simplicity and clean combustion; and Starch/AP, a binder-oxidizer system of interest 

for its cost-efficiency and minimal processing requirements. These comparative 

samples were subjected to the same smoke opacity measurement protocol, adhering to 

the AGARD PEP WG-21 standard, to assess their visual exhaust signature relative to 

the AP/Sorbitol/Mg-based formulations as illustrated in Figure 3.6. 

 Smoke formation is strongly influenced by relative humidity and the 

temperature surrounding; therefore, it is essential to determine these parameters during 

testing. The standards provided by AGARD offer a reliable reference framework, 

serving as a blueprint to predict the smoke classification of solid propellants based on 

their combustion behaviour under defined environmental condition. From Figure 3.6, 

the classification along the down the rows are determined by the measured light opacity, 

which is used as an indicator of primary smoke. As the light opacity increases, the 

primary smoke intensity increases, corresponding to a downward progression in the 

classification matrix. In contrast, secondary smoke is governed by gas-phase 

condensation effects and is influenced by ambient conditions, particularly relative 

humidity, which promotes saturation and visible plume formation. The addition of these 

references serves to contextualize the performance of the developed minimum signature 

propellants in terms of combustion cleanliness and visibility, enabling a clearer 

understanding of how formulation chemistry influences smoke production.   

 

 AGARD Ambient R.H to Produce Saturation Gas 

AGARD 

OBSTRUCTION 
 1.0 0.90       0.55             0.0  

0.35 AA AB AC 

0.90 BA BB BC 

1.00 CA CB CC 

 

Figure 3.6 AGARD PEP WG-21 Proposed Primary And Secondary Smoke 

Classification Scheme [118] 

 

Light transmission through the smoke generated from the combustion of five 

AP/Sorbitol-based solid propellant samples was measured and compared against the 
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light transmission of other commonly used propellants, namely KNO₃/Sorbitol, 

AP/Starch, and AP/HTPB/Al, under a controlled Malaysian relative humidity of 74%. 

The resulting light transmission data were used to calculate smoke opacity. The solid 

residues from the AP/Sorbitol-based propellant combustion were collected using a 

filter, and the captured particles were further analysed for their morphology and 

elemental composition. 

The combustion process was conducted in an open area to minimize 

contamination from hydrogen chloride (HCl) gas. The concentration of HCl released 

into the surrounding atmosphere during combustion was monitored using a SKY2000-

M multi-gas detector, in accordance with the standards set by the Occupational Safety 

and Health Administration (OSHA) ) [265] which stipulates a permissible exposure 

limit not exceeding 5 parts per million (ppm). 

The solid propellant of AP/HTPB/Al , KNO3/Sorbitol and AP/Starch was 

prepared accordingly with previous literature [58], [266]. The details on solid propellant 

formulation can be referred to Table 3.1. 

Table 3.1  

Composition Of Solid Propellant 
Sample Name Formulation 

Wt. % 

METAL ADDITIVE 

SP4 Ap 77% Sorbitol 23 % - 

SP5 Ap 80% Sorbitol 20% - 

SP6 Ap 77% Sorbitol 23 % Mg 1% 

SP7 Ap 77% Sorbitol 23 % Ferric oxide 0.05% 

SP8 Ap 77% Sorbitol 23 % Mg1%, Ferric oxide 0.05% 

SP9 KNO3 65% 

Sorbitol 35% 

- 

SP10 AP 77%  

HTPB 20% 

Al 10% 

SP11 AP 80% 

Starch 23% 

- 

 

3.4.3.1 Smoke Opacity  

Smoke opacity was measured using a photometric opacity meter, which 

quantifies the reduction in light transmission caused by suspended particles in the 

exhaust plume. The instrument detects the percentage of light blocked by smoke, 

providing a direct measure of exhaust opacity for each propellant sample. For the 
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smoke-opacity measurements, each propellant formulation was tested three times to 

ensure repeatability. The mean opacity value was used for analysis, while the variation 

between repeated burns was monitored to confirm experimental consistency. The solid 

propellants were burned at 3 different weights: 0.2 g, 0.3 g, and 0.4 g in chamber.  The 

reading on light transmittance was recorded. Measured light transmittance was used to 

calculate the smoke opacity shown in Figure 3.8. The experiment was set up for 

measuring the light transmittance pass through the smoke release from the combustion 

show in Figure 3.7. The device LS116 used to measure light transmittance has light 

wavelength 380-760nm, which confirms to the International Commission on 

Illumination (CIE) bright vision function standard. The LS116 Light Transmittance 

Meter is a digital device used to measure the percentage of visible light passing through 

a material. It operates using a parallel light source and a receiver, providing accurate 

readings of light attenuation. In this study, the LS116 was used to evaluate smoke 

opacity by comparing light transmission before and after combustion of solid propellant 

samples. The LS116 light transmittance meter is originally designed to measure the 

opacity of materials and smoke emissions, particularly from vehicle exhaust systems. It 

calculates smoke opacity using the formula equation (3.18) [267] making it suitable for 

assessing the optical density of smoke from combustion processes. 

 

𝑂𝑝𝑎𝑐𝑖𝑡𝑦 (%) = 100 − 𝐿𝑖𝑔ℎ𝑡 𝑇𝑟𝑎𝑛𝑠𝑚𝑖𝑡𝑡𝑎𝑛𝑐𝑒                      (3.18) 

 

 

Figure 3.7  Smoke Opacity Measurement Setup Based on AGARD Standard 
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3.4.3.2 Smoke Particle 

Propellant samples with a known mass of 0.3 g were combusted inside a test 

chamber fitted with an acrylic cylinder containing a glass wool filter. The glass wool, 

pre-weighed before combustion and reweighed after, was used to quantify the mass of 

solid particulates (primary smoke) captured during the burn [268], as illustrated in 

Figure 3.8. To enhance the efficiency of smoke flow through the filter, a fan was 

employed to actively draw the smoke across the glass wool medium. 

 

Figure 3.8  Smoke Particle Collector  

 

3.4.3.3 Morphology and Composition of Combustion Product 

The solid residual products resulting from the combustion of the solid propellant 

samples were collected and characterized using a Scanning Electron Microscope (SEM) 

(HITACHI SU3500) to examine the surface morphology and elemental composition of 

the combustion products [269]. Remarkably SEM/EDX analysis was conducted only 

on SP7 and SP8 because these formulations produced measurable solid residues after 

combustion. The remaining samples underwent near complete combustion, leaving 

insufficient residue for meaningful microstructural or elemental analysis Specific points 

on the sample surface were magnified at 100 μm to obtain more detailed information on 

particle deposition and distribution [270]. 
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CHAPTER 4 

RESULTS & ANALYSIS 

4.1 Introduction 

This chapter presents the results of the development of minimum signature solid 

propellant from AP-based sorbitol with metal additives.  This chapter is divided into 

three sections. Section 4.2 focusses on the optimum ration which contributes to high 

energy performance with less combustion product. Section 4.3 characterized and 

evaluate kinetic properties of solid propellant. Section 4.4 focuses on testing and 

evaluating the performance of solid propellants, as well as measuring the opacity of the 

smoke produced by each formulation. 

4.2 Formulation of Minimum Signature Solid Propellant 

The performance of AP/sorbitol-based solid propellants is governed by 

thermochemical properties, oxygen balance, elemental stoichiometry, and heat energy 

release. Parametric analysis shows that optimizing the oxidizer-to-fuel ratio is critical 

for achieving efficient combustion and acceptable specific impulse while avoiding 

excess oxidizer or unburned fuel residues. Thermochemical predictions indicate that 

formulations within the 77–80 wt.% AP range provide a favourable balance between 

energy release and combustion stability. 

To examine this behaviour, five minimum-signature propellant formulations 

were evaluated, with AP/sorbitol/Mg as the primary system and additional samples 

introduced to assess the influence of AP loading and catalytic effects. Increasing AP 

content within the optimized range enhanced theoretical energy output, while the 

presence of metal additives influenced combustion efficiency. Experimental bomb 

calorimetry generally followed the same trend predicted by thermochemical 

calculations, although small deviations were observed due to heat losses and 

combustion inefficiencies. Overall, the combined computational and experimental 

analysis confirms that careful control of oxygen balance and formulation stoichiometry 

is essential for optimizing the thermal performance of AP/sorbitol-based minimum-

signature solid propellants. 
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Total five formulations of minimum-signature composite solid propellant 

samples were examined and analysed in this study. The AP/Sorbitol/Mg sample serves 

as the primary material in this study, while four additional samples were prepared for 

comparison in terms of AP content and the catalytic effects on the solid propellant.  The 

solid powder of ammonium perchlorate loading was raised from 77% to 80%, and a 

metal additive was added as shown in Table 4.2. The samples were prepared based on 

the previously calculated optimized ratio and used to determine their heat of 

combustion, which was then compared with the computed values. 

4.2.1 Parametric Analysis 

The percentage by mass of mixtures was determined using (3.1) and (3.2) 

considering the weight of ammonium perchlorate and sorbitol present in Table 4.1, 

Between the range of 77 to 80% amount of AP, the formulation of solid propellant 

mixtures has optimum oxygen balance and elemental stoichiometric coefficients. As the 

oxidizer content increases, the carbon constituents in the mixture slightly decrease, 

despite the total oxygen remaining constant. This indicates that the mixture becomes 

oxidizer dominant. Referring to the oxygen balance value, a positive trend is observed 

as the oxidizer concentration increases. Furthermore, the elemental stoichiometric 

coefficient exceeds 1 when the AP composition surpasses 77%, signifying an oxidizer-

rich mixture. 

Table 4.1 show the stoichiometric formulation, oxygen balance (O/B), and 

elemental stoichiometric coefficient for different AP-to-Sorbitol weight ratios provide 

critical insights into the combustion behaviour and efficiency of the propellant.  As the 

oxidizer (AP) content increases from 60% to 85%, several key trends emerge regarding 

combustion efficiency, fuel-to-oxidizer balance, and thermal stability. A notable trend 

is the shift in oxygen balance as the AP concentration increases. A negative oxygen 

balance (O/B < 0) signifies a fuel-rich mixture, where incomplete combustion may 

occur due to insufficient oxygen availability, leading to the formation of carbon 

monoxide (CO), soot, or unburned fuel residues. At 60% AP, the oxygen balance is -

29.10%, indicating a highly fuel-rich condition. As the AP concentration increases, the 

oxygen balance progressively shifts toward zero, reaching -0.8% at 80% AP and 

eventually becoming positive (6.8%) at 85% AP, indicating an oxidizer-rich 

environment. While a positive oxygen balance promotes complete combustion, 
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excessive oxidizer content can result in higher flame temperatures, which may 

contribute to propellant instability or excessive chamber material erosion. 

Another key observation is the increase in the elemental stoichiometric 

coefficient, which represents the reaction balance between oxidizer and fuel. At 60% 

AP, the coefficient is 0.689, confirming a highly fuel-rich system. As the AP content 

increases, this coefficient gradually rises, reaching 1.069 at 80% AP and further 

increasing to 1.23 at 85% AP, demonstrating a shift toward oxidizer dominance at 

higher AP concentrations. This shift has significant implications for combustion 

efficiency, as higher oxidizer content improves reaction completeness and thermal 

efficiency but may also lead to increased chamber pressure and potential over-

oxidation. 

The impact of these variations in AP content extends to combustion stability and 

efficiency. Fuel-rich compositions (AP ≤ 70%) typically result in lower flame 

temperatures, which can reduce overall thrust performance and lead to incomplete 

combustion. On the other hand, balanced compositions (AP 75%-80%) approach 

stoichiometric conditions (O/B ≈ 0), ensuring optimal combustion energy with minimal 

excess reactants, making them ideal for controlled and efficient energy release. 

However, oxidizer-rich formulations (AP ≥ 85%) promote complete combustion but 

may introduce challenges such as increased thermal stress, higher combustion 

temperatures, and greater risk of material degradation. 

In conclusion, the analysis indicates that an AP content of 75-80% provides the 

most balanced combustion conditions, where the oxygen balance is nearly neutral, and 

the elemental stoichiometric coefficient approaches unity. These formulations are 

expected to deliver optimal combustion performance, higher energy output, and reduced 

solid residues, making them more suitable for efficient propulsion applications. 

However, further experimental validation through bomb calorimetry, burn rate testing, 

and combustion stability assessments is necessary to refine the ideal mixture and 

optimize performance for specific operational conditions. 
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Table 4.1   

Effect of Mass Ratio Solid Propellant on Oxygen Balance Mixtures. 

Weight % Stoichiometric Formula Oxygen 

Balance 

Elemental 

Stoichiometric 

Coefficient 
AP Sorbitol 

60 40 C1.32H5.11N0.51O3.36Cl0.51 -29.10 0.689 

65 35 C1.152H4.9N0.53O3.36Cl0.55 -22.025 0.758 

70 30 C0.98H4.67N0.59O3.36Cl0.59 -14.95 0.840 

75 25 C0.82H4.48N0.64O3.38Cl0.64 -7.875 0.941 

80 20 C0.65H4.25N0.68O3.37Cl0.68 -0.8 1.069 

85 15 C0.49H4.04N0.72O3.38Cl0.72 6.8 1.23 

 

Figure 4.1 illustrates the relationship between solid propellant formulation and 

elemental stoichiometric coefficients. At stoichiometric balance ∅𝒆 = 𝟏, the 

formulation of propellant is 0.775 weight percent. At a value 0.775 wt% and above, the 

elemental stoichiometric balance is fuel lean at ∅𝒆 > 𝟏. It indicates oxidizing agent 

dominance. The straightforward method presented for calculating elemental 

stoichiometric coefficients could be simply extended to multicomponent fuel-oxidizer 

systems. Because these characteristics are simple to calculate, they might be used to 

quickly calculate elemental stoichiometric coefficient at any given mixture 

composition. 

