4
& acrospace
g ey

Review

Combustion Behaviour of ADN-Based Green Solid Propellant
with Metal Additives: A Comprehensive Review and Discussion

Rushikesh Kore 12

check for
updates

Academic Editor: Fabrizio Ponti

Received: 23 October 2024
Revised: 5January 2025
Accepted: 6 January 2025
Published: 12 January 2025

Citation: Kore, R.; Vashishtha, A.
Combustion Behaviour of ADN-Based
Green Solid Propellant with Metal
Additives: A Comprehensive Review
and Discussion. Aerospace 2025, 12, 46.
https:/ /doi.org/10.3390/
aerospace12010046

Copyright: © 2025 by the authors.
Licensee MDP], Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license

(https:/ / creativecommons.org/
licenses /by /4.0/).

and Ashish Vashishtha 1%*

Department of Aerospace and Mechanical Engineering, South East Technological University (SETU),
Carlow Campus, R93 V960 Carlow, Ireland

The Centre of Research and Enterprise in Engineering (engCORE), South East Technological University
(SETU), Carlow Campus, R93 V960 Carlow, Ireland

*  Correspondence: ashish.vashishtha@setu.ie

Abstract: Solid propellants play a crucial role in various civil, scientific, and defence-related
aerospace propulsion applications due to their efficient energy release, high energy density,
low fabrication cost, and ease of operation. Ammonium dinitramide (ADN) has gained
considerable attention as a potential oxidizer for green solid propellants due to its high
oxygen content, significant energy density, non-toxicity, and non-polluting combustion
products, leading to lower environmental impact. As ADN is a new desirable oxidizer
in the field of solid propellants, understanding the practicality and viability of the use of
ADN in composite solid propellants necessitates a thorough understanding of its chemical
and thermal decomposition pathways in addition to its combustion characteristics in the
presence of other ingredients. ADN is being explored as an alternative to the traditionally
used ammonium perchlorate (AP), a toxic oxidizer containing chlorine (Cl). Addition-
ally, AP monopropellants often suffer from moderate burning rates and poor mechanical
strength. To address these limitations, researchers have explored the incorporation of metal
additives, such as aluminium (Al), magnesium (Mg), and metalloid boron (B), to enhance
the combustion performance and burn rate of AP. These metals not only act as energy-rich
additives but also influence the combustion process through various mechanisms. The
incorporation of metal additives into ADN has shown promising enhancements in the
overall energetic performance of green solid propellants. This review aims to provide an
in-depth analysis of the thermal decomposition of ADN and its combustion behaviour,
along with the combustion of ADN-based solid propellants with metal additives. Finally,
based on an extensive review of the existing literature, various research pathways for
focused future collaborative efforts are identified to further advance ADN-based “green”
solid propellants.

Keywords: green propellant; ammonium dinitramide (ADN); thermal decomposition;
combustion; metallic fuels

1. Introduction

The quest for efficient and high-performance propulsion systems has been a driving
force in the evolution of rocket systems in the past decades. Solid propellants, with
their advantages of simplicity, controllability, and reliability, have played a pivotal role in
various space missions, satellite launches, and military applications. Among the myriad
solid propellant formulations, ammonium dinitramide (ADN) has emerged as a promising
and innovative propellant ingredient, showcasing exceptional potential for enhancing the
performance and safety of solid rocket propulsion systems along with a low environmental
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impact. The discovery of ADN and its application to solid propellants is considered one
of the important breakthroughs within the area of energetic materials. ADN was initially
produced in 1971 at the Zelinsky Institute of Organic Chemistry, Moscow, USSR [1-5].
Over the years, researchers and scientists have tirelessly pursued the development of
novel propellant formulations to meet the ever-increasing demands of modern aerospace
endeavours. The advent of ADN, an ammonium salt of dinitraminic acid (HDN), has
garnered substantial attention due to its enhanced performance characteristics (of high
specific impulse and higher burning rate [6]), which make it an attractive alternative to
traditional solid propellant oxidizers such as ammonium perchlorate (AP) and ammonium
nitrate (AN). ADN’s molecular structure, containing both nitrogen-rich and oxygen-rich
functional groups, endows it with remarkable energy content. ADN is a chlorine (Cl)-free
oxidizer, producing less harmful and non-toxic products while burning (in comparison to
AP), leading to significantly lower environmental impact. AN is another candidate as a
chlorine-free oxidizer, but has the disadvantages of a room temperature crystallographic
phase transition, hygroscopicity, and a low burning rate [7], leading to lower specific
impulse of AN-based solid propellant. Historically, solid propellants have been divided
into two categories based on the constituents and their bonding types: homogeneous
and heterogeneous forms. A homogeneous physical form characterizes the homogeneous
propellants with chemically linked ingredients. Typical homogeneous propellants are
single-base (nitrocellouse (NC) and additives), double-base (NC, nitroglycerin (NG), and
additives), and triple-base (NC, NG, nitroguanidine, (NQ), and additives). On the other
hand, the ingredients in heterogeneous or composite solid propellants are physically mixed.
Heterogeneous propellants are usually composed of oxidizers, particles with a crystal-like
appearance, embedded into a polymeric fuel binder, and other additives, which forms
a highly combustible energetic mixture. Oxidizers like AP, AN, ADN, RDX, and HMX
are frequently used [8]. ADN-based propellant brings together the advantages of both
composite and monopropellant systems. It offers the high thrust and efficiency of composite
propellants while retaining the controllability and versatility of monopropellants. Along
with ADN’s advantages of a high heat of formation, higher gas yield, lower environmental
impact, higher burn rate, and higher specific impulse, there are several challenges to
address before its application in solid propellants, such as its high manufacturing cost,
hygroscopic nature, low thermal stability, and high sensitivity to mechanical impact [9].
Various techniques [10] have been explored to change the hygroscopic nature and reduce
the mechanical and thermal sensitivities of ADN, such as changing its physical structure
(by prilling technology), surface coating, and co-crystallization [11]. Among them, polymer-
based surface coatings on ADN’s surface and co-crystallization are currently emerging
techniques to provide high anti-hygroscopic behaviour for ADN composite propellants
as well as lower sensitivity to mechanical impacts and greater thermal stability, with
the aim of minimizing the risk of accidental ignition during handling, transport, and
storage. The lower environmental and health impacts compared to other traditional solid
propellants, and technological progress in overcoming the major drawbacks of ADN
(sensitivity and hygroscopic nature), make it a valuable choice as a non-carcinogenic [12]
“green” solid propellant, replacing the toxic and corrosive AP. Another primary reason for
ADN’s growing popularity lies in its high oxygen balance (25.8%; higher in comparison to
other green alternatives, but lower than the 34.04% of AP) and its energetic performance.
The dinitraminic and nitraminic functional groups present in ADN contribute significantly
to its energy content due to a higher heat of formation in comparison to AP. The high heat
release enables the formulation of ADN-based propellants with enhanced specific impulse
and combustion efficiency. The lower density with higher specific impulse of ADN, as
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compared to AP, can also lead to an overall mass reduction of the propellant and increased
payload for a given launch vehicle.

