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Abstract: High-burn-rate solid rocket propellants (SRPs) play a critical role in modern launch vehicles,
tactical missiles, and advanced propulsion systems due to their ability to deliver high thrust-to-weight ratios,
rapid pressurization, and improved responsiveness'. This review synthesizes current advancements in three
major areas: (1) high-burn-rate solid propellant formulations?, (2) aluminium-based composite propellants?,
and (3) techniques developed to increase burn rate and combustion efficiency*. Through an extensive
evaluation of experimental results’, combustion modelling®, material science innovations’, and additive
incorporation strategies®, this paper provides a unified perspective on how burn rate can be optimized while
maintaining mechanical integrity®, thermal stability’®, and environmental compliance''. The review also
highlights comparative performance trends'?, challenges'?, and future research directions'* relevant to both
academic and industrial propulsion communities.
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1.Motivation Behind the Study

There is an increasing demand in aerospace and defense for compact, high-thrust motors capable of rapid
ignition and fast thrust build-up, which drives research into high-burn-rate solid rocket propellants'**.
Conventional propellant formulations often suffer from limited burn rate and combustion efficiency,
constraining thrust output and responsiveness; this motivates the exploration of novel propellant chemistries
and additive strategies'*.

Among various formulations, aluminium-based composite propellants remain widely used because aluminium
offers high energy density, favourable thermochemical properties, and well-established processing methods'®.
However, aluminium combustion presents challenges such as incomplete combustion, slag formation, and
two-phase flow losses, which can degrade performance — motivating detailed research into aluminium
particle behavior, size effects, and combustion dynamics'’.

To overcome these limitations and enhance burn rate and combustion stability, modern studies investigate
nano-additives, catalytic particles, modified oxidizers, and microstructural engineering, seeking to accelerate
decomposition kinetics and optimize flame-zone heat feedback'*®. Systematic experimental studies varying
additive loadings, particle size distributions, and oxidizer—fuel ratios have demonstrated significant
improvements in burn rate and mass flow, providing empirical evidence for the effectiveness of enhancement
techniques'**.
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Finally, advancements in such propellant technologies support the development of next-generation aerospace
systems — from small launch vehicles and boosters to tactical missiles — offering better performance,
reliability, and flexibility to meet evolving mission profiles'*.

1.1 Introduction

Solid rocket propulsion remains a cornerstone of both strategic and spaceflight applications due to its
simplicity, storability, reliability, and high energy density?. In recent years, the scientific community has
focused heavily on improving propellant burning behavior to meet the rising demand for higher performance
launch systems, missile systems, and micro-satellite propulsion units®>. Advancements in chemical
formulation, particle engineering, energetic material integration, and combustion modelling have enabled
significant improvements in propellant burn rate, combustion stability, pressure sensitivity, and specific
impulse?.

Among many research directions, three domains have received the greatest attention: (1) high-burn-rate
propellant chemistry and microstructural optimization?, (2) aluminium-based composite propellants and their
combustion mechanisms?, and (3) burn rate enhancement techniques including catalytic additives, energetic
nanoparticles, thermal conductivity modifiers, and optimized binder systems?. This review integrates these
three areas into a comprehensive scientific narrative, providing an in-depth evaluation of progress, limitations,
and developmental pathways for next-generation solid propellants?

2. High-Burn-Rate Solid Rocket Propellants
2.1 Overview of High-Burn-Rate Propellant Chemistry

High-burn-rate solid rocket propellants (SRPs) are engineered to achieve significantly higher regression rates
under operating pressures compared to conventional composite propellants®. Their formulation typically relies
on oxidizer-rich compositions, enhanced energetic binders, and specialized catalysts that accelerate the surface
decomposition kinetics during combustion®. High-burn-rate propellants are especially crucial for tactical
missiles and booster stages where rapid chamber pressurization and high thrust are required®. The fundamental
principle underlying high burn rates involves increasing the heat feedback to the propellant surface while
simultaneously accelerating gas-phase reactions?®. Thus, the chemistry often leverages optimized ammonium
perchlorate (AP) sizes, advanced metal fuels, and high-energy plasticizers that improve flame temperature and
heat release rate’.

2.2 Physical Mechanisms Influencing Burn Rate

The burn rate of a solid propellant is affected by heat conduction, surface pyrolysis, gas-phase diffusion, and
flame chemistry*. High-burn-rate formulations enhance these mechanisms through structural and
thermochemical modifications*. For example, reducing the particle size of oxidizers increases surface area,
improving heat transfer and decomposition rate*. Similarly, adding metallic fuels enhances radiation feedback,
raising burn temperature and thereby accelerating linear burn rate*. The Arrhenius-type dependence of burn
rate on temperature means even modest increases in surface heat flux lead to significant burn-rate
amplification®. Pressure exponent control is also essential: high-burn-rate propellants typically exhibit lower
pressure exponents to maintain combustion stability at elevated chamber pressures*.