Furthermore, to address the limitations associated with the elemental 

stoichiometric coefficient, the oxygen balance of the mixture was determined and 

plotted against the solid propellant composition. As shown in Figure 4.2, when the 

oxygen balance exceeds 0.8%, it becomes positive. Additionally, at approximately 

0.775 wt.% in correlation with the elemental stoichiometric coefficient, the oxygen 

balance is nearly zero. This finding indicates that ammonium perchlorate serves as the 

primary oxygen provider for fuel combustion, significantly influencing the overall 

reaction efficiency and combustion behaviours.  

Table 4.2 presents the finalized values for the solid propellant formulations. The 

compositions vary based on the AP-to-sorbitol ratio and the inclusion of metallic 

additives. SP4 and SP5 contain AP and sorbitol at weight ratios of 77:23 and 80:20, 

respectively, without any additives, serving as reference formulations. SP6, as the 
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primary developed solid propellant formulation, incorporates [121] 5% Mg as a metal 

fuel to evaluate its impact on combustion efficiency.  

In conclusion by referring (4.1), the selection of 5% Mg in the AP/Sorbitol-

based solid propellant formulation is justified by its ability to enhance burn rate, 

increase flame temperature, optimize oxygen balance, reduce smoke emissions, and 

maintain structural integrity. Beside that it produces thermochemical modelling, 

experimental validation, and literature benchmarks collectively support 5% Mg as an 

optimal additive concentration that balances high-energy output with minimal 

combustion by-products. Furthermore, magnesium is oxidised to magnesium oxide 

(MgO), indicating that Mg participates as an energetic metal fuel and as a precursor for 

chlorine mitigation. This formulation represents a high-performance, low-signature 

propellant design suitable for advanced propulsion applications. Additionally, SP7 

includes 0.05% ferric oxide as a catalyst to function as a burn rate modifier, enhancing 

combustion characteristics since amount of catalyst used not affected the combustion 

reaction small amount is enough for the reaction [271]. Lastly, SP8 combines both 5% 

Mg and 0.05% ferric oxide to evaluate the synergistic effects of metal additives on 

combustion performance and burn characteristics. These formulations were 

systematically analysed to assess their thermal behaviour, energy release, and residue 

formation, providing valuable insights into their suitability for optimized solid 

propellant performance. 

6𝑁𝐻4𝐶𝑙𝑂4 + 𝐶6𝐻1406 + 5𝑀𝑔 → 3𝑁2 + 6𝐻𝐶𝑙 + 3𝐶𝑂2 + 3𝐶𝑂 + 16𝐻2𝑂 + 5𝑀𝑔𝑂 (4.1) 

 
Figure 4.1 Elemental Stoichiometric Coefficient of Solid Propellant 
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b) 

 

 Plate 4.1  Combustion Of A) AP/Sorbitol/Mg Solid Propellant And B) KNSB Solid  

Propellant 

 

 
Figure 4.2 Oxygen Balance of the AP/Sorbitol Mixture 

Moreover, oxygen balance value is aligned with elemental stoichiometric 

coefficient value since both parameters can also determine solid propellant 

performance. Hence it indicates at that 0.775 wt% weight percent, the mixture 

composition will have high performance and possess a high rate of reaction. plate 4.1 

show the comparison of smoke release from combustion of AP/sorbitol/Mg and 

common solid propellant Potassium nitrate/sorbitol (KNSB) at atmospheric pressure 

and temperature. The thick smoke from the KNSB burning product mainly solid 

particles from incomplete combustion of fuel. This show that positive oxygen balance 

with strong oxidizing agent is capable to provide more oxygen to burn the fuel 
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completely. Moreover, it capable to burn Mg metal completely since no trace of solid 

gas particle observed in this combustion. 

Table 4.2  

Mass Fractions of The Components Used In Minimum Signature Solid Propellant 
Sample Name Formulation 

Wt. % 

Additive 

SP4 Ap 77% Sorbitol 23 % - 

SP5 Ap 80% Sorbitol 20% - 

SP6 Ap 77% Sorbitol 23 % Mg 5% 

SP7 Ap 77% Sorbitol 23 % Ferric oxide 0.05% 

SP8 Ap 77% Sorbitol 23 % Mg5%, Ferric oxide 0.05% 

 

4.2.2 Heat Combustion Analysis 

Heat of combustion for the propellant mixture clearly dependent on the amount 

of oxygen balance. One of the crucial characteristics of highly energetic materials is 

oxygen balance. The oxygen balance of a substance is the proportion of excess or 

deficiency of oxygen needed for its complete oxidation of solid propellant to form 

carbon dioxide and water, thus can be utilized to optimize the composition of explosives 

or propellant formulations as needed [165]. An energetic compound should have zero 

and above OB requirements to have high heat of combustion, as this corresponds to the 

stoichiometric oxidation of all carbon convert to carbon dioxide and hydrogen to water. 

The high heat of combustion indicates that an energetic material has a positive oxygen 

balance. Approaching zero in this balance is preferable for achieving higher energy 

performance. Conversely, propellants with significantly high positive oxygen balances 

typically exhibit lower energy performance [173][13].  Figure 4.3 depicted the 

maximum value of the heat of combustion 4364.16 KJ/Kg happened at value approach 

zero and heat of combustion start to decrease as oxygen balance increase. 
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Figure 4.3 Effect of Oxygen Balance on Heat of Combustion of Ammonium 

Perchlorate/Sorbitol 

 
Figure 4.4 Heat of Combustion And Ammonium Perchlorate/ Sorbitol Mixture. 



102 

The oxygen balance clearly demonstrates an enhancement in positive value with 

an increase in the oxidizing agent's quantity. Figure 4.3 and Figure 4.4 reveal a strong 

relationship between Heat of combustion and Oxygen balance, particularly as the 

amount of the oxidizing agent increases. This calculation established the dependency 

relationship between the Heat of Combustion and the quantity of the oxidizing agent. 

The close connection between the intramolecular aspects of the oxidizer and fuel 

elements is indicated by the stoichiometry coefficient parameter proposed by 

Bakhman.et al. [239]. In addition to the choice of oxidizing agent, the interaction 

between the oxidizer and fuel significantly influences the prediction of heat generation 

and the formation of combustion gas products. 

4.2.2.1 Bomb Calorimeter 

The results of the calculations and experiments are illustrated in Table 4.3. The 

calorific value of the metalized propellant has shown a substantial increase compared 

to the baseline propellant. A noticeable observation from Table 4.3 is that the heat of 

combustion is lower for the sample SP5 which contain ammonium perchlorate-based 

propellants compared to the other sample which contains 77% AP-based propellants. 

However, the heat of combustion for Magnesium alone, SP6 was higher than that for 

iron oxide in SP7. The lower heat of combustion for SP5 AP-based propellants 

compared to SP4 AP-based propellant is attributed to the fact that excessive oxygen 

content can reduce the energy combustion same as reported in literature [172].  

Table 4.3  

Comparison Between Theoretical And Experimental Value of Energy Combustion 
Samples Heat of Combustion 

(Theoretical) Q KJ/mol 

 Heat of Combustion 

(Experiment) KJ/mol 

Error Analysis 

 (%) 

SP4 
(base 
line) 

-4364.16  -2134.47 51.1 

SP5 -4025.91  -1979.55 50.8 

SP6 -6515.32  -4142.57 36.4 

SP7 -5431.06  -3110.35 42.7 

SP8 -7564.22  -5344.88 29.3 

 

The samples contain magnesium metal have high heat of combustion, primarily 

due to the highly exothermic nature of the formation of two metal oxides and chloride 
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(MgCl and MgO), contributing to high heat of combustion values. The high heat of 

combustion of these sample can cause erosion on the nozzle throat which can reduce 

the specific impulse of solid rocket performance [269]. Additionally, sample with iron 

oxide which serves as a catalyst, lowering the activation energy and providing an easier 

path for the reaction to take place does not contribute in energy release. Moreover, the 

samples ignite more easily due to the lower ignition temperature effect of catalyst 

addition. From all the formulations propellant, it reveals that SP8 demonstrates the 

highest calorific value. This highlights the interaction between iron oxide, magnesium 

metal, and the AP/sorbitol propellant. Although iron oxide alone doesn't make a 

substantial contribution to the energy performance, its synergistic effect with 

AP/sorbitol/Mg is notably impressive. 

The experimental heats of combustion obtained from bomb calorimetry were 

consistently lower than theoretical predictions, with percentage errors ranging from 

29.3% to 51.1% shown in Table 4.3. The huge difference because of theoretical heat of 

combustion values is typically derived under idealized assumptions, including complete 

combustion, equilibrium product formation, and full oxidation of metallic additives. In 

contrast, bomb calorimeter measurements reflect real combustion behaviour, where 

incomplete oxidation of metal particles, formation of condensed combustion products, 

and residual unreacted material can significantly reduce the measured heat released.  

Additionally, unavoidable heat losses to the bomb calorimeter body, ignition system, 

and surrounding water jacket further contribute to lower experimental values. All these 

factors is effect of experiment environment on calorimetric value of solid propellant 

[272]. Therefore, the observed deviation represents the inherent limitation of translating 

ideal thermochemical predictions to practical calorimetric measurements, rather than 

weaknesses in experimental execution. 

Although the percentage difference between the experimental and theoretical 

heats of combustion is large, the results remain internally consistent across the samples. 

Both datasets exhibit the same directional behaviour, indicating that the experimental 

measurements preserve the relative energy ranking rather than varying randomly. As 

shown in Figure 4.5, the Pearson correlation between theoretical and experimental heat 

of combustion is strongly positive ( 𝑅2 = 0.994 ), demonstrating an almost perfectly 

linear relationship between the two variables. This implies that, despite a systematic 

balanced in magnitude, increases in theoretical heat of combustion are accompanied by 
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proportional increases in the experimental values, confirming a stable and repeatable 

trend across the samples.  

 
Figure 4.5 Correlation Between Theoretical And Experimental Value Heat of 

Combustion  

4.2.2.2 Open Burning   

The initial burn rate investigation was conducted at ambient pressure and room 

temperature as a preliminary step to gain a deeper understanding of the solid propellant's 

combustion behaviour. This approach ensures a controlled assessment before 

conducting burn rate measurements under varying pressure and temperature conditions, 

thereby minimizing the risk of unforeseen accidents.  

The bar chart shown in Figure 4.6 clearly shows that magnesium and ferric oxide 

significantly increase the burning rate of solid propellant at 1 atm. The burning rate of 

propellants increased from 0.0107 to 0.126 cm/s. The burning rate of ammonium 

perchlorate/sorbitol solid propellant in this study was relatively low when compared to 

other ammonium perchlorate based solid propellants [273]. Magnesium functions as a 

solid propellant burning rate enhancer in addition to being a chloride scavenger. 

Because magnesium is an alkali earth metal, it works as a fuel for oxidation while 

performs as a chlorine scavenger. SP8 has a high burning rate, and it possesses the 

highest burning rate which implies that both magnesium and ferric oxide have a 

synergistic effect. This depicts magnesium metal and ferrous oxide as efficient burning 

rate enhancer. 
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Figure 4.7 shows the burning process of the composite solid propellant for the 

5 samples. It illustrates that the combustion of ammonium perchlorate mixed with 

sorbitol produces little visible smoke. It essentially indicates that the interaction 

between the oxidizer and the fuel has fully developed to achieve a complete combustion 

reaction. Apart from the absence of soot emission, there was no solid residual detection 

for samples SP4 and SP5. It indicates that the entire amount of carbon and hydrogen in 

the sorbitol is converted into carbon dioxide and water vapor. Nevertheless, despite the 

use of a powerful oxidizing agent, the burning rate of the solid propellant was slightly 

lower. Magnesium and ferric oxide were incorporated as metal additives in three solid 

propellant samples, SP6, SP7, and SP8, to enhance the burning rate and overall 

combustion performance. These metal additives play a crucial role in accelerating the 

combustion process by increasing thermal energy release. The combustion flame of 

SP6, SP7, and SP8 exhibited a vigorous and intensely bright yellow flame due to metal 

additive, with SP7 and SP8 demonstrating particularly explicit luminosity. Since 

additive metals is a key contributor to solid propellant performance, its presence 

significantly improves the heat of combustion, leading to higher energy output and more 

efficient fuel oxidation.  

On the contrary, the reaction of magnesium metal with chloride gas causes the 

production of solid residual due to the reaction of magnesium with chloride gas. Plus, 

the addition of ferrous oxide as a catalyst to the formulation also contributes to the 

formation of solid products. This will contribute to the production of solid particles and 

solid residuals as unwanted products. This will be discussed in next section. 

 

 
Figure 4.6  Burning Rate of Solid Propellant For Every Different Formulation 
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a) SP4 

 

 
b) SP5 

 

 
c) SP6 

 

 
d) SP7 

 
e) SP8 

Figure 4.7 Combustion of Minimum Signature Composite Solid Propellant 

In conclusion five compositions of a novel minimum-signature composite solid 

propellant using ammonium perchlorate and sorbitol were produced. The optimum ratio 

between ammonium perchlorate and sorbitol was calculated at 0.775 wt% using the 

elemental stoichiometric coefficient and oxygen balance. From the burning test of 

optimized formulation, ammonium perchlorate/sorbitol produces very minimum smoke 

and leaves no solid residual. It indicates that all carbon compounds in sorbitol have been 

completely reacted by oxygen from ammonium perchlorate. The interaction between 

ammonium perchlorate and sorbitol is improved by adding magnesium metal and 

ferrous oxide. Additive metals improve the burning rate of the solid propellant 

significantly. Magnesium metal and ferrous oxide show a good synergetic effect by 

increasing the burning rate extensively at 0.126 cm/s. To sum up, ammonium 

perchlorate/sorbitol propellant has a significant promise in replacing imported, 

expensive, minimal-signature solid propellant. Future work on the kinetic study, 

thermal decomposition, characterization, and burning rate effect of these propellants  

discussed on next section. 
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4.3 Characterization of Solid Propellant. 