Ammonium dinitramide is chemically denoted as NH4N(NO;)> or ADN. It is a white
crystalline solid, generally synthesized by reacting urea with nitric acid. ADN'’s struc-
ture contains both ammonium cations (NH;*) and dinitramide anions (N(NO,); 7). The
dinitramide anion consists of two nitro groups (NO3) connected to a central nitrogen atom,
which gives ADN a relatively high oxygen content (in comparison to AN), making it an
efficient oxidizer. The dinitramide anion imparts energetic properties to ADN, making
it suitable for use in propellants and explosives [13]. Furthermore, researchers have in-
vestigated various ADN-based formulations by combining them with energetic binders,
plasticizers, and metal additives to enhance its performance and develop alternatives to
traditional composite solid propellants based on AP. The ignition and combustion of metal
fuels within a propellant matrix is a process characterized by its exothermic nature, yielding
substantial energy upon initiation. ADN’s oxygen-rich molecular structure and high heat of
formation leads to an environment conducive to the controlled oxidation of metal particles,
ensuring optimal energy release and controlled combustion kinetics. The availability of
sufficient oxygen atoms for metal fuel oxidation addresses the challenges of incomplete
combustion and potential overheating, leading to overall enhanced propellant stability and
performance. These efforts have led to the development of ADN-based propellants with
superior specific impulse, combustion efficiency, and thrust characteristics [14-16]. The use
of ADN is not limited to traditional space propulsion and military applications; it has also
garnered attention in emerging fields such as in-space propulsion and small-scale launch
systems. The energy density of ADN-based propellants offers advantages for miniaturized
propulsion systems, enabling cost-effective and efficient satellite manoeuvres [17] using
the ADN-based liquid propellant LMP-103S [18]. Further, to increase the applicability
of ADN in both solid and liquid propulsion systems, detailed studies using theoretical,
computational, and experimental approaches should be utilized in the future to overcome
the challenges associated with the development of ADN-based green propellants. This
review is focused on the combustion behaviour of ADN-based composite solid propellant
with metallic fuels. The combustion of composite solid propellant is a complex research
problem: the overall performance highly depends on melting, sublimation, thermal de-
composition, ignition, and burning of all the ingredients, as well as mutual interactions
of different reaction products and their impact on the flame structure in spatial and tem-
poral zones. Hence, this review paper explores previous research conducted on ADN
and various ADN-based compositions from the energetic performance point of view. The
review paper systematically constructs a discussion on the physiochemical properties of
ADN, thermal decomposition pathways of ADN, ADN’s combustion characteristics and
their dependence on various operating parameters, and later, combustion studies on ADN-
based composite solid propellants with metallic fuels. In the last section, various research
pathways are identified to enable sustained efforts for future development of ADN-based
green solid propellants to replace traditional toxic, polluting propellants currently used for
space propulsion.

2. Physiochemical Properties of ADN

ADN is normally found as white crystalline particles that are solid. Depending on
the manufacturing and processing steps used to produce ADN, these particles can have
different sizes, from tiny granules to large crystals. ADN’s white appearance is caused by
light dispersion by its crystal lattice. The attributes and behaviours of ADN are strongly
influenced by its orthorhombic crystalline structure, which implies that all its atoms are
set up in a lattice having orthogonal (90°) positions with their crystallographic axes in
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three dimensions. The stability and reactivity of ADN can be modified by considering the
arrangement of various elements in its crystalline structure through different synthesis
and processing methods. ADN can be employed in its larger crystal shape for certain
purposes or shredded into smaller particles to improve its responsiveness and combustible
properties. ADN'’s crystalline structure and physical form must be considered when
formulating propellants and explosives because they have an impact on its performance
properties like burn rate, sensitivity, and overall performance [19].

Table 1 describes the physiochemical properties of various oxidizers along with ADN.
The dinitramide anion (N(NO,); ") with the ammonia cation (NHs*) combines to form
the granular white compound ADN with an excellent oxygen balance (OB) of around
25.8%, higher than AN but lower than AP. It has higher heat of formation (—148 kJ /mol)
and lower density in solid state (1.81 g/cm?) compared to AP (1.95 g/cm?). The molar
volume and associated density within the liquid phase at 25.0 °C are 74.08 cm?/mol and
1.675 g/cm?3 [20], respectively.

Table 1. Physiochemical properties of various oxidizers; reproduced /adapted from [21] under license
CC BY-NC-ND 4.0 by Elsevier.