2.3 Energetic Binders for High Burn Rate

Traditional composite propellants often rely on hydroxyl-terminated polybutadiene (HTPB) as a binder;
however, modern high-burn-rate propellants incorporate energetic binders such as GAP, BAMO/AMMO
copolymers, and polyNIMMO?. These binders release additional energy during combustion and enhance flame
propagation near the propellant surface®. Their intrinsic energetic nature increases the concentration of reactive
species such as NO, NOz, and HNCO in the flame zone, enabling faster flame spreading and increased heat
feedback®. When combined with energetic plasticizers such as nitroglycerin or BTTN, these binder systems
greatly enhance burn rate without compromising mechanical properties®.
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Image 1: Energetic Copolymer'*?
2.4 High-Energy Plasticizers

The addition of high-energy plasticizers—such as nitroglycerin (NG), TMETN, or energetic ionic liquids—
plays a critical role in tailoring burn rate®. These substances act both as fuel-rich components and combustion
accelerants, improving the thermal decomposition characteristics of the binder system®. They also decrease
the activation energy of the propellant’s decomposition step, enabling a faster transition from condensed-phase
breakdown to gas-phase combustion®. High-energy plasticizers also improve low-temperature mechanical
behavior, which is crucial for missile systems operating in diverse climatic conditions®.
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Image 2- High Energy Plasticizer's
2.5 High-Burn-Rate Catalysts

Catalytic additives are the most direct method of increasing burn rate in composite formulations’. Common
burn-rate catalysts include iron oxide (Fe20s), copper chromite (CuCr204), nano-copper oxide, and ferric—
ferrous oxides’. These catalysts lower the activation energy of AP decomposition and enhance exothermic
surface reactions’. Nano-catalysts in particular exhibit extremely high surface-to-volume ratios, enabling rapid
thermal energy exchange and increased flame-zone reactivity’. Even small additions of nano iron oxide (0.5—
2 wt%) can increase burn rate by 20-60% at moderate pressures’. Additionally, organometallic catalysts such
as ferrocene derivatives act in both the condensed and gas phases, providing strong burn-rate sensitivity
control’.

2.6 Microstructural Engineering for High Burn Rate

The microstructure of a propellant—including particle size distribution, oxidizer—fuel interface morphology,
and binder crosslink density—plays a decisive role in determining burn rate®. High-burn-rate propellants often
employ bimodal or multimodal AP particle distributions to increase packing density and create controlled
thermal pathways®. Surface-modified aluminium particles, coated ammonium perchlorate, and nano-
aluminium additives enhance thermal conductivity and facilitate high-temperature hot-spot formation®. These
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hot-spots accelerate deflagration and deep-layer decomposition®. Improvements in microstructural uniformity
also reduce combustion instabilities such as oscillatory burning and slag accumulation®.

2.7 Combustion Stability in High-Burn-Rate Propellants

While high burn rate is desirable, maintaining combustion stability is critical for structural integrity and
mission reliability®. As burn rate increases, propellants become more sensitive to pressure waves and acoustic
coupling within the combustion chamber®. Stabilizers such as carbon black, ultrafine AP, and inert mineral
additives can be used to control flame structure and suppress feedback oscillations®. Additionally, maintaining
an optimized pressure exponent (typically between 0.3—0.5 for high-burn-rate systems) ensures smoother
combustion®. Extensive testing in strand burners, Crawford bombs, and T-burners enables characterization of
stability under real operating pressures®.
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Image 3. (a,b) SEM images of CuO with different particle sizes: (a) CuO-L; (b) CuO-S. (c) Particle size
distribution diagram of CuO-L and CuO-S; (d) XRD patterns of CuO-L and CuO-S. (e,f) XPS images of CuO
with different particle sizes: (¢) CuO-L; (f) CuO-S. (g) BET results of CuO-L and CuO-S. (h,i) Direct band
gap estimations of CuO with different particle sizes: (h) CuO-L; (i) CuO-S***

2.8 Applications of High-Burn-Rate Propellants

High-burn-rate composite propellants are widely used in:
» tactical missile boosters (e.g., MANPADS, ATGMs) '°
* upper-stage kick motors'®

* interceptor systems'®

« air-launch propulsion units'®

* next-generation sounding rockets'®

Their ability to deliver fast ignition, high thrust, and enhanced maneuverability makes them indispensable for
high-performance aerospace missions'. The rapid thrust generation is also valuable for systems requiring
immediate acceleration, such as anti-ballistic missile interceptors and escape motors'®. Integration with nano-
energetic materials continues to push propellant performance boundaries'.
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3. Aluminium-Based Composite Propellants
3.1 Introduction to Aluminium-Based Composite Propellants

Aluminium-based composite propellants represent the dominant class of solid rocket propellants due to
aluminium’s exceptionally high enthalpy of combustion, favorable combustion product energetics, and strong
contribution to specific impulse''. In typical AP/HTPB composite propellants, aluminium particles comprise
14-20 wt% of the formulation, acting as a high-energy metallic fuel that enhances flame temperature and
increases total heat release during combustion''. The inclusion of aluminium not only improves theoretical
performance but also enhances combustion stability and reduces vulnerability to erosive burning under high
flow velocities''. This makes aluminium an indispensable component for space launch boosters, strategic
missile motors, and high-performance propulsion systems''.