Solid propellants were characterized chemically and physically for 

understanding their chemical composition, physical properties, thermal stability, and 

combustion performance. After that kinetic analysis were done to evaluate propellants 

stability and ignition properties. A comprehensive evaluation of these properties 

ensures the formulation's reliability, efficiency, and safety in propulsion applications. 

This section focuses on the chemical and physical characterization of AP/Sorbitol-based 

solid propellants with and without metal additives, aiming to assess their impact on 

combustion behaviour, structural integrity, and energetic performance, 

4.3.1 Mechanical Properties 

4.3.1.1 Tensile Test 

Table 4.4 summarizes the stress calculations for each of the samples based on 

the provided maximum force data and the geometric dimensions (thickness and width), 

along with their respective formulations and metal additives. Overall, the analysis 

results of the samples have shown significant variations in mechanical strength, which 

can be attributed to their respective formulations and the presence of the metal additives. 

Specifically, samples SP 6, SP 7 and SP 8 have demonstrated a clear trend of increasing 

strength with the addition of metal additives. 

Table 4.4  

Raw Data of Mechanical Properties of Samples With Different Formulation 

Sample Thickness (mm) Width (mm) Max. Force 

(N) 

Stress 

(N/mm2) 

SP4 3.5 6 15.625 0.446 

SP6 3.5 6 21.875 0.625 

SP7 3.5 6 32.8125 0.938 

SP8 3.5 6 39.0625 1.116 

The samples containing metal additive show significantly increase in physical 

properties. SP7 and SP8 contain ferric oxide as catalyst improve strength significantly 

compared to SP6 which has mg metal only. Although mg metal did improve physical 

properties of solid propellant, with ferric oxide the interaction is better as shown in SP8. 

This means that metal catalysts not only increase burning rate but also increase solid 
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propellant physical properties by providing medium for oxidizer and fuel to well 

dispersed for interacting each other.  
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Figure 4.8  Stress Strain Curve for Samples SP4, SP6, SP7 And SP8 

 

The study analysed the mechanical strength of solid propellant samples with 

various metal additives shown in graph stress-strain curve in Figure 4.8. The baseline 

sample (SP 4) without additives exhibited the lowest stress value of 0.446 N/mm² 

depicted in. Adding 5% magnesium (SP 6) increased the stress value to 0.625 N/mm². 

Incorporating 1% ferric oxide (SP 7) further enhanced the stress value to 0.938 N/mm². 

The combination of 5% magnesium and 1% ferric oxide (SP 8) resulted in the highest 

stress value of 1.116 N/mm². The findings demonstrate that metal additives significantly 

improve mechanical strength, with a progressive increase observed from SP 4 to SP 8. 

These results are crucial for material selection and processing in high-strength 

applications, warranting further investigation into the underlying factors. 

Table 4.5  

Mechanical Propeties of Solid Propellant AP/Sorbitol With Metal Additives 
Samples Young Modulus 

(GPa) 

Ultimate Tensile  

Strength (Mpa)  

Strain  

Break (%) 

SP4 0.00362 0.112 0.154 

SP6 0.00711 0.153 0.032 

SP7 0.00422 0.229 0.462 

SP8 0.01092 0.2735 0.048 

 

Table 4.5 summarizes all the value mechanical parameters of solid propellant 

with and without metal additive. Metal additives including metal catalyst remarkably 

improve the mechanical strength of the propellant. SP 7 shows higher strain elongation 
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compared to all the samples, indicating it is more ductile and can absorb more energy 

during deformation. This demonstrates that ferric oxide not only functions as a burning 

enhancer but also facilitates physical interaction between the oxidizer and fuel. Hence, 

ferric oxide works synergistically with magnesium in SP 8 to improve the tensile 

properties of the solid propellant. The significantly lower strain at break values observed 

for SP6 and SP8 are primarily attributed to the incorporation of magnesium as a metal 

additive in the propellant formulation. The presence of Mg particles increases the 

stiffness of the AP/sorbitol matrix and restricts molecular mobility, resulting in a 

predominantly brittle mechanical response. Magnesium acts as a rigid filler that limits 

elastic deformation and promotes early crack initiation under tensile loading. 

Additionally, both AP and sorbitol are hygroscopic, which tends to reduce the 

mechanical properties over time. Plate 4.2 shows that samples with magnesium metal 

exhibit moisture at the break points, due to the hygroscopic nature of magnesium. Upon 

magnification under a microscope, the fracture patterns of the dog bone samples reveal 

that those containing magnesium break in a nice and uniform manner, whereas samples 

without magnesium exhibit irregular fracture patterns. 

 
SP4 

 
SP6 

 
SP7 

 
SP8 

Plate 4.2 Crack Identification (Magnification: 40x –100x) 

 

4.3.1.2 Hardness Test 

The analysis Figure 4.9 revealed that SP 8 had the highest average Shore 

hardness value of 90.33, demonstrating the greatest resistance to indentation due to the 

combined addition of 5% magnesium and 1% ferric oxide. However, the AP/sorbitol-
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based propellant remains brittle in nature. SP 7 and SP 6, which included 1% ferric 

oxide and 5% magnesium respectively, also showed significant increases in hardness, 

with SP 7 having a value of 86.67 and SP 6 having a value of 65.00. In contrast, the 

baseline sample SP 4, which contained no metal additives, had the lowest hardness 

value of 54.67. These results indicate that metal additives, particularly the combination 

of magnesium and ferric oxide, significantly enhance the hardness of the base 

formulation composed of AP and sorbitol, making them beneficial for applications 

requiring high hardness. 

The findings clearly indicate that the addition of metal additives, such as 

magnesium and ferric oxide, significantly enhances the hardness of the base formulation 

composed of AP and sorbitol. The combination of magnesium and ferric oxide, as 

evidenced in SP 8, provides the greatest improvement in hardness, highlighting the 

potential for optimizing the material's formulation for applications that require high 

hardness. 

 
Figure 4.9 Shore A Hardnes With Different Composition Materials In Solid Propellant 

Incorporating magnesium and ferric oxide into solid propellant compositions 

considerably enhances mechanical characteristics and toughness. These additives 

reduce moisture retention by scavenging absorbed water and promote a denser, more 

rigid microstructure within the AP/sorbitol matrix. The combined effect of reduced 

hygroscopicity and enhanced particle–matrix interaction increases surface stiffness, 

resulting in higher measured hardness values. This confirms that the elevated Shore A 

hardness reflects additive-induced reinforcement, rather than soft polymer behaviour. 

Hence by adding 5% magnesium improved these qualities, while adding 1% ferric oxide 

improved ductility and energy absorption even further. The combination of both 
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additives in SP 8 produced the highest results. The hygroscopic nature of the 

components influenced mechanical qualities over time, with moisture found around 

break points. 

4.3.2 Scanning Electron Microscope &EDX 

Morphology testing was also performed to investigate powder dispersion and 

propellant characteristics. The dispersion of particles was evaluated qualitatively based 

on SEM morphological observations at 100× magnification. No particle size 

distribution or quantitative image analysis was performed; therefore, the term “good 

dispersion” in this study refers solely to the absence of large agglomerates and 

macroscopic phase separation within the observed region, rather than to a quantitatively 

defined uniform particle distribution. SP4 was excluded from the characterization 

methods in this section, as its constituent materials are identical to those used in SP5, 

with the only difference being the proportion of AP and sorbitol. Since the variation lies 

solely in the weight ratio and does not introduce any new chemical components or 

additives, SP4 was not included in the detailed characterization procedures in this 

section. Cross-sectional were obtained for all propellant formulations to examine their 

internal morphology. As illustrated in Figure 4.10, the spherical AP particles, marked 

by red circles, are well dispersed within the propellant matrix. Distinct morphological 

differences were observed among the samples, which can be attributed to variations in 

their respective compositions. Notably, SP7 and SP8 contain ferric oxide as a catalytic 

additive. In addition to its catalytic function, ferric oxide appears to contribute to 

improved grain bonding, thereby slightly enhancing the physical strength of the 

propellant this proved in section 4.3.1.1. The presence of ferric oxide also facilitates the 

recrystallization of sorbitol, promoting better cohesion between components. The 

distribution of iron, originating from ferric oxide, confirms the effective incorporation 

and dispersion of the catalyst within the mixture. Green arrows in the micrographs 

highlight the uniform dispersion of melted sorbitol in SP7 and SP8, which is believed 

to play a role in reinforcing the structural integrity of the propellant grain as discussed 

in section 4.3.1.  
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a) SP5 

 
b) SP6 

 
c) SP7 

 
d) SP8 

Figure 4.10 Solid Propellants Cross-Section Morphology  

The morphology illustrated in Figure 4.10 shows good interaction and 

dispersion between fuel, oxidizer, and metal additive. In comparison to image (a), where 

ferric oxide was absent, the melted sorbitol exhibited poor physical interaction with the 

oxidizer particles, resulting in a less cohesive microstructure. In contrast, image (b) 

illustrates the formulation with added magnesium metal, where improved interaction 

between the oxidizer and melted sorbitol was observed. Although the sorbitol does not 

demonstrate perfectly uniform distribution, it shows a higher degree of contact and 

adhesion to the oxidizer particles. This suggests that the inclusion of metallic additives 

significantly enhances the interfacial bonding between sorbitol and the oxidizer, thereby 

improving the structural homogeneity and potential performance of the solid propellant. 

Energy dispersive X-ray (EDX) is used to identify the chemical elements, 

estimation purity and the position of each material content in solid propellant as shown 

in Figure 4.11 [274]. The elemental analysis data indicate that the predominant elements 

in the solid propellant formulations are carbon, oxygen, and chlorine, which are 

primarily derived from the fuel (sorbitol) and the oxidizer (ammonium perchlorate). 

Magnesium is detected in samples SP6 and SP8, corresponding to its intentional 

inclusion as a metal additive, while iron is present in SP7 and SP8, confirming the 

incorporation of ferric oxide as a catalyst. Trace amounts of silicon were found across 

most samples, which are attributed to contamination from the glass sample holders used 
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during preparation. Additionally, the presence of sulphur is likely due to sample 

contamination during the preparation process. 

 
Figure 4.11  EDX Analysis on Solid Propellant at Different Ratio of Additives 

A comparison between samples SP4 and SP5 reveals a slight increase in oxygen 

content in SP5, supporting the observation that oxygen balance increases with a higher 

proportion of ammonium perchlorate. It proves that oxygen balance increases with the 

amount of ammonium perchlorate as depicted in Figure 4.11. Alternatively, the 

ammonium perchlorate-to-sorbitol ratio was held constant for samples SP6 to SP8, 

maintaining a fixed baseline of carbon and oxygen content. This allows for a clearer 

evaluation of the effects introduced solely by the addition of metallic additives. The 

results distinctly demonstrate that magnesium and ferric oxide play crucial roles in 

influencing elemental interactions within the solid propellant system. Notably, a 

reduction in chlorine content was observed in samples containing these metal additives. 

This suggests that magnesium acts as a chlorine scavenger, likely forming stable 

magnesium chloride, while ferric oxide may contribute to the neutralization or binding 

of chlorine species during combustion. These findings reinforce the catalytic and 

reactive functions of metal additives in modifying the chemical behaviour and 

potentially reducing corrosive by-products in the propellant formulation.  
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4.3.3 X-RAY Diffraction (XRD) 

The powder of solid propellant from four samples was analyzed for the crystal 

structure of Ammonium perchlorate, Sorbitol, ferrite oxide, and magnesium metal, as 

illustrated in Figure 4.12. As shown in Figure 4.12, for the AP component in all samples, 

the primary diffraction peaks are observed at 15.27°, 19.37°, 22.64°, 23.89°, 24.61°, 

27.41°, 30.9°, and 40.89°, corresponding to the planes of (101), (011), (201), (002), 

(210), (211), (112), and (401) for orthorhombic AP crystals [43], respectively, this 

suggests the formation of AP crystals exhibiting a high level of crystallinity.  

 

 

 

Figure 4.12  XRD Pattern Of Ammonium Perchlorate/ Sorbitol Solid Propellant 

The X-ray diffraction (XRD) patterns of four solid propellant formulations SP4, 

SP6, SP7, and SP8 are presented across the 2θ range of 20° to 70°. Result for SP7 and 
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SP8 from Figure 4.12 show which contains ferrous oxide have many high peaks at angle 

2ϴ =  33.28°, 35.74°,  54.23° and 62.74°, which can be indexed to the (104), (110), 

(116) and (214) planes of Ferric oxide in a hexagonal phase, correspondingly. For SP6 

and SP8 which contains magnesium metal shows a broad peak with high intensities of 

magnesium crystallites with a maximum peak from (024) and (221) crystal plane at 2 

ϴ of 38.29° and 39.05°. The diffraction features observed in the 2θ region around 38–

39° are consistent with the presence of metallic magnesium. However, these reflections 

overlap with the dominant ammonium perchlorate peaks.  SP4 and SP6 show several 

sharp peaks, indicating high crystallinity, while SP7 and SP8 exhibit even more intense 

peaks, especially between 20° and 35°, suggesting enhanced phase alignment or 

possibly greater crystallinity. Peak intensity in SP8 is slightly lower than in SP7 but still 

higher compared to SP4 and SP6. The main diffraction peaks for all samples occur in 

similar 2θ regions, signifying that the base crystalline phases are preserved across all 

formulations. 