Parameter AP ADN AN RDX HMX C1-20 HNF
Formula NH4ClOy4 HyN4O4 HyN>O3 C3HgNgOg C4HgOgNg CgHgN12012 N>H5C(NO»)3
Densit
1.95[22 1.81 23 1.72 1.81 1.91 22 2.04 1.82 [24
(g/cm®) 5[22] 81[23] 8 [22] 0 82 [24]
Molecular 117.49 124.07 80.04 222.12 296.2 438 183.03
weight
Oxygen +34.04 +2538 +19.98 —21.61 —21.61 ~10.96 +13.11
balance (%)
AH; (KJ/Mol.)  —290.45 [22] ~148 23] ~369.00 [25] +61.53 +74.89 [22] +415.47 [26] —72[26]
Tonset ® (°C) 308.06 [27] 150 [28] 272.73 [29] 209.20 [27] 280.56 [27] - ;
Texo P (°C) 354.02 [27] 190 [28] - 241.56 [27] 285 [27] 226.85 [30] 133 [31]
Mem({,‘%?o‘m >300 91-93 [32] 169.6 203.85 [25] 282.1[33] -c 131.17 [31]

a Refers to the decomposition temperature of the oxidizer. P Refers to the exothermic peak temperature of the
oxidizer. ¢ C1-20 decomposes before melting.

The melting point of pure ADN is reported as 91-93 °C, which is lower than AN and AP,
while ADN decomposes completely at 200 °C. It possesses an endothermic melting peak
between 91 °C and 93 °C, subsequently undergoing exothermic disintegration between
150 °C and 210 °C. In addition to that, one endothermic breakdown of ammonium nitrate
(AN) in situ. As discussed in the previous section, the main challenges for replacing AP
with ADN are its hygroscopic nature and impact sensitivity. A mass of 357 g of ADN can
dissolve in 100 g of water at 20 °C [20]. It also has higher solubility in polar solutions but
lower solubility in non-polar substances. ADN is a chlorine-free solid propellant, leading to
a lower environmental impact when used as an oxidizer in a composite solid propellant; it
is also considered as non-carcinogenic and non-allergenic based on toxicological tests [34].
It does not cause irritation to the skin or eyes; however, it can cause irritation if inhaled or
swallowed. These positive characteristics of ADN make it an excellent choice of oxidizer
for developing a composite green solid propellant with a low environmental impact. Due
to its non-toxicity and lower health hazards, ADN-based solid propellants can also have
lower environmental impact during manufacturing, handling, storage, and operations;
however, future research should address the challenges of its hygroscopicity and thermal
and mechanical sensitivities.



Aerospace 2025, 12, 46

5 o0f 49

3. Thermal Decomposition of ADN

The primary methods used for the understanding of the thermal decomposition
of ADN include reaction pathway analysis by identifying its breakdown processes and
reaction products using kinetic evaluation and theoretical modelling based on various ex-
perimental observations. Several variables, including the pressure, temperature, isothermal
as well as non-isothermal boundary conditions, the magnitude of the chemical reaction,
catalytic processes, and the type of species formation, can impact the thermal decompo-
sition of ADN. ADN has a lower melting temperature than AN and AP; it starts melting
at 91-94 (°C) and it decomposes very rapidly into AN and its by-products above 150 °C
due to its higher heat of formation (in comparison to AN and AP). Experimental research
on the thermal decomposition of ADN has been conducted by many researchers and
various pathways have been suggested depending on the pressure, temperature, and exper-
imental methods employed. Rossi et al. [35] studied the thermal decomposition of ADN
inside a vacuum chamber, coupled with thermal analysis techniques (such as quadrupole
mass spectrometer TG-QMS for residue gases and Fourier transform infrared spectroscopy
(FTIR) for the condensed state). The following possible thermal decomposition pathways
were suggested:

NH4N(N02)2 —— NHj3 + HN(NOz)z —— NHj3 + HNOs; + N,O
NH4N(NOQ)2 —— 2NH;NO; — 2N>,O +2H,0
NH4N(N02)2 —— NH4NO3; + N,O

Under vacuum experimental conditions with low heating rates, ADN decomposition starts
with formation of ammonia (NH3) and dinitraminic acid (HDN or HN(NO3),). At 169 °C,
major decomposition products observed include HDN, NH3, nitrous oxide (N2O), nitric
oxide (NO), and water (H,O). The absence of nitric acid (HNO3) and the formation of
NO and H,O were attributed to heterogeneous decomposition of (HNOs3) on the chamber
wall. The intermediates ammonium nitrate (NH4NO3) and nitramide (NH;NO») were
not observed under these experimental conditions. The formation of ammonia, nitric
acid, and nitrous oxide are important identifiers as they contribute to the overall chemical
reactions and subsequent steps in the thermal decomposition of the ADN propellant.
Further, Brill et al. [36] investigated the thermal decomposition behaviour of ammonium
nitrate (AN), as well as ADN, during rapid pyrolysis at high temperatures close to a burning
surface by employing T-jump /Fourier transform infrared (FTIR) spectroscopy. In contrast to
AN, ADN shows rapid decomposition, with strong exothermic heat release and formation
of NH3, HNO3, and N,O in the early decomposition process at atmospheric pressure
(1 atm) and above. It was also found that the condensed part of AN decomposes in a net
endothermic manner until a pressure of 33 atm. The thermal and spectral characteristics
are in accordance with the reaction of NH3z with NO; serving as the primary source of
exothermic heating for the decomposition of AN above 33 atm and ADN at 1 atm and
higher pressures. Following this, Oxley et al. [37] investigated the thermal decomposition
of ADN and its precursor potassium dinitramide (KDN) in pure form as well as their
aqueous solutions. First-order kinetics (in the temperature range 160-210 °C) leads to
more than 50% decomposition of ADN, with a free-radical decomposition mode above
160 °C and an ionic decomposition mode below 160 °C, affected by acidity. Differential
scanning calorimetry (DSC) traces with a heating amount of 20 °C/min, revealed that the
ADN decomposition process shows two endothermic peaks at 94 °C and 301 °C and two
exothermic peaks at 189 °C and 274 °C. The first endothermic peak is related to ADN
melting, while the highest exothermic peak at 189 °C is related to ADN decomposition into
nitrous oxide and nitrate (or nitric acid). The second exothermic peak at 274 °C is related
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to further decomposition of AN formed during the first exothermic peak, while the second
endothermic peak at 301 °C is related to the formation and vaporization of water during
AN decomposition. KDN, a precursor of ADN, on the other hand, is found to be more
stable, with a decomposition process similar to ADN, but with one exothermic (239 °C) and
two endothermic (130 °C and 274 °C) peaks. Further, Lobbecke et al. [38] implemented
various thermo-analytical approaches to study the thermal decomposition characteristics
of ADN at isothermal conditions as well as linear heating rates of 0.5-10 K/min. The
major products of ADN’s decomposition were found to be NHsNO3z, NHz, HN(NO3)»,
etc. ADN starts melting at 91 °C and it starts to break down into NH3 and dinitraminic
acid (HDN) at 127 °C. Following HDN’s formation, HDN decomposes exothermally
immediately into N>O and nitric acid HNO3. Nitric acid and ammonia recombine to form
AN intermediately, which decomposes at higher temperatures. In the first process (ADN
to AN and N;O), the mass is reduced by 30%; in the second step (converting ADN into
gaseous products), the bulk mass is reduced by 70%. ADN splits into NO and water
at elevated temperatures. Evolved gas analysis was used to identify the drop in AN at
temperatures higher than 200 °C with the rise in nitrogen dioxide in a second evaporation
phase. For ADN's prospective application as an energetic material, the author provides
a thorough explanation along with the key reactions of its thermal characteristics and
breakdown behaviour, as below:

NH4N(NO,); —> NH; + HN(NO; ),
—— NH3 + HNO;3 4 N,O
—— NH4NO3 + N,O

NH;N(NO3); —= N0 + 2H,0

Along with the main reactions above, the authors [38] also suggested side reactions for the
formation of an additional amount of NO», NO, N, and O, detected using FTIR and mass
spectrometry, as follows:

N>0 + NO + 0.5H;0 + 0.75 0,

HN(NOz),

A

1.5NO;2 + 0.5NO + 0.5N2 + 0.5H>O
NO +0.7502 + 0.5 H,O

HNO;

A

NOZ +0.5 HZO +0.25 Oz
NH4NO3 + N2 + HQO

\

2NHj3 + 2NO, N>O +3H20 + N»

/

NO +1.5N2 + 3H,O

2NH3 +3N;0 — 3H;O + 4Ny
2NO,; + HO — HNOj3 + HNO»
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Vyazovkin et al. [39] employed temperature-controlled gas cell and thin-film laser pyrolysis
techniques to study the thermal decomposition of ADN at moderate (in range of 20-250 °C)
and high temperatures (up to 630 °C). The study suggested that the ADN decomposition
mechanism involves NoO and NO; as primary products in both temperature ranges, fol-
lowed by NO formation in the later stages of the reactions. N>O, NO,, NO, NH3, and
HNO3 were the main gaseous products of ADN decomposition that were discovered in the
gas cell studies with continuous heating regimes of 1.5 °C/min-20 °C/min. The gas prod-
ucts were tracked using FTIR at assigned absorption bands and intensities were converted
to relative concentrations in the gas cell experiment. NO, was observed at temperatures
as low as 50 °C, followed by detection of HNO3z. NO and NHj3 were observed beyond
100 °C. In laser pyrolysis experiments, with high heating rates, along with N,O and NO,
formation and NO detection in the later stages, there was no detection of NH3. This is
evidence for direct decomposition of ADN without forming AN when subjected to high
heating rates. The authors suggested that the obtained mechanism of ADN decomposition
could be utilized for further combustion modelling of ADN. Fetherolf et al. [40] experi-
mentally distinguished CO; laser-induced pyrolysis (LIP) and laser-induced regression
(LIR) of ADN pellets in an argon atmosphere in the pressure range of 0.3 to 1.0 atm and
incident heat flux rates of 20 to 300 W/cm?, along with laser-induced combustion at higher
pressures. Under the LIP testing at 0.1 and 0.3 atm with an incident heat flux of 20 and
30 W/cm?, the specimens gradually melted, creating a melt layer, which boiled, as large
gas bubbles formed and evolved from the melt layer. The decomposition of ADN follows
two mechanisms: (1) Slow pyrolysis, producing N,O and H,O along with AN particles;
and (2) rapid pyrolysis, leading to higher production of NO, and NHj3, along with small
amounts of Ny and NO. The temporal evolution shows that slow pyrolysis is dominant at
0.1 atm with 20 W/cm? heat up to 2100 ms, while onset of rapid pyrolysis occurs beyond
2100 ms. The test at 0.3 atm with 30 W/cm? shows only the rapid pyrolysis decomposi-
tion pathway, occurring after 275 ms. At and above atmospheric pressure, with a heat
flux between 50 and 300 W /cm?, due to laser-induced regression, stable regression of the
melt layer without a luminous flame was observed. At atmospheric pressure and a lower
heat flux (50 W/cm?), the melt layer’s thickness grew extensively, turning to a brownish-
white colour (NO; from HNO3; decomposition) and then abruptly erupted and dissipated
with rapid pyrolysis, producing a dense cloud of AN particles as a smokey plume. In
LIP testing quasi-steady regression was not observed at sub-atmospheric pressure, while
in LIR testing, steady regression along with higher N, evolution was observed, with a
significant fraction of AN particles. The results of element balance in LIR suggested a
higher amount of AN formation compared to Brill et al. [36], which was attributed to
differences in the experimental conditions. The regression rate did not change signifi-
cantly with an increase in laser heating, suggesting that sufficient heat was available in
the gas phase close to the surface during LIR testing. Park et al. [41] used pyrolysis/mass
spectrometry to assess the outcomes of the thermal decomposition of ADN in a gaseous
state under low pressure, and temperature conditions of 373-920 K. In order to predict
the production rates of NHs, H,O, N, and N>O, ab initio molecular orbital and canonical
variational Rice-Ramsperger-Kassel-Marcus (MO/cVRRKM) algorithms were used. The
researchers discovered and observed the unimolecular breakdown of dinitraminic acid
(HDN), HN(NOz)2 — HNNO:; + NOg, followed by the rapid decomposition reaction
HNNO; + M — N;O + OH + M, which triggered the reaction of the sublimed ADN as
the combination of NH3 and HN(NO>);. The study obtained the rate constants of key reac-
tions using theoretical modelling (MO/cVRRKM algorithm) and validation with measured
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quantities of NH3, H>O, N, and N>O at 10 Torr, using calibrated reference mixes. The
suggested key reactions are listed below: Chain initiation reactions:

HN(NOz)z —— HNNO; + NO;
HNNO; +M — OH + N,O +M

Chain propagation reactions:

OH + NH; — H,O + NHj;
NH, + NO, — H,;NO + NO
NH; + NO — H + N, + OH

The researchers hypothesized that at elevated pressure settings, subsequent radical-radical
interactions featuring HNNO, would become more relevant due to the rising radical
species levels.

HNNO; + OH — HNOH + NO
— HNO + HONO
HNNO; + NO — HNNO + NO»
— HONO + N,O
HNNO; + NO; — HNO + N;O3 (NO + NOy)
—— HNO3; + N,O

Correspondingly, Ermolin et al. [42] examined the decomposition of ADN sublimation
products at low pressure (10 torrs) in the temperature range of 373 K-920 K by using
numerical simulations. The study describes two previously suggested pathways for ADN
sublimation: (1) Direct evaporation to vapour and (2) dissociative sublimation to NH3 and
dinitraminic acid. The numerical simulation was performed for the pyrolysis process using
a one-dimensional reactor. A comparison with the experimental data of [41] suggested the
dissociation pathway of ADN sublimation. Further, based on the contribution of various
reactions and pyrolysis products at the exit of the reactor (H2O, N2O, N2, NH3), the rate
constants were evaluated for two reactions involved in HNNO; consumption at lower
temperatures and a third reaction related to high-temperature consumption of HNNO. The
dissociation reaction that governs the ADN sublimation process can be given as follows
(where ADN. denotes ADN in the condensed phase):

ADN, — NHj; + HN(NO;)»

A two-stage ADN thermal decomposition mechanism was proposed by experimentally
using a two-temperature flow reactor at 800 Pa (Shmakov et al. [43]). The ADN vapour pres-
sure at temperatures between 80 °C and 140 °C was obtained and the heat of vaporization
was calculated, which confirmed that ADN thermal decomposition involves vaporiza-
tion before being dissociated into NH3 and HN(NO»),. The effective rate constants of
ADN vapour dissociation at temperatures between 160 °C and 320 °C were determined
by measuring the mass of the condensed substance at the exit from the second stage of
the flow reactor. At 800 Pa, the degrees of ADN breakdown («) along with the effective
decomposition rate characteristic (Kefr, s~1) were obtained as (0, -), (0.1, 3.1), (0.21, 7.8),
(0.32, 14.0), and (0.82, 71.8) at temperatures of 140 °C, 160 °C, 200 °C, 240 °C, and 320 °C,
respectively. The kinetics of thermal decomposition of ADN vapour was investigated by
modelling the gas-phase reaction mechanism (172 reactions) and comparing the experimen-



Aerospace 2025, 12, 46

9 of 49

tal data obtained by a mass spectrometer at the exit of the second reactor, with operating
temperatures between 160 °C and 900 °C. The reaction rate constants were evaluated to
interpret the experimental data, which could be used in modelling the ADN flame. In
accordance with the above, Santhosh et al. [44] studied the change in the activation energy
(Ea) with conversion () for ADN prills. The isothermal and non-isothermal decomposition
kinetics for ADN prills were characterized by employing thermogravimetry analysis (TGA).
The differential isoconversional (Friedman, FR) and integral isoconversional (Vyazovkin)
approaches were used to establish the dependency between the activation energy and
conversion. The outcome suggested that E, values for the conversion (0.2 < a < 0.95) fall
within the sequence of Vyazovkin > FR (Friedman) > standard isoconversional technique,
while the trends between E, and « across all three technique was similar. The E, value
rises in the early phases of breakdown (0.05 < « < 0.2) but falls in the final phases of
decomposition (0.2 < a < 0.95). Thermal stability for ADN prills was reported to be signif-
icantly greater compared to that of pure solid ADN. The study suggested that ADN prills
undergo single-stage decomposition with 100% mass loss at temperatures between 145 and
230 °C for heating rates of 2, 3, 6 °C/min. The generalized decomposition of ADN induces
a variety of nitrogen oxides, with the generation of ammonia as well as dinitraminic acid
[HN(NO,)2] dominating in the initial process (temperatures under 100 °C), subsequently
followed by an additional breakdown of the latter as well as the formation of AN at elevated
temperatures above 100 °C through the recombination of NH3 and HNO3. The generalized
thermal decomposition of ADN was summarized through the following reactions:

At lower temperatures:

NH4N(NOz), — NH3 + HN(NO;)2
HN(NOz)z —— HNO3; + N,O

At elevated temperatures:

NH; + HNO3 — NH;NO;3
NH;NO3; — N>,O +2H,0
HN(NOz)z —_— N02+ + HNNO, ™

Likewise, the research conducted by Matsunaga et al. [45] used a highly sensitive calorime-
ter (TAM) for isothermal measurements and a DSC for non-isothermal examination of the
exothermal behaviour of the ADN decomposition kinetics. The DSC curve showed two
endothermic and two exothermic events, as predicted by previous studies. The two heat
generation peaks belong to the reactions shown below, where AN and N>O are generated
during the first event and AN further decomposes into N>O and water.