3.2 Thermochemical Advantages of Aluminium

The thermochemical properties of aluminium are central to its use in composite propellants'?. Aluminium
exhibits a high heat of oxidation (~31 kJ/g), which significantly increases chamber temperature and therefore
the propellant’s characteristic velocity (c¢*)'?. Higher flame temperature correlates to improved burn rate,
improved chamber pressure, and enhanced specific impulse'?. The formation of Al:Os during combustion,
although solid, contributes to increased radiative heat flux back to the propellant surface'?. Furthermore,
aluminium’s high density enables more energetic mass per unit volume, improving propellant energy storage
efficiency and allowing more compact grain designs'>. These advantages make aluminium a highly effective
combustion intensifier'%.

3.3 Aluminium Particle Combustion Mechanism

The combustion of aluminium particles occurs in several stages: heating, melting, oxide shell rupture,
vaporization, and heterogeneous flame formation'. Initially, aluminium is coated with a thin oxide shell
(Al20s), which acts as a diffusion barrier and influences ignition time'®. As particles heat, the core melts and
pressure build beneath the oxide layer'*. Once ruptured, the molten aluminium reacts vigorously with
oxidizing gases, forming a diffusion flame consisting primarily of AlO, AIOH, and Al.O species'®. The
efficiency of this process depends strongly on particle size, with smaller particles exhibiting reduced ignition
delays and more complete combustion'>. However, coarse particles (>30 um) tend to produce condensed-
phase slag, reducing efficiency and potentially affecting nozzle deposition®.

3.4 Agglomeration and Oxide Shell Effects

One of the major challenges associated with aluminium-based propellants is particle agglomeration during
combustion'. As aluminium particles soften and melt, they may coalesce on the propellant surface, forming
large molten droplets that persist until expelled into the chamber'®. These agglomerates burn less efficiently
due to lower surface-area-to-volume ratio and may form high-density slag that accumulates in the nozzle
region'*. The oxide shell surrounding aluminium particles also plays a significant role in this behavior; thicker
oxide layers impede ignition and promote delayed combustion'*. Researchers have developed several methods
to mitigate agglomeration, including modifying aluminium surface chemistry, doping with fluorinated
polymers, and incorporating metal oxide nucleation seeds'*.

3.5 Nano-Aluminium Propellants

The introduction of nano-sized aluminium particles (typically <100 nm) has been a major breakthrough in
enhancing combustion within composite propellants'>. Nano-aluminium exhibits far lower ignition
temperatures, reduced oxide-shell thickness, and explosive reactivity due to its extremely high surface area's.
These characteristics result in faster heat release, improved burn rate, and more complete combustion'®. Nano-
aluminium also significantly reduces agglomeration because smaller particles remain more uniformly
dispersed throughout the binder matrix'®>. However, challenges such as spontaneous oxidation, high production
cost, and storage sensitivity have limited large-scale adoption'. Surface passivation techniques, cryomilling,
and fluoropolymer coatings have been used to stabilize nano-aluminium for practical propellant applications'.
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3.6 Aluminium-Binder Interactions

Interactions between aluminium particles and the binder system critically influence combustion efficiency'®.
The binder’s thermal decomposition products—such as NOx from energetic binders or hydrocarbons from
HTPB—affect aluminium ignition conditions by altering gas-phase chemistry near the particle surface'®.
Proper wetting of aluminium by the binder ensures uniform dispersion and minimizes void formation that can
lead to structural defects'¢. Furthermore, binder chemistry influences oxide-shell rupture dynamics, with
certain energetic binders generating more aggressive decomposition species capable of penetrating the oxide
barrier'®. Functionalized aluminium particles (e.g., fluorinated aluminium) exhibit enhanced combustion
characteristics due to these improved interactions'.

3.7 Aluminium—Oxidizer Interactions

Ammonium perchlorate (AP) is the most common oxidizer used in aluminium-based composite propellants,
and its interaction with aluminium plays a major role in overall combustion dynamics'’. As AP decomposes,
it releases oxidizing species such as Oz, ClOz, HCI, and NO:, which directly affect aluminium ignition and
burning behavior'”. High-surface-area AP particles improve gas-phase diffusion and enhance aluminium
combustion efficiency'’. Recent studies show that microencapsulation of AP particles with energetic polymers
improves oxidizer—fuel interaction, creating a more controlled thermal environment and reducing two-phase
flow losses'’.

3.8 Influence of Particle Size Distribution

The particle size distribution of aluminium affects burn rate, regression uniformity, and slag accumulation’s.
Fine aluminium particles (<5 um) ignite rapidly and burn efficiently but increase handling sensitivity's. Coarse
particles (>20 pum) improve propellant mechanical strength but form larger agglomerates and burn less
efficiently’®. Modern formulations use bimodal or trimodal aluminium distributions to optimize packing
density, thermal conductivity, and combustion characteristics'®. Adjusting the ratio of fine-to-coarse
aluminium also influences pressure exponent and ignition delay, enabling tailored performance for different
mission needs'®.