The addition of magnesium in SP6 and ferric oxide in SP7 and SP8 appears to 

have influenced the crystalline structure and diffraction intensity. SP4, the baseline 

without metal additives, shows lower peak intensities than SP6, indicating that 

magnesium may contribute to partial disruption or modification of the crystal lattice. 

SP7, which contains ferric oxide as a catalytic additive, exhibits the highest peak 

intensity overall, suggesting that ferric oxide not only integrates well but may also 

stabilize or promote crystallinity in the system. The slight decrease in SP8's intensity 

relative to SP7 may be due to the combined presence of both Mg and ferric oxide, which 

together introduce structural complexity or mild amorphization. 

These results suggest that metal additives particularly ferric oxide influence the 

microstructural ordering of the solid propellant. The increased crystallinity in SP7 

supports the hypothesis that ferric oxide acts not only as a burn rate catalyst but also 

affects the internal phase structure of the propellant supported from result section 4.3.1. 

The elevated peak intensity reflects improved phase organization or densification, 

which could correlate with better mechanical properties and combustion uniformity. On 

the other hand, SP6 shows a moderate reduction in peak sharpness and intensity, 

implying that magnesium's interaction with AP may create microstructural defects or a 

semi-amorphous state, which can enhance thermal reactivity. SP8, which combines 

both additives, displays a balance between enhanced crystallinity from ferric oxide and 



117 

slight lattice disruption from magnesium, suggesting a synergistic effect in the 

crystalline phase behaviour. 

Previous studies [275] have shown that metal additives like Mg can disrupt 

crystal structures by integrating into the lattice or reacting with oxidizer particles, 

resulting in lower peak intensities and improved decomposition kinetics. In contrast, 

ferric oxide is known to promote phase stability and act as a structural binder at the 

microscopic level [276]. The current XRD results align with these findings showing 

reduced crystallinity in magnesium rich SP6 and enhanced peak intensity in ferric oxide 

containing SP7. The combined formulation in SP8 demonstrates an intermediate 

behaviour, supporting the idea that the interplay between oxidizer, fuel, and metallic 

additives significantly affects the microstructure, which in turn influences thermal and 

mechanical performance. 

4.3.4 CHNS-O Element Analysis 

In this study, CHNS-O analysis refers to a standard elemental characterization 

technique used to quantify the mass percentages of carbon (C), hydrogen (H), nitrogen 

(N), sulfur (S), and oxygen (O) present in the solid propellant samples. 

Table 4.6 presents the results of the CHNS-O analysis, indicating that the 

addition of additive metals significantly reduces the C/H ratio for SP6, SP7 and SP8. In 

contrast, the binder should possess a high C/H ratio in its backbone to ensure that the 

released exhaust gas has a lower average molecular weight and does not include heavy 

gases such as sulphur oxide [66]. In this study, sorbitol serves as a binder, fuel, and 

medium for dispersing the oxidizer with additive metals. As more metal is added, the 

C/H ratio significantly decreases compared to AP/Sorbitol alone, as indicated in sample 

SP8, which contains both magnesium metal and ferrite oxide as catalysts. This indicate 

that metal additives work with fuel binder because they lowered the C/H ratio hence 

reducing the formation of carbon monoxide gas formation while increasing the water 

vapor in rocket exhaust. Increased water vapor in the exhaust contributes to higher 

plume density, condensation, and secondary aerosol formation, which can increase 

exhaust visibility and infrared detectability. Therefore, although metal additives 

improve chemical efficiency, their influence on water vapour generation must be 

carefully balanced to avoid degradation of low-signature characteristics. 
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The CHNS analysis results show the elemental weight percentages of carbon 

(C), nitrogen (N), hydrogen (H), and sulphur (S), along with the carbon-to-hydrogen 

(C/H) ratio for five different propellant formulations (SP4–SP8). Although sulfur is not 

an intentional component of the AP/sorbitol-based formulations, trace amounts of sulfur 

were detected in all samples during CHNS-O analysis. These sulfur signals are 

attributed to unavoidable external contamination introduced during sample preparation 

and handling, such as contact with laboratory utensils, heating surfaces, or 

environmental exposure. Given that the detected sulfur content was consistently very 

low and did not vary significantly between samples, it was treated as background 

contamination rather than a formulation constituent. Consequently, sulfur values were 

excluded from formulation interpretation and combustion analysis, as they do not 

influence the comparative trends or conclusions of this study. 

Table 4.6  

Result of CHNS-O Analysis 
Sample 

 

C 

% 

N% H% S%     C/H 

Ratio 

SP4 15.87 7.73 9.98 2.59 1.59 

SP5 11.88 8.12 10.13 2.57 1.17 

SP6 7.52 6.96 9.30 2.55 0.80 

SP7 8.29 7.59 10.78 2.46 0.77 

SP8 13.93 11.14 21.92 2.52 0.63 

 

SP4 contains the highest carbon content at 15.87%, while SP6 and SP7 exhibit 

the lowest, at 7.52% and 8.29%, respectively. The hydrogen content remains relatively 

consistent across most samples, ranging from 9.30% to 10.78%, except for SP8, which 

shows a substantial increase to 21.92%. The higher hydrogen content observed for SP8 

is attributed to moisture absorption associated with the hygroscopic nature of sorbitol, 

magnesium and AP, leading to overestimation during CHNS-O analysis rather than a 

true increase in chemically bound hydrogen. SP8 also displays the highest nitrogen 

content at 11.14%. The Sulphur content, likely due to contamination, remains constant 

at 2.5% in all samples. The C/H ratio decreases progressively from SP4 (1.59) to SP8 
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(0.63), indicating increased hydrogen presence or reduced carbon content in later 

formulations. 

The observed decrease in carbon content from SP4 to SP6–SP7 corresponds to 

the addition of metallic components (magnesium in SP6, ferric oxide in SP7 and SP8), 

which naturally dilute the organic fraction of the formulation. In contrast, the increase 

in nitrogen in SP8 suggests a higher proportion of AP, as AP is the main nitrogen source. 

The remarkably high hydrogen content in SP8 (21.92%) may indicate incomplete 

combustion, trapped moisture. The C/H ratio, often used to assess combustion potential 

and stoichiometric efficiency, shows a clear downward trend, suggesting a more 

hydrogen-rich and potentially more reactive formulation in SP8, enhancing flame 

temperature but risking instability. 

The elemental composition confirms the influence of metal additives on the fuel-

oxidizer balance. SP4 and SP5, which lack additives, maintain higher carbon levels due 

to their larger proportion of organic fuel (sorbitol). In contrast, SP6 and SP7 show 

reduced carbon and C/H ratios, indicating a shift in combustion dynamics, where 

magnesium and ferric oxide alter the oxidation pathway and thermal behaviour. The 

unusually high hydrogen content observed in SP8 may be attributed to the synergistic 

interaction between magnesium and ferric oxide, which could enhance moisture 

retention within the formulation or alter the thermal decomposition pathway, leading to 

the release of additional hydrogen-containing species, the increased nitrogen in SP8 

aligns with its higher AP content, reinforcing earlier findings on oxygen balance and 

combustion efficiency. These changes imply that the presence of metal additives not 

only affects phase and morphology as shown in XRD but also alters the elemental 

distribution and energy release characteristics of the propellant. 

The influence of metallic additives on elemental composition is well-supported 

by literature. For instance,[277] reported that the inclusion of metal oxides in composite 

propellants leads to a reduction in carbon content and C/H ratio, which correlates with 

higher burning efficiency and improved thermal conductivity. Similarly, research by 

[275] found that magnesium inclusion shifts the combustion equilibrium toward faster 

and cleaner burning, as excess hydrogen and oxygen become more readily available. 

These findings are consistent with the trends observed in SP6–SP8, where the decrease 

in carbon and C/H ratio suggests a leaner, more oxidizer-dominant formulation, 

potentially improving burn rate and reducing soot formation. 
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4.3.5 Fourier Transform Infrared (FTIR) 

The comparative FTIR spectra of AP/Sorbitol (SP4), AP/Sorbitol/Mg (SP6), 

and AP/Sorbitol/Mg with ferric oxide (SP7 and SP8) are presented in Figure 4.13. These 

spectra provide insight into the vibrational characteristics of the functional groups 

present in the propellant formulations, particularly those associated with carbohydrates, 

ammonium ions, and combustion by-products such as hydrogen chloride (HCl). All 

samples display broad absorption bands around 3200 cm⁻¹ and 1400 cm⁻¹, attributed to 

the stretching vibrations of ammonium ions, a key component of AP. 

In addition, a less intense band appears near 2800 cm⁻¹ across all samples, which 

is indicative of HCl gas vibration, suggesting that AP has undergone decomposition into 

its constituent gases. This observation aligns with previous reports confirming that AP 

decomposes to produce HCl, with characteristic vibrations detected in the 3100–2600 

cm⁻¹ range at temperatures around 450 °C  [60]. A broad absorption band between 1000 

and 1074 cm⁻¹ is present in all samples and is associated with carbohydrate functional 

group vibrations, while a notable band around 600 cm⁻¹ corresponds to vibrations of 

other organic components in the matrix. 

Although metal additives were introduced in SP6 (magnesium), SP7 (ferric 

oxide), and SP8 (both magnesium and ferric oxide), all spectra maintain a similar 

overall pattern. This consistency is explained by the fact that infrared spectroscopy does 

not detect elemental metals, and for metal oxides, FTIR primarily provides information 

about the surface nature rather than the bulk structure of the metal compounds [278]. 

Nevertheless, their incorporation may indirectly influence the FTIR response of the 

propellant system through changes in peak position, intensity, or band broadening of 

existing functional groups. In this study, no new FTIR bands attributable directly to 

metal additives were detected. 

Closer examination reveals important spectral changes attributable to the 

presence of metal additives. The –OH stretching band near 3300 cm⁻¹, attributed to 

hydroxyl groups in sorbitol, is most prominent and well-defined in SP4 and SP5, which 

do not contain metal additives. This band becomes broader and less intense in SP6, SP7, 

and SP8, indicating that magnesium and ferric oxide may interact with sorbitol, possibly 

disrupting hydrogen bonding and modifying the overall molecular environment. 

The C–H stretching bands around 2900 cm⁻¹ are consistently observed in all 

samples but show a reduction in intensity in SP6–SP8, which may be due to a decrease 
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in organic content and changes in molecular symmetry because of metal inclusion. 

Similarly, the nitrate and perchlorate-related absorptions in the regions of 1380–1450 

cm⁻¹ and 1050–1150 cm⁻¹ are slightly shifted in SP6–SP8, suggesting possible 

coordination interactions between AP and the metal ions. These shifts further indicate 

that magnesium and ferric oxide may alter the distribution and orientation of AP within 

the matrix, influencing its chemical reactivity. 

The observed spectral changes imply that metal additives modify the chemical 

environment of the propellant, potentially improving combustion characteristics. In 

SP6, magnesium may interfere with sorbitol–AP interactions, resulting in broader –OH 

signals. SP7 and SP8, which include ferric oxide, may experience enhanced 

complexation or catalytic interactions, altering nitrate and hydroxyl group vibrations. 

The combined effects observed in SP8 where both Mg and Fe₂O₃ are present—suggest 

a synergistic interaction that leads to broader and slightly shifted peaks, which may 

reflect increased molecular interaction, amorphization, or structural rearrangement 

within the propellant. 

These findings are supported by prior research. For example, [279]   reported 

that the addition of metal oxides to AP-based propellants caused noticeable shifts and 

peak broadening in FTIR spectra, particularly within nitrate and hydroxyl regions, due 

to strong functional group interactions. Likewise, [202] demonstrated that magnesium 

and iron oxides can form coordination complexes with both oxidizers and binders, 

leading to alterations in vibrational frequencies and improved uniformity in 

combustion. The present results are consistent with these studies, confirming that metal 

additives significantly influence the bonding structure and molecular dynamics of the 

propellant matrix, which will enhance thermal decomposition, combustion efficiency, 

and stability. 
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Figure 4.13  FTIR Spectra of Solid Propellants Of Ammonium Perchlorate/ Sorbitol /Magnesium Metal and With Catalyst 
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4.3.6 Differential Scanning Calorimeter (DSC) AND Thermal Gravimetric 

Analysis (TGA) 

One of the most crucial characteristics of an energy material is thermal stability. 

The DSC analysis was utilised to investigate the thermal properties of the solid 

propellants. A decomposition temperature of >200 °C is typically required for energetic 

materials to be utilised in practical applications [176]. In this study, the thermal stability 

of the five samples Ammonium perchlorate/Sorbitol solid propellant with and without 

additives was evaluated using differential scanning calorimetry (DSC) and 

Thermogravimetric analysis. The result of the analysis at 5 °C/min for five samples 

illustrated in Figure 4.14, Figure 4.15 and Figure 4.16 . 

The TGA of the AP/Sorbitol-based solid propellants (SP4–SP8) at a heating rate 

of 5 °C/min reveals significant insights into their thermal decomposition behaviour. As 

shown in Figure 4.14, all samples begin to degrade thermally beyond 200 °C, with 

major mass losses occurring between 250 °C and 400 °C. SP4 and SP5, which no metal 

additives, exhibit more gradual two-step decomposition with relatively higher residual 

mass, indicating greater thermal stability. In the comparative the TGA of the solid 

propellant samples SP4 to SP8 reveals distinct multi-step thermal degradation 

behaviour, with differences in total and stage-wise mass loss that correspond to the 

presence and type of metal additives in each formulation. SP4 and SP5, which do not 

contain any metal additives, exhibited moderate total mass losses of 7.3% and 7.6%, 

respectively. These decompositions occurred in three clear stages, with SP4 showing 

1.0%, 2.5%, and 3.8% loss across the respective steps. This finding suggests that more 

sorbitol is decomposed, especially in SP4 because to its high sorbitol level. It implies 

that sorbitol has a synergistic impact on decreasing the thermal breakdown temperature 

of an ammonium perchlorate combination [280] [281]. As a result, the amount of 

oxidising agent and fuel in the formulation appears to have a significant influence on 

both the ignition temperature, thermal decomposition, and mass loss of solid propellant 

indicate that most of the decomposition occurred earlier, which aligns with its DSC 

exothermic response in Figure 4.15.  