NH4N(NOZ)2 —— NH4NO3; + N,O
NH;sNO; — N0 +2H,0

The study also predicted the lifetime of ADN for storage applications by the non-isothermal
DSC method and the TAM isothermal method. It was found to be much longer by the
non-isothermal method compared to the isothermal method. It was suggested that non-
isothermal DSC analysis is not suitable to accurately predict the lifetime of ADN-like
substances, whose decomposition mechanisms vary with the surrounding temperature.
The study suggested using isothermal methods to predict the lifetime of ADN at low
temperatures. The study also analysed an (11-year-old) aged sample of ADN as well as
a new sample and suggested that apart from temperature, other factors of the storage
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environment can impact the decomposition of stored samples. Impurities of AN in ADN,
which is one of the products of the ageing and thermal decomposition of ADN, can reduce
the melting point of ADN significantly. The study also predicted the lifetime of liquid ADN
as less than 1 year at a temperature of 55 °C.

In order to distinguish the thermal decomposition pathways of ADN, Andreev et al. [46]
synthesized two ADN samples labelled with isotopic nitrogen °N: one with a label on
the NH4* cation and another with the label on the central nitrogen atom of the anion
N(NO,); ™. The thermal decomposition of the isotopic ADN sample with 1°N in the cation,
showed the absence of 1°N in NO and N,O, which suggested that the source of these
oxides is from decomposition of the anion. However, the 15N label was found in Ny gas
in the form of 1NN, which increased from 40% at low conversions to 90% at total ADN
decomposition during the experiment. The thermal decomposition of ADN with the °N
label on the central nitrogen atom in the anion resulted in finding labelled °N in NO in
the form of 1’N'NO and partially in N and NO (10% of the total content of gases). The
acidic content of the residue (HNO3) after thermal decomposition was also traced during
the experiments. The following (not balanced) reactions reveal the gas-phase pathways of
ADN decomposition:

BNH4N(NO,); — NN + NO + N,O
NH'}N(NO,); — Nj + NNO + NO

The study concluded that the oxidation of the ammonium cation in ADN decomposition
leads to formation of N> and an autocatalyst, while acid decomposition of the anion
leads to formation of NO and NH4NOs. This study further explored the use of readily
oxidized compounds for stabilization of liquid ADN by elimination of the autocatalysis
process. Various amines, amides, ammonium salts, and iodides were used as additives
(of 1 mol.% and 1 wt.%) to ADN and their efficiencies were evaluated by measuring the
induction period (at 120 °C) and initial decomposition rates. The oxidation of additives
in the melt layer and their solubility played an important role in stabilizing liquid ADN,
while the study suggested future study on the effects of additives on the solid oxidizer.
Following this, Mishra et al. [47], carried out low-temperature thermal decomposition
of solid ADN at 60, 70, 80, and 90 °C, and investigated mixes (1-2% by mass) of several
potential thermal stabilizers to suppress decomposition at low temperatures. Samples
(of 100 mg) of ADN with additives were tested in an infrared (IR) heated gas cell in a
temperature-controlled nitrogen environment at atmospheric pressure. The formation of
N>O and AN were detected using FTIR at 1-, 2-, or 4-hour intervals up to 7 days. ADN
thermal decomposition was observed as a first-order process to produce N,O and AN in the
temperature range of 60-90 °C. The thermal decomposition of ADN with additives such as
potassium dinitramide (KDN), potassium fluoride (KF), polymeric phosphorous compound
(P(C6Hs)6, and perhydro-1,3,5-triazine-2,4,6-trione, known as Verkade’s super base (VC)
were investigated at a constant temperature of 90 °C. It was found that only the KF and
VC additives resulted in suppressing the formation of AN. A small amount of AN was
observed with KF addition, while no AN was observed with VC. N>O was observed with
all additives, while VC reduced the production rate of N,O. The results of their studies
suggested that Verkade’s super base is the best (among those tested) low-temperature
stabilizer for ADN.