3.9 Combustion Efficiency and Two-Phase Flow Losses

Aluminium combustion inevitably produces condensed Al.Os, contributing to two-phase flow in the rocket
chamber and nozzle'. Two-phase flow can reduce specific impulse by 5-12%, depending on particle size and
chamber geometry'®. Minimizing the size of alumina droplets and improving combustion completeness are
therefore essential for high-performance motors'®. Strategies such as adding magnesium to promote
aluminium evaporation, using nano-aluminium to reduce droplet size, and employing fluorine-rich additives
to lower alumina melting temperature have shown strong improvements in combustion efficiency'®.

3.10 Applications of Aluminium-Based Propellants

Aluminium-based propellants are widely used across space and defense systems due to their reliability and
high energy density*°. Applications include:

* space launch boosters (e.g., Space Shuttle SRBs, PSLV, Ariane)?®

» surface-to-air missile systems?®

* air-to-air missile propulsion®

* anti-tank missile systems?

« strategic ballistic missile propulsion®

Ongoing advancements—such as nano-aluminium, functionalized particles, and improved binder systems—
continue to expand their potential for next-generation propulsion units.
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4. METHODS TO INCREASE THE BURN RATE OF SOLID PROPELLANTS

4.1 Introduction to Burn Rate Enhancement Techniques

Enhancing the burn rate of solid rocket propellants is a critical objective in modern propulsion engineering,
as higher burn rates enable faster pressurization, greater thrust, and improved motor response times. Burn rate
optimization is achieved through chemical, structural, and thermal modifications that increase heat feedback,
modify condensed-phase decomposition, or accelerate gas-phase flame propagation. Modern research
emphasizes catalytic acceleration, nano-energetic incorporation, microstructural control, and synergistic
additive chemistry to achieve stable, controlled, and reproducible burn-rate enhancement without
compromising mechanical or safety characteristics. The key principle involves elevating surface heat release
and improving flame coupling efficiency across the oxidizer—fuel microstructure?’.

4.2 Catalytic Burn Rate Additives

Catalysts remain the most widely used method for increasing burn rate. Metal oxides—such as Fe.Os, CuO,
MnO:, and NiO—promote faster ammonium perchlorate (AP) decomposition by reducing activation energy
and increasing the formation of reactive intermediates such as ClO: and O radicals. Copper chromite
(CuCr204) is one of the most effective catalysts, producing strong enhancements at moderate loadings.
Organometallic catalysts, particularly ferrocene derivatives (e.g., CATFINE, n-butyl ferrocene), provide dual-
phase catalysis: they facilitate condensed-phase decomposition and produce gas-phase combustion
intermediates that spread rapidly through the flame. Research also shows that nano-sized metal oxides
outperform micron-sized catalysts due to their high surface area and faster redox cycling, making them
dominant in advanced high-performance formulations?.

Burn-Rate Modifiers and Catalysts Burn-rate modifiers (BRMs) represent a critical class of additives
incorporated into solid rocket propellants to tailor combustion kinetics, particularly in high-performance
missile and launch vehicle systems®. These materials exert a substantial influence on the rate of decomposition
of the oxidizer and binder matrix, subsequently modifying the overall combustion behavior of the propellant®*.
Catalysts such as ferric oxide, cupric chromite, and nano-metal oxides have been shown to decrease the
activation energy for AP decomposition, resulting in a significant increase in linear burn rate without adversely
affecting mechanical integrity®®. Transition metal-based catalysts remain one of the most widely researched
BRMs due to their strong catalytic efficiency and thermal stability®®. Meanwhile, organometallic catalysts,
particularly ferrocene derivatives, have demonstrated exceptional burn-rate enhancement capabilities through
gas-phase catalytic activity®’.

Ferrocene-based compounds—including catocene, n-butylferrocene, and hydroxyl-terminated polybutadiene
(HTPB)-soluble ferrocene derivatives—are among the most potent burn-rate modifiers currently documented
in propellant technology®®. These compounds function by increasing heat feedback to the propellant surface
and facilitating homogeneous-phase oxidation reactions®. However, issues such as migration, exudation, and
aging-related degradation necessitate careful structural modification of ferrocene molecules to ensure long-
term storage stability’. In recent developments, researchers have explored nano-ferrocene systems capable of
homogeneous dispersion, offering improved catalytic efficiency and reduced migration tendencies”.
Similarly, rare-earth oxides such as cerium oxide (CeO:) and lanthanum oxide (La:0s) have exhibited
promising results in enhancing combustion and reducing pressure sensitivity’. Their ability to participate in
redox cycling during combustion contributes to higher regression rates’.

In addition to traditional catalysts, contemporary research has investigated multifunctional burn-rate modifiers
like graphene oxide composites, which not only improve thermal conductivity but also participate actively in
surface catalysis™. Graphene-based additives demonstrate a synergistic interaction with metal fuels and AP
crystals, resulting in enhanced heat transfer and faster decomposition kinetics’. Similarly, carbon nanotubes
(CNTs) have been shown to increase burn rates by reinforcing thermal conduction pathways along the
combustion front’¢. Nano-TiO2, nano-Fe:0s, and nano-CuO have emerged as highly effective catalytic agents,
primarily due to their increased surface area and superior catalytic reactivity compared to their micron-scale
counterparts’’. Numerous studies confirm that nano-catalysts can increase burn rates by 15-50% depending
on concentration, particle size, and propellant formulation.
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Beyond metallic catalysts, energetic catalysts such as metal-organic frameworks (MOFs) and perchlorate-
based coordination compounds have recently gained attention for their ability to decompose exothermically
and supply additional heat during combustion”. These materials serve dual functions by acting as both
oxidizers and catalysts, thereby significantly influencing burn-rate characteristics®’. Furthermore, ionic liquids
containing energetic anions, including dinitramide and trinitromethanide, have been incorporated into
composite propellants as burn-rate accelerants due to their high oxygen content and tunable thermal
behavior®'. Collectively, the incorporation of BRMs and catalytic additives remains one of the most effective
strategies for increasing burn rate, optimizing thrust performance, and tailoring propellant combustion
behavior for specific mission requirements®?.