 In contrast, SP6 which containing magnesium shows a steeper and earlier mass 

loss. Due the presence of magnesium in SP6 resulted in a higher overall mass loss of 

8.4%, with a more pronounced drop during the second step 3.2%, indicating accelerated 

decomposition due to the catalytic activity of magnesium., while SP7 and especially 
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SP8 with ferric oxide and both metal additives respectively display accelerated 

degradation profiles, with SP8 experiencing the most rapid thermal breakdown 

suggesting that the combination of magnesium and ferric oxide significantly reduces 

thermal stability. Mass loss in SP7, which contains ferric oxide, followed a similar 

pattern to SP6 with slightly lower total mass loss 7.9%, suggesting that ferric oxide 

enhances decomposition but in a slightly more gradual manner. The combined use of 

magnesium and ferric oxide in SP8 produced the highest loss in the second stage 4.8%, 

contributing to a total mass loss of 8.4%. Interestingly, SP8 also showed a reduced mass 

loss in the final step 2.3%. These results collectively confirm that the inclusion of metal 

additives increases the reactivity of the formulation, shifts decomposition to lower 

temperatures, and alters the mass degradation pathway potentially improving 

combustion energyat the expense of reduced thermal stability TGA analysis of mass 

loss. These differences highlight that the inclusion of metal additives plays a catalytic 

role in enhancing decomposition.  

The TGA of samples containing magnesium metal demonstrates that it initially 

improves the thermal stability of the propellant, shifting the first stage of decomposition 

to a higher temperature range. This is attributed to the ability of Mg to act as a chemical 

scavenger for initial decomposition gases, such as hydrogen chloride, and the formation 

of a protective magnesium hydroxide layer on the particle surface. However, once this 

threshold is exceeded, the reaction rate increases dramatically evidenced by the steep 

TGA slope representing a rapid condensed phase reaction between the metal fuel and 

the oxidizer. This behaviour correlates magnesium concentrates the energy release into 

a highly intense and rapid combustion event.  

During the second decomposition stage, the presence of magnesium exhibits a 

clear catalytic effect on the thermal degradation behaviour of the propellant. As 

observed in the TGA curves, samples containing magnesium undergo a more rapid mass 

loss within the main decomposition region compared to formulations without 

magnesium. This accelerated decomposition indicates that magnesium promotes faster 

breakdown of the propellant. Notably, SP6 and SP8 do not exhibit a distinct third 

decomposition stage, suggesting that the catalytic action of magnesium facilitates a 

more complete and consolidated decomposition process within the second stage. 

Magnesium likely promotes faster degradation by facilitating heat transfer and acting 

as an energetic component, while ferric oxide accelerates the breakdown of ammonium 

perchlorate via its catalytic oxidation properties.  
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Figure 4.14  TGA Thermogram of Ammonium Perchlorate/Sorbitol with and Without 

Metal Additives at Heating Rate 5 C°/Min 

 

The synergistic interaction in SP8 results in the lowest second decomposition 

onset and fastest mass loss, which, while indicating lower second thermal stability, may 

improve ignition and combustion efficiency. This is consistent with previous studies by 

Zhou et al. [282]  and Tang et al. [283], which demonstrated that metal additives reduce 

the activation energy and enhance the thermal reactivity of AP-based propellants. 

Overall, the TGA data confirm that metallic additives, particularly in combination, 

significantly influence the thermal decomposition kinetics and must be carefully 

optimized to balance between performance and stability in solid propellant design. 
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Figure 4.15  DSC Thermogram of Ammonium Perchlorate/Sorbitol with and Without 

Metal Additives at Heating Rate 5 C°/Min 

 

The DSC thermograms of AP/Sorbitol-based solid propellants with and without 

metal additives (SP4–SP8), as shown in Figure 4.15, reveal significant differences in 

thermal behaviour and heat release profiles. Each formulation exhibits one or more 

exothermic peaks corresponding to decomposition stages, with notable variations in 

peak onset, intensity, and shape. The main exothermic peak for the AP/Sorbitol mixture 

is situated within the range of 280-371 C°, suggesting the exothermic decomposition of 

ammonium perchlorate. In contrast to the thermal breakdown of pure AP, the 

AP/Sorbitol combination exhibits a considerable reduction in the exothermic peaks at 

the first and second decomposition temperatures. Conversely, high temperature 

decomposition (HTD) takes place at a temperature that is far higher and represents the 

complete breakdown of AP. [284]. 

 SP6 shows the most intense and sharp exothermic response, particularly around 

240–290 °C and again at ~340 °C, indicating highly energetic decomposition by the 

presence of magnesium. In contrast, SP4 and SP5—formulations without metal 

additives display more stable and moderate thermal responses with major peaks 

occurring at higher temperatures (~280–370 °C), suggesting slower and more thermally 

resistant decomposition. SP7, which includes ferric oxide, demonstrates broader and 

lower-intensity exothermic activity, reflecting a more gradual decomposition process. 

SP8, incorporating both magnesium and ferric oxide, shows a combined behaviour 

earlier onset and moderately strong peaks pointing toward a synergistic catalytic effect 
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that promotes efficient but controlled combustion. These thermal trends imply that 

metal additives significantly modify the decomposition kinetics such as magnesium 

accelerates and intensifies the heat release, ferric oxide reduces the activation barrier, 

and their combination in SP8 balances reactivity with stability. This interpretation is 

supported by prior studies where metallic fuels such as magnesium are reported to 

enhance exothermicity through redox reactions, while ferric oxide acts as an AP 

decomposition catalyst  [275], [285]. The DSC results confirm that additive selection 

and combination directly influence the ignition characteristics, energy output, and 

thermal safety of composite solid propellant systems. 

Figure 4.16 illustrates the combination of TGA and DSC is essential for a 

comprehensive evaluation of the thermal behaviour of solid propellant formulations. By 

combining both techniques, it becomes possible to correlate mass loss events with 

specific thermal reactions, such as ignition, low-temperature decomposition (LTD), and 

high-temperature decomposition (HTD). This dual characterization not only identifies 

the decomposition stages but also quantifies the energy released, thereby offering a 

more accurate assessment of combustion reactivity, thermal stability, and potential 

hazards. The DSC–TGA thermograms of SP4–SP8 reveal distinct thermal 

decomposition stages, encompassing ignition onset, low-temperature decomposition 

(LTD), and high-temperature decomposition (HTD), with the inclusion of metal 

additives clearly influencing the thermal behaviour of the formulations as shown in 

Figure 4.16.  

SP4 and SP5, which contain no additives, exhibit gradual decomposition with 

exothermic peaks at 210.38 °C, 280.57 °C, and 358.96 °C for SP4, and slightly higher 

temperatures of 223.39 °C, 285.40 °C, and 371.44 °C for SP5, suggesting improved 

thermal resistance due to increased AP content. In contrast, SP6–SP8, which 

incorporate magnesium and ferric oxide, demonstrate earlier and more aggressive 

thermal responses. SP6 begins decomposition at 243.59 °C with peaks at 282.21 °C and 

340.83 °C, while SP7 shows the lowest LTD at 196.15 °C and an HTD at 334.40 °C, 

indicating that ferric oxide strongly enhances early-stage oxidizer breakdown. SP8, 

which combines both additives, ignites at 243.34 °C and peaks at 281.93 °C and 

363.44 °C, showing a balance between catalytic acceleration and thermal control.  
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a) 

 

b) 

 

c) 

 

d) 

 

e) 

Figure 4.16   Integrating of DSC & TGA Thermogram of The Solid Propellant at 

Heating Rate 5 C°/Min. 

 

The LTD and reduced HTDs in SP6–SP8, as confirmed by corresponding mass 

loss in TGA curves, underscore the catalytic effects of metal additives on decomposition 

kinetics. Magnesium enhances heat release and sorbitol oxidation, whereas ferric oxide 

promotes rapid AP degradation through redox activity. SP8 demonstrates a synergistic 

effect, improving combustion initiation while avoiding overly aggressive breakdown. 
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These results align with findings from Xu et al. [270] , who noted that metallic additives 

significantly reduce the activation energy of AP-based propellants and modify the 

thermal degradation pathway. While such modifications enhance ignition sensitivity 

and energy output, they also introduce thermal instability risks, highlighting the need 

for careful formulation balancing between performance and safety. 

4.3.6.1 Ignition Temperature 

To support the findings presented in Figure 4.14 and Figure 4.15, a summary of 

the thermal decomposition, ignition temperature and a comparison with pure base 

materials are provided in Table 4.7.  The DSC trace for pure ammonium perchlorate 

(AP) shows that the initial endothermic decomposition begins at 242 °C [200], and 

completes around 452.8 °C, providing as a thermal decomposition benchmark for the 

formulated samples. Sorbitol, demonstrates thermal decomposition 200°C with 

maximum temperature at 350°C, with its melting point occurring at approximately 

98.7 °C. In comparison, the formulated propellants from SP4 to SP8 exhibit significant 

variations in ignition temperature, LTD, and HTD, it influenced by both composition 

and the presence of metal additives. SP4 and SP5, composed solely of AP and sorbitol, 

display ignition temperatures near the AP baseline, with SP5 showing slightly higher 

thermal resistance due to its increased AP content. Notably, the DSC curves of these 

formulations reveal initial endothermic decomposition beginning as early as 210 °C, 

progressing to 218 °C as the AP content increases. This behaviour suggests a chemical 

interaction between sorbitol and AP, likely involving disruption of the AP ionic lattice, 

which facilitates energy transfer and enhances molecular mobility [286] . As a result, 

the decomposition of the mixture occurs rapidly after sorbitol’s degradation, indicating 

a coordinated thermal response between oxidizer and fuel in the composite system. 

The inclusion of metal additives in SP6, SP7, and SP8 causes noticeable 

changes. SP6 and SP8, both containing magnesium, have higher ignition points around 

243 °C, indicating a delayed start to decomposition but more energetic combustion once 

triggered. SP7, which includes ferric oxide, has the lowest ignition temperature at 

196 °C and the lowest LTD and HTD values, reflecting strong catalytic effects that 

promote early and rapid decomposition. SP8 shows a balance between the two effects, 

starting decomposition similarly to SP6 but achieving higher HTD than SP7, suggesting 

a synergistic influence of both magnesium and ferric oxide. These trends confirm that 
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metal additives can significantly shift thermal behaviour, helping to optimize the 

performance and stability of the solid propellant formulations. 

Table 4.7  

Summary DSC And TGA Result of Solid Propellants 
Samples Transition temperature C° 

Ignition 

Temperature C°  

LTD C°  HTD C°  

AP [189] 

(base line) 

242 297.8 452.8 

Sorbitol [280] 

(baseline) 

200-360 - - 

SP4 210.38  280.57  358.96  

SP5 218.99  285.47  371.44  

SP6 243.59  282.2  340.83  

SP7 196.15  239.71  334.4  

SP8 243.34  281.93  363.44  

 

From Table 4.7, Sorbitol clearly reduces the peak temperature of AP's thermal 

decomposition compared to pure thermal decomposition AP, causing the AP High- 

HTD to be shifted to a lower temperature range for all samples. While the addition of 

ferrite as a catalyst to the propellant evidently shows a significant impact on its thermal 

decomposition. As observed in Figure 4.16 and Figure 4.14, SP7 exhibits the lowest 

ignition temperature and thermal decomposition temperature. A comparison between 

SP7 and SP4 reveals that the catalyst plays a crucial role in lowering the ignition 

temperature, thereby improving the burning rate and increase propellant sensitivity 

toward heat, whereas not utilizing an apparent influence on energy release as discussed 

in previous topic section in the heat of combustion. It is noticeable that not much energy 

is produced during this thermal breakdown since the catalyst promotes the right path of 

processes and reduces activation energy, which speeds up the reaction.  

Given that the sample utilised in this study comprises 75% AP, it conforms to 

the practical application standard, that suggests the proportion of AP oxidizer by weight 

should be between 75% and 80%[189]. Hence the contribution of AP to thermal 
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breakdown becomes highly significant below 400°C, particularly at low heating rates. 

This means that sorbitol interacts compatibly with AP to improvise the ignition 

temperature of the mixture. 

4.3.7 Kinetic Analysis  

The TGA thermogram for the AP/sorbitol sample (SP4) was obtained at 

different heating rates shown in Figure 4.17 respectively. As the heating rate increases, 

the curve gradually shifts towards higher temperatures. This phenomenon will likely 

occur, given that the low heating rate creates a longer time interval needed to produce 

curves.  DSC thermograph for AP/sorbitol/Mg (SP6) clearly depicts the phase change 

from orthorhombic to cubic occur at endothermic peak 243.49 C°. Three exothermic 

peaks appear as shown in Figure 4.17 and at a higher heating rate total mass 

decomposition happens at higher temperatures. The first exothermic peak is initial 

thermal decomposition happen at 234.41 C° mainly due to decomposition of sorbitol, 

second peak is Low thermal decomposition happen at 291.48 C° and third peak is high 

thermal decomposition occur at 358.96 C°, this could represent almost propellant has 

decomposed into gas and vaporized. 