Many studies which employed differential scanning calorimetry (DSC) for ADN de-
composition obtained a total of four spikes in the heat release curve and explained the
general thermal decomposition process of ADN [1,36,45-50]. Among these four spikes,
two spikes are responsible for the endothermic heat absorption and two for the exothermic
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heat release. At 91 °C-95 °C, the first endothermic spike occurs as ADN starts to melt. Fol-
lowing this, the first high exothermic spike occurs at a temperature range of 150 °C-190 °C,
forming ammonium nitrate (AN) and N>O, releasing a high amount of energy. There are
two pathways that have been suggested for AN formation: first, direct decomposition
of ADN into AN and N;O; and in the second pathway, ADN first decomposes into NH3
and HDN, and HDN further decomposes to NoO and HNOs3. At elevated temperatures,
under an acid catalysis reaction, HNO3 and NH3 combine and form ammonium nitrate
(AN), releasing a high amount of energy. Further, the produced ammonium nitrate starts
to break down into N>O and water, releasing energy, and this becomes the reason for the
second smaller exothermic spike, which was observed at temperature of 274 °C. While
AN is dissociating, it allows the generation and vaporization of H,O, which leads to the
second small endothermic spike at 300 °C. The previous studies have also highlighted the
self-accelerated acid-catalytic behaviour of thermal decomposition of ADN melt. Kaza-
kov et al. [51] investigated the kinetics of heat release during the thermal decomposition
of liquid ADN at temperatures of 102.4-138.9 °C. The ADN melt consists of NH4" and
N(NO,),; ™ along with a small amount of NH3 and dinitraminic acid (HDN). The thermal
decomposition of the ADN melt occurs in two stages. In the first stage, the oxidation of the
ammonium ion to nitrogen, as the products of the decomposition of dinitramide or its ion,
which results in the accumulation of HNO3, leads to self-accelerated rapid decomposition.
This was confirmed by adding a solution of HNO3 into the ADN melt and examining the
decomposition rate, which increased with additional HNOj3. In the second stage, formation
of AN due to consumption of HNOj3 leads to a decrease in the self-acceleration process.
Solid ADN's stability is significantly affected by the presence of AN and water as impurities.
An increase in impurities in AN leads to a decrease in the melting temperature of ADN-AN
mixtures. An ADN-AN mixture in the ratio 2:1 can form a eutectic mixture with a melting
temperature of approximately 60 °C. Hence, the thermal decomposition rate of solid ADN
with AN impurities is affected by the melting mechanism. Manelis [52] has found that the
addition of 0-17% (by wt.) AN in the ADN mixture leads to a very high decomposition
rate at a temperature of 80 °C, while a molar fraction of 20-30% AN in the ADN-AN
mixture leads to the opposite effect by reducing the decomposition rate by 30—40% at
temperatures of 106-141 °C [53]. Impurities of 0.3-10% of AN in the ADN-AN mixture
does not affect the thermal decomposition rate at temperatures of 150-170 °C. Similarly,
Pavlov et al. [53] studied the impact of water on solid ADN thermal decomposition at
low temperatures of 60-80 °C. A low amount of water (below 0.5%) in the presence of
AN does not affect the thermal decomposition rate as it may exist in the absorbed state
without forming the liquid state, while the presence of 1% of water in ADN leads to a 6-fold
increase in the thermal decomposition rate at a temperature of 80 °C, which is associated
with dissolution of ADN in water. A peculiar phenomenon of “anomalous decomposition”
is observed when the water content is less than 0.2%, which relates to a sudden increase
in the decomposition rate near the melting point of the ADN-AN eutectic mixture. With
decreases in the water content to 0.2, 0.12, 0.08, and 0.07%, the decomposition rate of the
ADN-AN eutectic mixture (melting point near 60 °C), shows an increase by 1.4, 80, 900,
and 8000 times. The anomalous decomposition phenomenon ceases with the presence of
water vapour (at pressure 10 torr).

Corresponding to the above findings, an extensive review was carried out by
Yang et al. [28], and it can be concluded that both pressure and temperature conditions,
and experimental techniques, have a significant impact on the thermal decomposition
mechanism of ADN. The primary features involve a sporadic DSC exothermic peak, enor-
mous volumes of AN and N,O being produced as a result of solid-phase fragmentation,
and a two-phase breakdown mechanism with high and low activation energy values at
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temperatures above and below 160 °C, respectively. The condensed-phase disintegration
of ADN could be the cause of the reduced activation energy (30 kcal/mole), while the gas-
phase breakup of ADN may be the cause of the greater activation energy (40 kcal/mole).
Along with that, the initial thermal decomposition temperature of 91-95 °C for ADN was
given by Chen et al. [21] in their review. Ermolin et al. [54] and Kumar et al. [32] presented
an overview of several previous studies regarding the thermal decomposition of ADN. The
researchers cover the physical and chemical features of ADN, and dinitramide and its ions
N(NOz)2~, which are important in ADN breakdown. The research discusses the multiple
pathways of ADN, dinitramide, and N(NO;),~ breakdown using previously presented
laboratory and simulated data [55].

It can be summarized here that ADN’s thermal decomposition pathways and rates
are significantly affected by the original ADN sample, the presence of AN- or water-based
impurities, storage method, temperature and pressure conditions, and experimental tech-
niques utilized by the researchers. In broad terms, there are two stages that contribute to
the thermal decomposition of ADN. ADN starts to separate in the initial stage, eventually
producing N>O and NH4NOs. NH4NO3 is subsequently degraded in the following phase
to yield N2O and HO. Overall, NH3, HNO3, N>,O, HO, NO, HN(NO,),, HNO3, and N
constitute the main decomposition components. The utilization of ADN-based composite
solid propellant with metal additives will require characterizing the effects of metals and
other additives on the thermal decomposition of ADN not only for its performance estima-
tion during combustion, but also during the preparation, fabrication, storage, transport,
and handling operations.