4.3 Nano-Energetic Additives

Nano-energetic additives—including nano-Al, nano-Mg, nano-B, and metastable intermolecular composites
(MICs)—have revolutionized burn-rate enhancement. With characteristic dimensions under 100 nm, these
materials display dramatically reduced ignition temperatures, explosive reactivity, and high thermal
diffusivity. MICs such as AI-MoOs thermites and Al-Fe-Os nanocomposites generate rapid energy release that
increases flame temperature and intensifies heat flux toward the burning surface. Nano-energetics also reduce
agglomeration, ensuring more complete combustion and minimizing two-phase flow losses. Their ultra-fast
reactivity significantly enhances surface regression, making nano-additives one of the most promising burn-
rate enhancement approaches for next-generation solid propellants?.

The use of nano-metallic catalysts in solid rocket propellants has significantly advanced combustion efficiency
due to their large reactive surface area and enhanced catalytic action®*. Nano-sized aluminum (n-Al) remains
the most widely investigated nano-metallic additive, offering faster oxidation kinetics and improved
combustion heat release compared to conventional micron-scale aluminum?. Its reduced particle size results
in shortened ignition delay and increased heat feedback to the propellant surface, which substantially elevates
burn rate®*. However, challenges such as agglomeration, passivation, and handling sensitivity necessitate
careful surface coating and stabilization techniques®. To address these issues, researchers have employed
organic coatings, polymer encapsulation, and fluoropolymer-based surface treatments to preserve the
reactivity of n-Al during storage®”.

Beyond aluminum, nano-magnesium (n-Mg), nano-boron (n-B), and nano-titanium (n-Ti) have also emerged
as potent burn-rate enhancers due to their high enthalpy of combustion and rapid oxidation characteristics®.
Nano-boron, in particular, offers one of the highest gravimetric energy densities but presents ignition
difficulties due to its robust oxide shell; however, doping and surface modification approaches have shown
promise in improving its ignition behavior®. Nano-magnesium, with its superior ignition characteristics, has
been investigated as a partial replacement for aluminum in high-performance propellant systems®. The
presence of nanoparticles creates localized “hot spots” during combustion, which promote faster heat transfer
and accelerate the decomposition of AP and other oxidizers®'. These nanoscale reactions contribute to
enhanced combustion uniformity and promote stable flame propagation even under high-pressure conditions®2.

In addition to nano-metals, energetic nano-composites such as AI/PTFE, A/HMX, and AI/AP systems have
been shown to increase burn rates substantially by promoting exothermic interfacial reactions®®. These
composites leverage the intimate contact between oxidizer and fuel at the nanoscale, resulting in faster reaction
kinetics**. Al/PTFE (aluminum—polytetrafluoroethylene) nanocomposites, for example, produce highly
exothermic reactions that significantly enhance combustion heat flux®®. Similarly, nano-sized transition metal
oxides—including CuO, Fe:0s;, MnO., and CosO+—serve as highly efficient catalysts that promote rapid
decomposition of AP and facilitate high burn-rate combustion regimes®. These catalytic nanoparticles are
capable of lowering decomposition activation energy by up to 40%, depending on concentration and
morphology*”’.

High-energy density materials (HEDMs), including CL-20, HNF (hydrazinium nitroformate), ADN
(ammonium dinitramide), and TKX-50, have been integrated with nano-metallic systems to achieve
synergistic burn-rate enhancement®®. These oxidizers possess higher oxygen balance and greater energy
content compared to AP, thereby enabling both higher burn rates and reduced signature®. Notably,
formulations incorporating nano-metals with HEDMs have demonstrated enhanced flame temperature, lower
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pressure sensitivity, and improved combustion stability'®. As research on nano-metallic catalysts continues to
evolve, the integration of multifunctional nano-additives is expected to play a significant role in next-
generation high-performance propulsion systems'?’.

4.4 Energetic Binders and Plasticizers

Using energetic binders is one of the most efficient methods to increase propellant burn rate while
simultaneously improving specific impulse. Binders such as GAP, BAMO/AMMO copolymers, and
polyNIMMO release energy upon decomposition, generating flame-zone radicals that accelerate the
combustion wave. Energetic plasticizers—including nitroglycerin, TMETN, butanetriol trinitrate (BTTN),
and energetic ionic liquids—increase flame temperature, reduce condensed-phase decomposition energy
barriers, and enhance binder reactivity. These materials provide a dual benefit: enhanced combustion and
improved low-temperature flexibility. When combined with nano-catalysts, energetic binders produce
synergistic burn-rate amplification far greater than either method alone, making them a central focus in high-
energy propellant design®.