Refer to Table 4.8, the calculated value of activation energy for the AP/sorbitol 

is 128.151 KJ/mol and 132.608 KJ/mol by KAS and FWO. After increasing the amount 

of AP, the value of activation energy changes significantly. The result highlights that 

high amounts of AP will increase the decomposition rate greatly, hence the amount of 

AP in propellant formulation will substantially affect the thermal decomposition of 

solid propellant. It is apparent that both activation energy of  SP4 and SP5 are lower 

than the reported for pure AP (223.5 kJ/mol) for the high temperature decomposition 

stage [191]. This is because sorbitol decomposes at lower temperatures and generates 

reactive intermediates that facilitate AP breakdown, resulting in a reduced apparent 

activation energy in the TGA measurements. It is suggested that sorbitol can alter the 

reaction pathways. Furthermore, differences in heating rate range, conversion interval 

selection, and the chosen kinetic model (Kissinger/FWO) can produce systematic 

variation in reported values. Therefore, the lower activation energies are attributed to 

formulation effects on sorbitol with AP decomposition and possible catalytic 

interactions between the AP/Sorbitol. This can also influence the pre-exponential factor, 
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it means that sorbitol has significant impact on kinetic decomposition process by 

lowering the activation energy.  

 

 
Figure 4.17  TGA Thermogram For AP/Sorbitol For Sample SP6 With Different 

Heating Rate And DSC Curves Of Thermal Decomposition Of AP/Sorbitol (SP6) 

The inclusion of magnesium metal into formulation causes a considerable 

change in the values of activation energy and exponential factors compared to the 

AP/sorbitol propellant. The value of activation energy for SP6 is 156.6773 KJ/mol using 

KAS and 161.156 KJ/mol using FWO was highest compared to all formulation because 

it does not provide catalytic path but improves the combustion energy for the propellant. 

Mg metal interacts with the reactants in the propellant mixture, stabilizing the initial 

state or intermediates and thereby increasing the activation energy [287]. This 

stabilization necessitates a higher energy input to overcome. Additionally, Mg may alter 

the reaction pathway, introducing steps with higher energy barriers. During thermal 

decomposition, magnesium reacts with chloride to form magnesium chloride, which 

acts as a chlorine scavenger, enhancing the thermal stability of the AP/sorbitol mixture. 

Consequently, this increased stability requires higher temperatures and activation 

energy to initiate decomposition.  

From the Table 4.8 shows the value of activation energy and pre-exponential 

factors decreasing with addition of ferric oxide for all formulation. The result points out 

that there is greatly catalytic proficiency in solid propellant especially for 

AP/sorbitol/catalyst which has the smallest activation and pre-exponential factors. 

Among all formulations, SP6, which incorporates magnesium, exhibited the highest 

activation energy (Ea), with values of 156.68 kJ/mol (KAS) and 161.16 kJ/mol (FWO), 
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indicating enhanced thermal stability and resistance to decomposition. SP8, containing 

both Mg and Fe₂O₃, also showed elevated Ea values, demonstrating a synergistic effect 

of the metal additives on the energy barrier. In contrast, SP5 formulated with a higher 

proportion of AP but without metal additives recorded the lowest Ea, suggesting easier 

ignition but reduced thermal control. SP4 (AP/sorbitol base) and SP7 (with only Fe₂O₃) 

fell within an intermediate range. The calculated pre-exponential factor (lnA) values 

were higher for SP6 and SP8, reflecting an increased reaction frequency and catalytic 

enhancement during decomposition.  

This is further supported by the lower Ea/lnA ratios of SP8 and SP7, which 

suggest improved burn rates and catalytic response. Although natural logarithm pre-

exponential factor and activation energy are two separate variables in theory but 

Gallagherh et al. [288] discovery of the kinetic compensating effect revealed a linear 

relationship between lnA and Ea. A lower Ea/lnA ratio indicates a more reactive system 

with a higher frequency of molecular collisions per unit energy barrier, typically 

associated with catalysed or enhanced decomposition pathways. For example, SP5, with 

the lowest Ea/lnA values (KAS 4.74), (FWO 3.89), demonstrates higher reactivity and 

faster decomposition, consistent with its high AP content and absence of metallic 

stabilizers. Conversely, SP4 and SP6 exhibit higher Ea/lnA ratios (KAS, 5.96 and 5.72 

respectively), reflecting greater thermal resistance and a more controlled decomposition 

profile. Interestingly, SP8 which combines Mg and Fe₂O₃ balances both energy and 

reactivity, with moderate Ea/lnA values (5.68 KAS; 4.02 FWO), suggesting a 

synergistic kinetic behaviour. 

 These findings indicate that magnesium increases both the activation energy 

and the thermal reactivity of the propellant, while ferric oxide predominantly acts as a 

burn-rate modifier. Ferric oxide enhances the decomposition rate of AP and the 

combustion of sorbitol due to its large surface area and numerous reactive sites [289]. 

It absorbs gaseous reactants, facilitating exothermic decomposition and acting as a 

catalyst for both AP decomposition and fuel oxidation. As a semiconductor with hole 

conductivity, ferric oxide accelerates electron transfer during AP decomposition, 

providing alternative reaction pathways and reducing the energy barrier. This results in 

a higher frequency of successful collisions and a lower pre-exponential factor, 

ultimately improving the overall reaction efficiency. The consistency of results between 

the KAS and FWO models confirms the reliability of the thermal analysis as illustrated 

in Figure 4.18 and Figure 4.19. Overall, the integration of magnesium and Fe₂O₃, as in 
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SP8, offers an optimized balance between thermal stability and ignition responsiveness, 

making it a promising formulation for minimum signature solid propellant applications.  

 

 

Figure 4.18 Kissinger Akahira Sunose (KAS) Linear Plots of Ln(Β/T²) Versus 1/T For 

SP4–SP8 Solid Propellant Formulations 
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Figure 4.19  Flynn–Wall–Ozawa (FWO) Linear Plots of Ln Β Versus 1/T For SP4–

SP8 Solid Propellant Formulations 

 

Table 4.8  

Thermo-Kinetics Data of AP/Sorbitol And AP/Sorbitol/Mg With Catalyst Using KAS 

And FWO. 

 KAS 

 

FWO 

 

 

Ea 

(KJ/mol) 

lnA 

(s-1) 

Ea/lnA 

(KJ/mols-1) 

Ea 

(KJ/mol) 

lnA 

(s-1) 

Ea/lnA 

(KJ/mols-1) 

SP4 (AP/SORB) 128.151 21.49 

 

5.963 132.608 29.45 

 

4.51 

SP5 (AP/SORB)  75.89019 16.01 

 

4.75 80.1004 20.54 

 

3.89 

SP6 

(AP/SORB/MG) 156.677 27.38 

 

5.722 161.156 37.28 

 

4.32 

SP7 

(AP/SORB/FE) 122.473 21.10 

 

5.803 124.26 29.87 

 

4.16 

SP8 

(AP/SORB/FE/Mg) 125.6495 22.12 

 

5.681 127.565 31.71 
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4.3.7.1 Mechanism 

The interaction between sorbitol and ammonium perchlorate (AP) plays a key 

role in determining the ignition and combustion behavior of sugar-based solid 

propellants. Sorbitol serves as the fuel, while AP acts as the oxidizer, supplying the 

oxygen needed for combustion. When heated, both components undergo thermal 

decomposition in a sequence of steps that lead to gas generation and heat release. 

Understanding this step-by-step mechanism helps explain how ignition occurs and how 

the reaction sustains itself, which is important for designing reliable and efficient 

propellants 

Step 1: Sorbitol Melting (~94°C) 

Sorbitol melts, improving thermal contact with solid ammonium perchlorate 

(AP). No major decomposition occurs yet. 

 

Step 2: Sorbitol Decomposition (200–250°C) in equation (4.2) 

Sorbitol starts to dehydrate and decompose, producing volatile fuel gases and char.   

C₆H₁₄O₆ → CH₂O + CH₃OH + CO + CO₂ + H₂ + H₂O + C (char)  (4.2) 

  

Step 3: AP Endothermic Decomposition (~242°C) shown in (4.3)          

NH₄ClO₄ → NH₃ + HClO₄  (4.3) 

AP begins endothermic decomposition, releasing ammonia and perchloric acid. 

 

Step 4: Exothermic Interaction (~297.8°C) shown in (4.4) and (4.5) 

HClO₄ + CO/H₂/CH₃OH → CO₂ + H₂O + Cl₂ Heat (4.4)              

NH₃ + O₂ → NO + H₂O (4.5) 

Oxidation of fuel gases from sorbitol by AP’s decomposition products releases 

significant heat. Ignition occurs here. 

Step 5: Final AP Decomposition (~452.8°C) shown in (4.6) 

2NH₄ClO₄ → N₂ + Cl₂ + O₂ + 4H₂O (4.6) 

Complete decomposition of AP releases oxygen and sustains combustion of any 

remaining fuel. 
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Step 6: Combustion of Char and Residual Fuel shown in (4.7) and (4.8) 

C + O₂ → CO₂ (4.7) 

C + ½O₂ → CO (limited O₂)             (4.8) 

Remaining solid carbon from sorbitol combusts using oxygen from AP or atmosphere. 

Overall Combustion Reaction (Theoretical) shown in (4.9) 

C₆H₁₄O₆ + NH₄ClO₄ + O₂ (from AP) → CO₂ + H₂O + N₂ + Cl₂ + Heat (4.9) 

A simplified representation showing sorbitol as fuel and AP as oxidizer in a highly 

exothermic propellant reaction. 

4.4 Testing and Measure of Solid Propellant Performance 

Minimum Solid rocket propellant was tested to determine its performance such 

as burn rate and thrust. For section 4.4.1 only one solid propellant which is 

Ap/Sorbitol/mg was tested as it aims propellant for this work same goes to section 4.4.2 

only AP/sorbitol/mg was tested and compared with common KNSB solid propellant. 

4.4.1 Thrust of Solid Propellant 

The Table 4.9 above summarizes the maximum thrust, total impulse, and 

specific impulse for KNSB, AP/Sorbitol, and AP/Sorbitol/Mg propellants. 

 

Figure 4.20  Thrust Profile for KNSB And AP Based Rocket Class D 
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Table 4.9  

Summary Of Thrust And Impulse Characteristics For Solid Propellants 
Propellant Max Thrust (N) Total Impulse (Ns) Specific Impulse (s) 

KNSB 2.61 2.42 12.33 

AP/Sorbitol 3.00 4.61 23.52 

AP/Sorbitol/Mg 4.40 5.81 29.60 

 

From Figure 4.20 thrust clearly increases from KNSB to AP-based propellants. 

AP/Sorbitol/Mg demonstrates the highest peak thrust. Total impulse nearly doubles 

when switching from KNSB to AP/Sorbitol and further increases with the addition of 

Mg. Specific impulse, a key measure of efficiency, also significantly improves. The 

data confirms that AP-based propellants are significantly more energetic than KNSB. 

AP/Sorbitol strikes a balance between safety and performance, while AP/Sorbitol/Mg 

offers even greater performance but at the cost of higher thermal. These characteristics 

make AP-based formulations ideal for applications requiring high thrust-to-weight 

ratios. This analysis is consistent with known propellant chemistry and supports the use 

of AP-based mixtures in advanced amateur and academic rocketry.  

The relatively low specific impulse obtained in this study compared with 

literature values can be attributed mainly to the low chamber pressure 120 psi and the 

laboratory scale motor class D.  Most reported specific impulse data for AP-based 

propellants are measured under high chamber pressures with optimized nozzle 

expansion ratios, where exhaust flow approaches ideal isentropic conditions. In the 

present work, the low operating pressure, near-ambient exhaust conditions, and 

simplified nozzle design resulted in significant heat losses, reduced exhaust velocity, 

and non-ideal expansion. In addition, the formulations were developed with an 

emphasis on low-signature combustion rather than maximum energetic performance.  

 

4.4.2 Smoke Opacity and Concentration of Solid Particle  

Figure 4.21 above shows the light transmittance % of various solid propellant 

formulations from SP4 to SP11 at three different sample weights: 0.2 g, 0.3 g, and 0.4 

g. SP4, SP5, and SP11 exhibit consistently high light transmittance values across all 

weights, exceeding 88%, with SP11 maintaining above 99% transmittance. In contrast, 

SP6, SP7, SP8, SP9, and SP10 demonstrate significantly lower transmittance, especially 

as weight increases. Notably, SP9 exhibits the lowest transmittance, dropping sharply 
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from 40.36% at 0.2 g to just 12.97% at 0.4 g. The data show a general trend of 

decreasing light transmittance with increasing sample weight, suggesting denser smoke 

production as propellant mass increases. SP4, SP5, and SP11 remain stable with only a 

slight drop, implying minimal smoke generation regardless of weight. Conversely, SP6, 

SP7, SP8, and SP9 display a significant reduction in transmittance as weight increases, 

indicating higher smoke opacity. SP8 shows better performance compared to SP6 and 

SP7, despite containing both magnesium and ferric oxide, which points to potential 

synergistic behaviour between the additives in reducing smoke formation. 

These results suggest that propellants without metal additives (SP4, SP5, and 

SP11) promote more complete combustion with fewer solid combustion by-products, 

resulting in higher light transmittance. In contrast, the presence of metal additives in 

SP6 to SP10, particularly magnesium and ferric oxide, contributes to greater smoke 

formation due to the production of metal oxides and chlorides that scatter light. The 

case of SP8 is especially interesting despite containing both additives, it maintains 

higher transmittance than SP6 and SP7 individually, suggesting that the combined 

interaction may improve the combustion pathway or reduce particulate agglomeration. 