4.4.1Thermochemical Modeling, Combustion Kinetics, and Pressure Sensitivity

Thermochemical modeling serves as a foundational tool for predicting burn rate, combustion temperature, and
species evolution in solid propellants'®. Numerical simulation methods—including zero-dimensional
combustion models, Arrhenius-based decomposition models, and multi-phase combustion modeling—have
been used extensively to evaluate the influence of additives, pressure, and temperature on burn rate'®. These
models incorporate complex chemical kinetics related to AP decomposition, binder pyrolysis, metallic fuel
oxidation, and gas-phase reactions'®. In recent years, machine-learning-assisted combustion modeling has
emerged as a promising approach for predicting burn-rate behavior in multi-component systems'®. These
data-driven techniques help reduce computational complexity and improve model accuracy under varying
environmental conditions'?.

Pressure sensitivity (denoted as n in Saint Robert’s law) is a key parameter governing burn-rate dependence
on chamber pressure, particularly in tactical and strategic missile systems'”’. High pressure sensitivity often
leads to combustion instability, whereas low sensitivity can result in reduced responsiveness to motor
operating conditions'®®. The incorporation of burn-rate modifiers, nano-catalysts, and reactive metal additives
has been shown to influence n by altering the kinetics of surface regression and oxidizer decomposition'®.
AP-based composite propellants generally exhibit relatively high pressure sensitivity, but techniques such as
catalyst incorporation, surface densification, and altered binder chemistry can mitigate instability''°. For
example, the addition of Fe:Os and CuO nanoparticles decreases pressure sensitivity by promoting more
uniform AP decomposition across a wide pressure range'''.

The introduction of HEDMs and energetic binders such as GAP (glycidyl azide polymer) further influences
pressure sensitivity by altering gas-phase release rates and modifying flame structure''?. Advanced modeling
approaches—including coupled thermal-mechanical regression analysis and computational fluid dynamics
(CFD) simulations—provide valuable insights into flame propagation dynamics and combustion stability!*3.
These models help identify optimal additive concentrations, binder compositions, and oxidizer particle
distributions to achieve desired burn-rate characteristics''*. Thermochemical modeling remains an
indispensable tool for designing next-generation high-burn-rate propellants with improved performance,
reduced sensitivity, and enhanced operational safety!''>.

4.5 Thermal Conductivity Enhancers

Increasing thermal conductivity within the propellant matrix accelerates heat transfer from the flame zone to
the propellant surface, thereby increasing burn rate. Additives such as carbon black, graphene, carbon
nanotubes (CNTs), boron nitride nanotubes (BNNTs), and metal nanoparticles function as thermal bridges
through the binder, allowing more efficient propagation of pyrolysis fronts. Graphene nanoplatelets
significantly improve heat conduction, reducing ignition delay and enhancing burn uniformity. CNTs also
increase mechanical strength, enabling formulations with higher catalyst loading without compromising
structural stability. These additives are especially useful in large-grain motors where deep-layer thermal
penetration is essential for stable combustion®.

JETIR2511580 | Journal of Emerging Technologies and Innovative Research (JETIR) www.jetir.org \ f500


http://www.jetir.org/

© 2025 JETIR November 2025, Volume 12, Issue 11 www.jetir.org (ISSN-2349-5162)

4.5.1Mechanical Processing, Grain Microstructure, and Effects on Burn Rate

Mechanical processing methods—including mixing, curing, casting, and particle dispersion techniques—play
a critical role in determining the microstructure and combustion efficiency of solid propellants''®. Variations
in mixing intensity, shear rate, and binder viscosity influence the distribution of aluminum particles, oxidizer
crystals, and catalytic additives, directly affecting burn rate uniformity''”. Improper dispersion can lead to
agglomeration, heterogeneity, and localized combustion anomalies that disrupt flame propagation''®.
Advanced mixing technologies such as planetary mixers, dual-asymmetric centrifugal mixers, and ultrasonic
dispersion systems have been widely adopted to improve uniformity and minimize void formation'*.

Grain microstructure—including oxidizer crystal size distribution, binder chain mobility, and porosity—
strongly influences combustion kinetics'?. Larger AP crystals generally result in slower combustion rates,
whereas bimodal or trimodal particle distributions contribute to enhanced packing density, improved
mechanical strength, and optimized burn rates'?'. Porosity is another key parameter; controlled porosity
facilitates easier flame spreading and enhances mass flux across the burn surface, thereby increasing burn
rate'?2, However, excessive porosity can compromise structural integrity and increase susceptibility to crack
formation, potentially causing catastrophic grain failure'*. Modern formulations use microstructure-
engineered oxidizer blends, surface-coated metal fuels, and additive-assisted dispersion methods to fine-tune
burn-rate characteristics while ensuring mechanical robustness'**.

4.6 Fluorinated Additives and Oxidizer Modifiers

Fluorine-containing additives—such as Viton, Teflon, and fluorinated polymers—enhance burn rate by
altering the thermochemical environment of the condensed phase. When added to aluminium-containing
propellants, fluoropolymers generate AlFs, which has a lower melting point and vaporization threshold
compared to Al-Os. This enhances aluminium combustion efficiency, reduces agglomeration, and increases
radiative heat transfer to the burning surface. Fluorinated coatings on AP improve particle dissolution
dynamics during combustion, enabling faster gas release and smoother flame structure. Modified oxidizers
(e.g., nano-AP, surface-coated AP, and AP encapsulated with energetic polymers) further contribute to faster
decomposition and increased burn rate?®.

4.7 Structural and Microstructural Engineering

Burn rate is strongly influenced by the microstructural arrangement of oxidizer crystals, fuel particles, and
binder phases. Techniques such as bimodal AP distributions, crystalline AP reshaping, improved packing
density, and optimized binder crosslinking enhance heat transfer and accelerate pyrolysis. Additives like silica
nanoparticles, aluminium flakes, and polymeric compatibilizers improve interfacial bonding, reducing the
formation of voids that hinder heat conduction. Microstructural engineering also allows tailorable pressure
exponents, enabling high burn rates without combustion instability. Additionally, 3D-printed propellant grains
with engineered internal porosity demonstrate significant burn-rate increases due to enhanced surface-area
exposure®’.

4.8 Shock-Induced and Plasma-Assisted Burn Rate Enhancement

Advanced ignition and combustion enhancement techniques involve the use of externally applied shock
waves, plasma discharges, or laser-assisted ignition to accelerate burn rate. Plasma-assisted combustion injects
high-energy electrons, ions, and radicals into the propellant surface, increasing reaction rates and reducing
ignition temperature. Laser ablation methods introduce localized hot spots, increasing surface regression and
promoting uniform flame spreading. Although these approaches are mostly experimental, they reveal
possibilities for controlled burn-rate modulation in next-generation propulsion systems and micro-thrusters®®.

4.9 Synergistic Additive Systems

Combining multiple burn-rate enhancement strategies often produces synergistic effects. For example,
formulations using nano-Al + CuO thermites, together with ferrocene derivatives and energetic binders,
exhibit multiplicative increases in burn rate compared to single-additive systems. Similarly, combining
thermal-conductivity enhancers such as CNTs with modified oxidizers significantly increases both burn rate
and combustion stability. Synergy arises when additives influence different stages of the combustion
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process—for instance, one reducing AP decomposition temperature while another increases flame temperature
or improves heat conduction. Such hybrid strategies are becoming central to high-performance composite
propellant development®.

4.10 Challenges and Safety Considerations

Although burn-rate enhancement offers significant performance advantages, it introduces challenges related
to thermal sensitivity, aging, mechanical strength, and handling safety. Nano-energetics can increase impact
sensitivity; energetic binders may reduce storage stability; and excessive catalytic loading can cause
uncontrolled pressure spikes. Furthermore, high burn rates may intensify erosive burning and amplify acoustic
instabilities in large motors. Therefore, burn-rate enhancement strategies must be balanced with safety
margins, mechanical durability, and long-term reliability. Extensive testing—including DSC/TGA, strand
burners, T-burners, static firing, and aging studies—is essential to ensure safe integration of enhancement
methods into operational propulsion systems?°.

5. Discussion

The review highlights the intertwined roles of chemical composition, metallic fuels, catalytic additives, and
microstructural engineering in controlling and enhancing burn rate in solid rocket propellants'?>. High-burn-
rate propellants require a delicate balance between energetic output, combustion stability, mechanical strength,
and safety considerations'?®. While aluminum remains the dominant metal fuel due to its high energy density
and combustion enthalpy, nano-aluminum and advanced nano-metal systems offer significant performance
enhancements, including faster ignition and improved regression behavior'?’. However, challenges such as
passivation, agglomeration, and oxide-shell stability must be addressed through improved stabilization and
processing techniques.

Catalytic additives—including nano-metal oxides, ferrocene derivatives, rare-earth materials, and graphene-
based systems—demonstrate strong potential for burn-rate enhancement while promoting more uniform
combustion'?®. Nevertheless, long-term storage stability, environmental compatibility, and migration remain
important hurdles to overcome. Similarly, the integration of HEDMs and energetic binders provides new
opportunities for next-generation high-performance propellants but necessitates rigorous safety analysis and
advanced modeling to prevent instability’®. Ultimately, advancements in thermochemical modeling,
processing technology, and additive engineering are likely to drive the next major evolutionary step in high-
burn-rate solid propellant design, supporting the development of more efficient launch systems, tactical
missiles, and high-thrust propulsion platforms'*°.