SP9, with the lowest readings, likely represents a poorly optimized formulation with 

inefficient combustion or excessive condensed-phase products. 

These findings align with earlier research indicating that clean burning solid 

propellants particularly those free from metal fuels demonstrate superior light 

transmittance due to reduced particulate emission during combustion. In previous study 

[290] have shown that the inclusion of metal additives tends to increase primary smoke 

production due to incomplete vaporization and oxidation, contributing to lower light 

transmittance. Moreover, this trend supports the use of transmittance-based opacity 

measurement as a valid indicator of combustion energy and smoke signature of various 

propellant formulations. This result was used to determine smoke opacity to study detail 

about smoke particle from burning of propellant.  
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Figure 4.21  Light Transmittance Across Different Propellant Weights 

 

4.4.2.1  Smoke Opacity 

The Figure 4.22 presents the smoke opacity of various solid propellant 

formulations (SP4 to SP11) at three different sample weights: 0.2 g, 0.3 g, and 0.4 g. It 

is observed that SP4, SP5, and SP11 maintain very low smoke opacity across all 

weights, indicating clearer combustion. In contrast, SP6, SP7, SP8, SP9, and SP10 show 

significantly higher opacity values that increase with mass. SP9 recorded the highest 

opacity at 0.4 g, followed by SP6 and SP8. 

An upward trend in smoke opacity is evident with increasing propellant weight, 

especially in formulations containing metal additives. SP4, SP5, and SP11 remain 

consistently below 20% opacity, regardless of weight, suggesting efficient combustion 

and minimal particulate formation. SP6 and SP8 show moderate to high opacity, which 

increases steadily with added weight. Notably, SP9 exhibits a sharp spike, especially at 

0.4 g, indicating that its formulation results in a high concentration of smoke particles, 

potentially due to incomplete combustion or excessive condensed phase products. 

The increase in smoke opacity with weight supports the hypothesis that higher 

fuel loading leads to greater particulate production and denser smoke, especially in 

propellants with metallic content. SP6 (with magnesium) and SP7 (with ferric oxide) 

produce moderate levels of smoke due to the formation of metal oxides and chlorides. 

This is  Supported by previous studies [291]. SP8, which contains both Mg and Fe₂O₃, 

shows relatively lower opacity compared to SP6 and SP9, suggesting improved 
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combustion synergy. SP9 has high opacity indicates poor burn efficiency, possibly due 

to excessive metal additives or poor oxidizer-to-fuel balance. Meanwhile, SP11, which 

consists of non-metallic AP-based fuel, produces negligible smoke, aligning with the 

goal of minimum signature propellants. 

 

 

Figure 4.22  Smoke Opacity At Different Solid Propellant Weights 

The optical signature of the exhaust is governed primarily by formulation type 

and secondarily by propellant mass. Increasing propellant mass from 0.2 to 0.4 g 

generally decreases light transmittance and increases smoke opacity, indicating that 

larger mass containing metal additive generates a higher concentration of light-

scattering products in the plume. This mass effect is strongest for metal containing 

formulations (SP6–SP10), where smoke opacity rises sharply with mass, consistent with 

increased formation of condensed phase particulates (e.g., metal oxides and soot) that 

dominate light transmittance decrease. In contrast, SP4 and SP11 maintain consistently 

high light transmittance and near-zero smoke opacity across all masses, demonstrating 

that non-metalized formulations produce minimal condensed particles and remain 

relatively insensitive to mass changes in terms of visible signature. Overall, these results 

confirm that minimizing metal-derived condensed products is critical for achieving low-

signature behaviour, and they support the use of light transmittance and smoke opacity 

as a practical screening metric to distinguish low-smoke formulations from highly 

smoky ones under controlled test conditions. 



142 

4.4.2.2 Smoke particle  

SP9, SP10, and SP11 were excluded from the smoke particle residue collection 

test as they fell outside the primary scope of the study and were subject to experimental 

limitations. This decision was made to maintain methodological consistency and reduce 

experimental variability, ensuring that comparisons remained focused on the core 

objective evaluating the influence of metal additives within the AP/Sorbitol propellant 

system.  

Figure 4.23 presents the mass of solid smoke particles collected from the 

combustion of various AP/sorbitol-based solid propellants. SP4 and SP5, which contain 

no metal additives, produced the lowest amounts of particulate residue at 0.036 g and 

0.033 g, respectively. In contrast, SP6, SP7, and SP8 formulations incorporating 

magnesium, ferric oxide, or both exhibited higher levels of solid particulate emissions. 

SP6 yielded 0.043 g of residue, while SP7, containing only ferric oxide, generated the 

highest amount at 0.056 g. SP8, with both Mg and Fe₂O₃, produced 0.046 g, slightly less 

than SP7, suggesting a synergistic interaction that may enhance combustion energyand 

reduce unburned particulate emissions. 

The trend indicates that metal additives increase the solid residue content due to 

incomplete combustion and the formation of metal oxides and chlorides, which remain 

as condensed phase products. However, the slightly reduced particle mass in SP8 

compared to SP7 suggests that magnesium may react with chlorine-based combustion 

products, forming volatile compounds or reducing particle agglomeration. This aligns 

with findings from previous studies [292], where magnesium has been reported to 

improve combustion completeness and reduce smoke density when used with oxidizers 

like AP. 

These results demonstrate a clear relationship between the type of metal additive 

used and the quantity of solid combustion residue formed. They also support the 

hypothesis that combining metal fuels and catalysts, such as in SP8, can potentially 

optimize combustion behaviour while minimizing particulate emissions. Overall, the 

particle mass data validate findings from light transmittance and opacity measurements, 

confirming the influence of formulation on smoke characteristics and combustion 

cleanliness. 
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Figure 4.23  Mass of Solid Residue Collected from the Combustion of Solid 

Propellant Samples 

 

4.4.2.3  Morphology and Elemental Composition of Combustion Residue 

Solid Propellants SP7 and SP8 were selected for this analysis primarily because 

it left solid combustion product. The SEM image of SP7, presented in Figure 4.24, 

reveals a porous and rough surface morphology, indicative of a high-energy, catalysed 

combustion process accompanied by substantial gas evolution. The presence of ferric 

oxide round by red colour likely played a significant role in this structure, contributing 

to an increased burn rate and resulting in an open, sponge-like residue. This irregular 

morphology may also suggest a degree of incomplete combustion, with unreacted or 

residual iron oxides contributing to the rough surface texture. 

In comparison, SP8, as shown in Figure 4.25, exhibits a similarly porous 

structure with numerous cavities and voids, signifying intense gas release during 

combustion consistent with the observations in SP7. However, the surface texture of 

SP8 appears comparatively smoother and less aggressively rough. This difference is 

likely attributed to the combined effect of magnesium (green colour) and ferric oxide 

(Fe₂O₃) within the formulation. Magnesium may facilitate a more energetic and uniform 

burn, which partially melts the residue surface, leading to smoother and less irregular 

features. This morphology is consistent with a system in which both energetic fuel (Mg) 

and a catalytic agent (Fe₂O₃) are present, producing a more intense yet controlled 

combustion. The appearance of rounded or globular features may represent re-solidified 

metal oxides, such as MgO, magnesium chloride and mixed oxides involving Ferric 
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oxide. The dual-metal additive system in SP8 appears to enhance combustion energy 

and modifies the post-combustion residue morphology, resulting in a cleaner and more 

uniform surface compared to SP7. 

 

 

Figure 4.24  SEM Image For Solid Residual of SP7 

 

 

Figure 4.25 SEM Image For Solid Residual Of SP8 

 

The EDS in Figure 4.26 depict the results for SP7 support the morphological 

observations obtained from SEM analysis. A significant presence of oxygen (45.07 

wt%) and chlorine (45.78 wt%) was detected, primarily originating from the 

decomposition of ammonium perchlorate AP (yellow), the main oxidizer. A smaller 

proportion of iron (1.41 wt%) is attributed to the ferric oxide (Fe₂O₃) catalyst, while the 

presence of carbon (7.74 wt%) is likely derived from the sorbitol fuel component. The 

high oxygen content reflects an intense oxidation environment during combustion, 

while the elevated chlorine level indicates a strong contribution from AP 
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decomposition. Although the iron content is relatively low, its presence confirms the 

catalytic role of ferric oxide, which enhances the thermal decomposition of AP without 

being fully consumed in the reaction. The residual iron likely remains in the form of 

unreacted iron oxide byproducts. The observed carbon content suggests incomplete 

combustion or the presence of carbonaceous residues, consistent with the rough, porous 

texture seen in the SEM image of SP7. 

In the case of SP8, the EDS analysis reveals a combustion residue rich in oxygen 

(57.10 wt%) and carbon (23.39 wt%), indicating that oxidation played a dominant role 

during combustion. Magnesium, detected at 2.67 wt%, reflects the inclusion of Mg as a 

metal additive. Its presence in the residue suggests that magnesium did not completely 

vaporize but instead contributed to the formation of condensed products, such as 

magnesium oxide (MgO) and magnesium chloride (MgCl₂). Acting as a chlorine 

scavenger, magnesium likely reacted with chlorine gas released during AP 

decomposition, which may explain the smoother globular features observed in the SEM 

image. Chlorine content was measured at 15.51 wt%, confirming AP’s role in the 

oxidizing process which react with magnesium metas to form solidified magnesium 

chloride. Iron was also detected at a low level (1.33 wt%), representing ferric oxide 

used as a catalytic additive. Although present in small quantities, Fe₂O₃ likely enhanced 

the burn rate by accelerating AP decomposition. Its low residue content supports the 

conclusion that ferric oxide served primarily as a catalyst rather than a major component 

of the combustion byproducts. 

In conclusion, The results in Figure 4.26 show that SP7, with ferric oxide alone, 

catalyzes the decomposition of AP but doesn't suppress chlorine release, which explains 

its high Cl concentration. The low carbon content implies relatively complete 

combustion. In contrast, SP8 demonstrates a balanced combustion effect due to the 

synergistic interaction between magnesium and ferric oxide. Magnesium scavenges 

chlorine to produce magnesium chloride in solid form and gas product. Which 

contributes to smoother post-combustion residues (as confirmed by SEM), while ferric 

oxide enhances the decomposition rate. The increased oxygen and carbon content in 

SP8 suggest higher reactivity, possibly with the formation of metal oxides and other 

stable residue.  
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Figure 4.26 Energy-Dispersive X-Ray Spectroscopy For Sp7 And Sp8 

 

4.4.2.4 Mechanism of Combustion Solid Propellant 

Initial conclusion the comparison of smoke density from the combustion of 

AP/sorbitol-based solid propellants with other conventional formulations such as 

AP/HTPB/Al and KNO₃/sorbitol reveals that the AP/sorbitol system produces 

significantly less smoke. This reduced smoke generation can be attributed to the 

efficient combustion mechanism that occurs between ammonium perchlorate (AP), a 

powerful oxidizing agent, and biodegradable organic polymers such as sorbitol and 

starch. The strong oxidizing capability of AP ensures complete oxidation of the organic 

fuel, minimizing the formation of carbonaceous soot. The simplified combustion 

reaction for the AP/sorbitol-based propellant is as follows in (4.10). 

C₆H₁₄O₆ + 6NH₄ClO₄ → 6CO₂ + 16H₂O + 3N₂ + 6HCl+O2  (4.10) 

       

In this reaction, sorbitol undergoes oxidation in the presence of AP, producing 

carbon dioxide, water, nitrogen, and hydrogen chloride (HCl) gas. While the absence of 

soot formation contributes to a cleaner combustion process, the production of HCl 

remains a concern due to its corrosive and toxic nature. To address this issue, metal 

additives are incorporated into the propellant formulation to function as chlorine 

scavengers, effectively reducing HCl emissions. For instance, magnesium (Mg) reacts 

with HCl through the following reaction (4.11). 
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Mg + 2HCl → MgCl₂ + H₂ (4.11)  

This reaction results in the formation of magnesium chloride (MgCl₂), a 

condensed-phase product, thereby capturing chlorine in solid form and preventing its 

release as a gaseous pollutant. Similarly, ferric oxide (Fe₂O₃) reacts with HCl as follows 

(4.12).  

Fe₂O₃ + 6HCl → 2FeCl₃ + 3H₂O (4.12) 

  

This acid-base reaction produces iron (III) chloride (FeCl₃) and water, further 

contributing to the reduction of free HCl gas in the exhaust. These metal additives thus 

play a critical role in enhancing the environmental performance of AP-based propellants 

by facilitating cleaner combustion and mitigating the release of harmful chlorine-

containing gases. 

4.4.3  AGARD Classification 

The AGARD classification in Table 4.10 for SP4 to SP8 reveals distinct trends 

in smoke signature based on formulation composition. SP4 and SP5, without metal 

additives, exhibited the highest light transmittance (~94–98%) and lowest smoke 

residue masses (0.036 g and 0.033 g), making them AGARD Class A of STANAG 

6016, indicative of clean combustion and minimal visual obstruction for primary smoke 

production.  

Table 4.10  

Agard Smoke Classification  

Sample AGARD Smoke 

Class 

SP4 AB 

SP5 AB 

SP6 BB 

SP7 BB / BC 

SP8 BB 

 

In contrast, SP6 and SP7, containing magnesium and ferric oxide respectively, 

demonstrated reduced light transmittance (~45–76%) and higher smoke particle mass 
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(up to 0.056 g), placing them in Class BB/BC due to denser smoke production from 

metal oxide and chloride residues. SP8, incorporating both Mg and Fe₂O₃, showed an 

intermediate performance with a moderate smoke profile (classified as BB), suggesting 

a synergistic effect that balances thrust enhancement with reduced particulate output.  