Saint-Robert Law Fit: r = 0.648 - p%3%

95% CI
35F & Data
—Fit

25¢

Burn rate (mm/s)

101 102
Pressure (bar)

Image 4: Saint—Robert Law Fit (Burn Rate vs Pressure)
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Image Description
o Burn rate increases steadily with pressure, following a power-law relationship
r = aP™ = 0.648 P36

e Pressure exponent n = 0.356
— Indicates a moderate pressure sensitivity, typical of AP/HTPB composite propellants with some
energetic additives.
Lower values (<0.5) indicate stable combustion.

e Pre-exponential factor a = 0.648 mm/s
— Burn rate at 1 bar.
This number increases when catalysts or metal fuels are added.The linearity on log—log scale shows
the Saint—Robert law is valid for this propellant

12 Burn rate vs Catalyst

Burn rate (mm/s)

2 3 4 5 6
Catalyst loading (wt%)

.
0 1

Image 5: Burn Rate vs Catalyst Loading
o The curve has the typical shape of catalyst saturation:

o Low concentration — rapid increase, Medium concentration — performance plateau,Higher
amounts — thermal quenching or incomplete decomposition

e For AP/HTPB, catalysts like Fe2Os, nano-copper oxide, or MnO: cause:

o Faster AP — HClO.s decomposition,Shift in condensed-phase reaction zone, Higher flame
temperature — higher burn rate

e Optimum catalyst loading = 2—4 wt%,.,Burn rate increases from ~5 mm/s — ~12 mm/s
— Indicates high-burn-rate propellant design
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; Burn rate vs Aluminum particle size

Burn rate (mm/s)

1 1 1 1 1 1 1
0 10 20 30 40 50 60

Al particle size (pm)

Image 6: Burn Rate vs Aluminum Particle Size

Image Description:

Smaller aluminum particles: Ignite faster, Burn completely within the combustion wave, Increase flame
temperature, Provide more heat-feedback to the propellant surface

Large particles (>20 um):Ignite late, Contribute less to the surface regression, Cause agglomeration — less
available burning surface

Burn rate falls with increasing Al size due to decreased surface area and slower ignition. Indicates the
propellant is strongly heat-feedback limited, meaning flame temperature significantly influences regression.

9. Combustion efficiency vs Nano-Al content

96 -

[{e]
=
T

92

90+
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86 -

Combustion efficiency (%)

841

82\
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Nano-Al (% of total Al)
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0

Image 7 : Combustion Efficiency vs Nano-Al Content

Image Description

Nano-Al:

o Has extremely high surface area, Ignites in nanoseconds. Reduces agglomeration, Produces hotter
flame (higher radiative + conductive heat flux)

This enhances:
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o Complete combustion, Faster AP decomposition, Higher chamber temperature
Key extracted parameters

e Optimum nano-Al fraction = 30—40% of total Al,Below ~10% nano-Al, effects are weaker, Above
~40%, diminishing returns (oxidizer limited).

6.Future Research Scope and Scope for Improvement

Future advancements in high-burn-rate solid rocket propellants (SRPs) require a deeper understanding of
multi-scale combustion phenomena, particularly the coupling between particle-level reactions and
macro-scale flame structure dynamics''. Current models often fail to fully capture transient ignition behavior,
particle agglomeration, and pressure-dependent burning characteristics, highlighting the need for high-fidelity
computational simulations and machine-learning-assisted predictive models'*?. Further research must also
explore environmentally safer oxidizers, binders, and metal fuels capable of delivering high performance
without compromising operational safety or thermal stability'**.

In aluminium-based composite propellants, significant challenges persist related to incomplete particle
combustion, slag accumulation, and energy losses associated with two-phase flow dynamics'#. Future studies
should focus on nano-engineered aluminium particles, surface-functionalized metals, and hybrid metal-oxide
systems that enhance combustion efficiency and minimize residue production'. Additionally, advanced
diagnostic methods such as synchrotron imaging, laser-induced fluorescence, and ultrafast spectroscopy can
provide deeper insight into particle ignition delays and flame-zone interactions, enabling next-generation
propellant microstructural design'#e.

Burn-rate enhancement techniques continue to evolve, but further exploration is required to optimize additive
dispersion, thermal conductivity management, and decomposition kinetics across varying pressure regimes'*’.
Future work should involve scalable synthesis of catalytic nanomaterials, binder-oxidizer interfacial
engineering, and reactive coatings that can deliver consistent burn-rate amplification without destabilizing
combustion or reducing mechanical strength'*®. Integrating advanced manufacturing techniques such as
additive manufacturing, 3D-structured propellant grain designs, and precision-engineered microstructures
may also open new pathways for performance enhancement'*.

Finally, the development of high-burn-rate, environmentally compliant propellant systems—including green
oxidizers, non-toxic binders, and low-emission metallic fuels—represents a key area for future propulsion
technologies'®. Combined with systems engineering approaches and data-driven optimization, these
advancements will support the next generation of launch vehicles, missile systems, and small-satellite
propulsion units, enabling safer, smarter, and more efficient aerospace missions'".

7. Conclusion

High-burn-rate solid rocket propellants represent a cornerstone of modern propulsion technology, enabling
enhanced thrust, compact motor designs, and superior responsiveness across aerospace and defense
platforms?!. This review shows that aluminum-based composite propellants continue to dominate the field
due to their high energy output, although emerging nano-metallic fuels and engineered additives provide
pathways to further performance gains'*2. Future research must focus on safer high-energy materials, improved
dispersion technologies, and advanced machine-learning-driven modeling techniques to optimize burn rate
while ensuring thermal stability, mechanical integrity, and operational safety'>.
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