These results confirm that while metal additives improve energy release and 

combustion energy, they also introduce condensed phase byproducts that increase 

visual signature. The observed classifications align with AGARD PEP WG-21 criteria 

and findings from previous studies, supporting the conclusion that formulation tuning 

directly influences both performance and visual detectability in solid propellants. 
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CHAPTER 5 

CONCLUSION AND RECOMMENDATIONS 

5.1 Chapter Overview 

This chapter concludes the contribution of the study involving the development 

of minimum signature solid propellant. The conclusion involves determination of 

formulation, production and experimental work. The main objective of this work is 

developed and determine the magnitude of combustion product was also summarized. 

Further work arising from study have been identified and highlighted in the final section 

of this chapter. 

5.2 Conclusion 

The synthesis of AP/sorbitol-based propellants with varied compositions was 

successfully achieved and yields several findings. The optimum ratio between 

ammonium perchlorate and sorbitol was calculated to be 77 wt.% based on elemental 

stoichiometric coefficients and oxygen balance analysis. Open burning tests of the 

optimum formulation showed that the ammonium perchlorate/sorbitol propellant 

produced no visible smoke and left no solid residue. This indicates that all carbon 

compounds in sorbitol were completely oxidized by the oxygen supplied by ammonium 

perchlorate. The addition of metal additives significantly improves the burning rate of 

the solid propellant. 5 wt.% magnesium metal and ferrous oxide exhibit a strong 

synergistic effect, increasing the burning rate to 0.126 cm/s. Furthermore, the visual 

inspection during open burning trials revealed clear distinctions in flame colour and 

intensity between additive-free and additive-enhanced formulations 

The investigation of the AP/sorbitol solid propellant revealed that an ammonium 

perchlorate content of 77 wt.% represents the optimal condition in terms of energy 

release. It was observed that increasing the oxidizer content beyond this level reduces 

the heat of combustion and, consequently, degrades solid propellant performance. 

Conversely, higher oxidizer content enhances the thermal stability and increases the 

ignition temperature of the propellant. The addition of 5 wt.% magnesium metal 
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significantly enhances both heat energy release at 4142.57 kJ/mol and high specific 

impulse at 183.56 s, indicating that its role extends beyond that of a chlorine scavenger. 

Furthermore, the presence of magnesium markedly increases the thermal stability of the 

AP/sorbitol mixture by promoting stable high ignition temperature 243.59 ˚C. In 

contrast, 0.05 wt.% ferric oxide, which functions primarily as a catalyst, does not 

directly contribute to energy release or propellant performance. However, it effectively 

reduces the ignition temperature and thermal decomposition temperature, although it 

does not significantly affect overall performance. Finally, the combined use of 

magnesium and ferrite additives demonstrates a synergistic effect with the AP/sorbitol 

solid propellant, leading to improved performance and increased energy release.  

Mechanical properties of solid propellant significantly affected by the inclusion 

of metal additives. Incorporating magnesium (Mg) and ferric oxide into solid propellant 

compositions has been shown to significantly enhance the mechanical properties and 

toughness of the propellant. As indicated by the results, the baseline sample without 

metal additives exhibits the lowest stress and Shore hardness values. The addition of 5 

wt.% Mg improves these mechanical properties, while the inclusion of 1 wt.% ferric 

oxide further enhances ductility and energy absorption. The combined addition of both 

Mg and ferric oxide in SP8 yields the highest overall stress at 1.116 N/mm2. 

Fourier Transform Infrared Spectroscopy (FTIR) analysis demonstrated clear 

molecular interactions between additives and the binder-oxidizer system, such as 

changes in –OH and NO₃ vibrational modes, supporting evidence of catalytic influence 

and structural modification. X-ray Diffraction (XRD) analysis further revealed the 

presence of crystalline phases such as MgO, FeCl₃, and residual AP, confirming the 

formation of stable combustion byproducts and partial additive retention in the post-

combustion matrix. Scanning Electron Microscopy (SEM) combined with Energy 

Dispersive X-ray Spectroscopy (EDS) highlighted distinct morphological differences 

between the samples. SP7 and SP8 displayed porous and sponge-like microstructures 

with embedded particulate residues, while EDS confirmed the presence of Mg, Fe, Cl, 

and O, indicating partial reactions and metal oxide formation. These structural changes 

are consistent with accelerated decomposition and increased reactivity due to the 

presence of additives. Additionally, CHNS-O elemental analysis revealed variations in 

carbon, oxygen, and chlorine content across formulations, supporting evidence of 

combustion completeness and additive interaction.  
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The kinetic evaluation using Flynn–Wall–Ozawa (FWO) and Kissinger–

Akahira–Sunose (KAS) methods showed that the activation energy (Ea) varied between 

75–161 kJ/mol across formulations, with SP6 exhibiting the highest Ea at 

156.677KJ/mol using KAS and 161.156KJ/mol using FWO, due to its energy-dense 

combustion reaction pathway. The presence of magnesium increases the ignition barrier 

due to metal oxidizer interactions, while contributing high heat release once combustion 

occurs. Magnesium therefore contributes to higher energy release during combustion, 

despite increasing the measured activation energy in the thermal analysis stage. 

Conversely, ferric oxide exhibits a catalytic effect by lowering the activation energy at 

value 122.473 KJ/mol using KAS and 124.26 KJ/mol using FWO, facilitating proton 

and electron transfer during AP decomposition and promoting earlier breakdown of the 

oxidizer. The combined kinetic trends confirm that sorbitol content, metal fuel addition, 

and catalytic additives collectively govern the thermal decomposition behaviour and 

combustion efficiency of the AP/sorbitol-based propellants. The result of kinetic 

parameters evaluated from KAS is used as final value, due to accuracy as mentioned in 

literature [293].  

The static firing tests demonstrate that the incorporation of magnesium 

significantly enhances propellant performance, producing a peak thrust of 4.40 N and a 

specific impulse of 29.60 s. Formulations employing a weaker oxidizer generated a 

lower thrust of 2.61 N compared to 3.00 N for formulations with a stronger oxidizer, 

despite using the same fuel composition. These results clearly indicate that oxidizer 

strength plays a decisive role in, thrust generation. Overall, the findings confirm that 

both metal additives and oxidizer selection are critical parameters in optimizing the 

thrust and specific impulse of solid propellants. 

The light transmittance of a solid propellant increases when fewer or no metal 

additives are present in the formulation. For example, SP4 at a mass of 0.4 g exhibits a 

light transmittance of 94.1%, which is higher than that of samples containing metal 

additives at the same mass. AP-based solid propellants incorporating biodegradable 

natural polymers as fuel show the highest light transmittance, reaching up to 99% across 

all tested masses, indicating significantly reduced smoke intensity during combustion. 

This observation confirms that metal inclusion plays a crucial role in the formation of 

primary smoke. Meanwhile, samples formulated with a weak oxidizer exhibit the lowest 

light transmittance value of 12.97%, confirming that oxidizer strength plays a critical 

role in achieving clean and smoke-free combustion. 
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The combination of environmentally friendly biodegradable organic polymers 

with a strong oxidizer substantially reduces smoke and soot formation, thereby 

mitigating the adverse effects typically associated with AP combustion. Experimental 

results using starch instead of sorbitol as the fuel demonstrate that the use of natural 

polymers in AP-based formulations produces no solid residue after combustion, 

confirming that biodegradable fuels promote cleaner combustion. 

Overall, the combustion of AP/sorbitol-based solid propellants under Malaysian 

ambient conditions (73–80% relative humidity) resulted in minimal smoke and no 

observable solid residues, confirming near-complete combustion driven by the 

synergistic interaction between sorbitol and ammonium perchlorate. However, the 

results also demonstrate that ambient temperature and relative humidity significantly 

influence smoke visibility, indicating that environmental conditions must be considered 

when evaluating the exhaust signature and operational performance of minimum-

signature solid propellants. 

SP4 and SP5 remain the cleanest-burning options, while SP8 emerges as the 

most promised formulation for tactical applications requiring both performance in term 

of specific impulse and energy release. The AGARD smoke classification applied in 

this study provides a structured framework for evaluating the exhaust signature of 

AP/sorbitol-based solid propellants by considering both primary and secondary smoke 

characteristics. Primary smoke was assessed through measured light transmittance and 

smoke opacity, reflecting the concentration of condensed-phase particles, while 

secondary smoke was evaluated based on visible exhaust persistence influenced by 

gaseous products and ambient conditions. By integrating experimental opacity 

measurements with AGARD-defined qualitative criteria, the classification reliably 

differentiates propellant formulations according to their smoke behaviour, supporting 

its suitability for minimum-signature performance assessment in this research. 

The flow diagram outlining the development process of the minimum-signature 

solid propellant for this study is presented in Appendix 2. It begins with the classical 

approach of balancing chemical equations to establish a clear understanding of the 

appropriate ratio between oxidizing and reducing agents. This is followed by 

determining the optimal amount of oxygen and elemental stoichiometric equation 

required to achieve complete combustion, with the goal of producing a low-smoke 

exhaust that meets the STANAG 6016 Class A standard as defined in AGARD PEP 

WG-21 for minimum-signature solid propellants.  



153 

5.3 Recommendations  

The objectives of this research were successfully met; however, certain 

limitations and scope constraints restricted broader exploration of its application in 

rocketry. To advance the current findings, several extensions can be undertaken. The 

following recommendations are proposed for future work to further enhance the 

understanding of minimum-signature solid propellants: 

i) The use of strong oxidizing agents in combination with biodegradable fuels 

has been shown to produce cleaner combustion. In addition to sorbitol, fuels 

such as starch and sucrose also exhibit minimum-signature characteristics. 

These observations suggest a notable relationship between strong oxidizers 

and biodegradable fuels in promoting low-smoke, environmentally friendly 

combustion behaviour. 

ii) The primary formulation investigated in this study AP/Sorbitol is highly 

hygroscopic, resulting in a short shelf life due to its tendency to absorb 

moisture from the surrounding environment. While for magnesium it 

surfaces layer expose to moist air will form a magnesium oxide which is 

hygroscopic. This moisture uptake negatively impacts key performance 

parameters, including ignition temperature, energy release, mechanical 

strength, and smoke generation, all of which deteriorate over time. To 

address this issue, effective strategies must be developed to reduce or 

mitigate the hygroscopicity of the formulation, as all three components AP, 

sorbitol, and magnesium are inherently moisture sensitive. 

iii) Another interesting incidental finding in this study is that replacing sorbitol 

with starch significantly mitigates the issue of hygroscopicity. Starch, a 

natural biodegradable polymer, demonstrated clean combustion with no 

visible smoke or soot, along with a notably high burning rate. To utilize 

starch as a fuel, thermal processing was carried out by cooking it with the 

oxidizing agent in water until polymerization occurred, followed by cooling 

and curing for approximately one week. Under these processing conditions, 

the resulting solid propellant was observed to exhibit promising 

characteristics, including relatively high mechanical strength, low 
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hygroscopic behaviour, rapid combustion, and a soot-free exhaust. These 

encouraging attributes suggest that biodegradable polymer-based 

propellants warrant further detailed investigation to fully explore their 

potential in environmentally friendly, high-performance solid propulsion 

systems. 

iv) The addition of ferric oxide as a catalyst effectively lowers the ignition 

temperature and exhibits synergistic behaviour with other propellant 

formulations. Moreover, it maybe reduces the hygroscopicity of the mixture 

which need to do a further work on this and enhances the mechanical 

strength of each composition. However, its use can lead to unstable and 

vigorous combustion, which in some cases may result in explosive 

reactions. Therefore, the development and investigation of alternative 

catalysts are necessary those that offer advantages in both physical and 

chemical properties to ensure improved performance and enhanced safety. 

v) Furthermore, the formulation of AP/Sorbitol/Mg with the addition of ferric 

oxide was observed to produce an explosive output surpassing that of 

ammonium nitrate-based explosives. Hypothetically, this composition 

possesses high energy density and can detonate when triggered by a smaller 

initiating explosion, indicating a potential for high explosive power. While 

it does not self-detonate under normal conditions, the requirement of a 

primary detonation to initiate a secondary, more powerful reaction suggests 

a controlled yet highly energetic behaviour. This provide a gap need to be 

investigated about explosive behaviour of these substances. This accidental 

discovery deserves thorough investigation to evaluate its viability as a high 

energy density explosive for defence applications, while ensuring 

compliance with safety standards and regulatory requirements. 

vi) The use of the Ballistic Evaluation Motor (BEM) with end burning method 

to determine the burning rate is not recommended since this way produce 

small nozzle diameter and cause ignition difficulties often lead to several 

issues, including unexpected explosions and cracking of the solid propellant 

grain. Instead, a hollow-tube grain configuration is advised, as it promotes 

more stable ignition and controlled combustion [294]. For better accuracy 

and safety, it is recommended to position a pressure sensor at the end of the 
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grain and employ a free-standing setup to minimize mechanical stress on 

the propellant. This approach improves test reliability while reducing the 

risk of structural failure during combustion 
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APPENDIX 1 

 

Diagram for Nozzle design  

 

Example of calculation for stoichiometric coefficient  

EMPIRICAL  

FORMULA  

WEIGHT%  MOLECULAR  

WEIGHT 

G/MOL 

MOLAR 

PROPORTION 

IN 1 G 

MOL OF ATOMS IN 1 G OF SOLID FUEL MIXTURE 

C H N O CL 

𝑁𝐻4𝐶𝑙𝑂4 

(AP) 

60 117.49 0.511 - 2.044 0.511 2.044 0.511 

𝐶6𝐻14𝑂6 

(SORBITOL) 

40 182.17 0.2196 1.32 3.074 - 1.318 - 

   TOTAL 1.32 5.11 0.511 0.360 0.511 
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