4. Combustion of ADN

Propellants are high-energy materials that burn slowly in a more controlled manner
than explosives. The deflagration of solid propellant causes burning from the surface
inward and the surface is observed to regress normal to itself at a definite rate, which can be
termed the burn rate (or burning rate); it depends on the surrounding pressure, temperature,
and composition of the propellant. The burn rate is one of the main parameters that plays
a significant role in estimating the efficiency and selection of propellants. The simple
relationship between a propellant’s burn-rate and pressure can be defined in exponential
form (known as Vielle’s law) as 1, = aP?, where r;, is the burning rate, P. is chamber
pressure, and “a” and “n” are empirical coefficients, which are obtained experimentally for
a specific propellant. Composite solid propellants consist of a fuel, oxidizer, and binder (the
binder can be an inert or energetic material). The oxidizer is present as filler in a fuel and
binder matrix. ADN presents itself as an alternative oxidizer to AP, with higher burn-rate
characteristics and chlorine-free combustion products. The combustion characteristics
of the oxidizer plays an important role in the efficient performance of composite solid
propellants and can be estimated by a variety of theoretical thermochemical calculations,
numerical methods, and experimental techniques. Combustion of the ADN exhibits large
heat release in the condensed phase, weak thermal feedback with the gas phase, and a
low burning surface temperature, resulting in Ny, O, and water as combustion products.
Additionally, it has a good oxygen balance to secure oxidation of the additive metallic fuel
and energetic binder when combined as a composite propellant. The burn rate of ADN as a
monopropellant is found to be higher than many highly energetic materials such as AP, AN,
HNF, HMX, CI-20, and glycidyl azide polymer (GAP) at 68 atm [56]. The calculated flame
temperature of ADN was found as 2035 K, which remains lower than HNF, HMX, and
Cl-20, while it is higher than AN, AP, and GAP. In a composite propellant of ADN with an
HTPB (hydroxyl-terminated butadiene polymer) binder, the calculated flame temperature
above the surface was found to be closer to the composite propellant of AP/HTPB. Another
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important factor in selecting the oxidizer is the particle size or oxidizer dispersity. In
comparison to AP, the burn rate of ADN increases with an increase in particle size, while
it decreases for AP [57]. The combustion mechanism of the individual oxidizer impacts
the selection and the required fabrication steps to prepare the composite solid propellant.
Hence, it is important to understand the combustion mechanism and involved processes to
integrate the ADN oxidizer with the fuel, binder, and other additives. ADN combustion
can be characterized by fast reactions in the condensed phase and slow reactions in the gas
phase. Merzhanov et al. [58] studied two types of elementary condensed-phase combustion
models. The first model suggests that the combustion is regulated by the total substance
conversion in the combustion wave, where the velocity of wave propagation is governed
by the maximum flame temperature (Tmax). The second model suggests the development
of the combustion interface as a result of physiochemical reactions (such as evaporation,
sublimation, and dispersion), where the burn rate and material conversion are dependent
on the surface temperature (Ts) and the depth of reactions (h). The energetic materials
exhibit flameless combustion characteristics at low pressure, and with further increases in
pressure a high-temperature flame occurs. The combustion of volatile energetic materials is
generally described by the second type of condensed-phase combustion model, where a
condensed substance produces a large amount of gases, dependent on the physiochemical
route, governed by the available heat flux from the gas phase to the condensed phase, and
combustion occurs in stages. The interface temperature and kinetics of the condensed-phase
reactions are the most significant variables in the condensed-phase combustion model.
Initial experimental studies related to ADN combustion focused on estimating the
burn rate and identifying its dependencies as well as characterizing the flame structure,
i.e., the spatial distribution of temperature and species in the ADN flame, which led
to the development of computational models as well as chemical kinetics for the same.
Atwood et al. [59,60] measured the burn rate of many energetic materials (AP, ADN, RDX,
HMX) at various pressures and initial temperatures and their sensitivity to initial tempera-
ture. At room temperature, the burn rate of ADN was measured over a pressure range of
0.69-10.34 MPa and at two initial temperatures of 298 K and 348 K. The burn rate of ADN
was found to be the highest (19.86-36.91 mm/s) among the energetic materials, including
AP (2.64-11.5 mm/s). The higher initial temperature of ADN further led to increased burn
rates. Korobeinichev et al. [61,62] employed probing mass spectrometry to deflagration
flames of ADN pellets between the pressures of 1 and 6 atm. A self-sustaining ADN flame
was observed at 6 atm pressure with a burn rate of 19 mm/s and burning temperature of
1080 °C, while flameless combustion was observed at 1 and 3 atm, with burn rates of 3.44
and 12 mm/s, respectively. At 1 and 3 atm, the main reaction products were found to be
NH3, NO, NO», N>O, H,O, HNO3, and N». With an increase in pressure (at 3 atm), the
amount of NH3 and HNOj3 decreased. The temperatures near the burning surface for 1 atm
and 3 atm were measured as 320-350 °C and 550 °C, respectively, along with the presence
of AN at lower pressure. The species and temperature profiles were obtained for a high-
pressure ADN flame 2 mm away from the burning surface. Strunin et al. [63] suggested
that the mechanism of ADN combustion is similar to other onium salts and measured the
burn rate and its dependencies on pressure and different additives. It was found that ADN
burns without a luminous flame below 0.1 MPa and with a luminous flame above 0.1 MPa.
The measured burn rates at 66 kPa, 0.1 MPa, 2 MPa, and 6 MPa were 2.2 mm/s, 2.7 mm/s,
18.2, and 22.6 mm /s, respectively. The burn rate for a 5 mm sample tube of ADN was found
to be significantly slower than for a 7 mm sample tube at pressure below 3.0 MPa. The
temperature profiles were obtained for pressures of 66 kPa to 6 MPa. In the low-pressure
environment at 66 kPa, a small temperature rise occurred across the burning surface, while
in the high-pressure environment of 2 MPa, the high-temperature flame was lifted above
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the surface by a “dark zone”, with a surface temperature of 700 K and flame temperature
of 2640 K due to high condensed-phase decomposition. Zenin et al. [64] obtained the
thermal structure of an ADN flame in a nitrogen environment for a pressure range of
1-80 atm and temperatures of —150 °C, 20 °C, and 80 °C. In a low-pressure environment
(<40 atm), irregular pulsation in the gas-phase temperature measurements were observed
for all cases. At elevated pressures, for all sample temperatures, stable ADN combustion
with smooth temperature variations was observed. The significant heat release in the solid
phase (under or on the burning surface) governs the burn rate of ADN combustion. The
authors suggested that the high-temperature flame region could not influence the burn
rate of ADN due to low heat feedback from the gas phase to the solid phase. For operating
temperatures near to ADN’s melting point (+80 °C case), accelerated burning took place.
In order to understand key physical and chemical process involved in ADN com-
bustion, Fetherolf et al. [40] experimentally studied CO, laser-induced combustion of
ADN pellets in an argon atmosphere above 3 atm and incident heat flux rates of 20 to
300 W/cm?. The quantitative spatial and temporal profiles of gas species were measured
by microprobe/mass spectrometer, and the gas-phase temperature profiles and surface
temperatures were measured by using fine-wire thermocouples. The three distinct combus-
tion regimes were identified as laser-induced pyrolysis (LIP) at sub-atmospheric pressure,
laser-induced regression (LIR) at atmospheric pressure and above, and laser-assisted com-
bustion (LAC) beyond 3 atm. At ambient pressure, no luminous flames were observed,
expect in the high-heat-flux testing case, where sporadic flames were observed. A quasi-
steady luminous flame was observed at 3 and 5 atm pressure. The onset of the flame
was observed with the beginning of rapid pyrolysis (vigorous gas evolution) or shortly
after it. The regression rate at 3 atm and 100 W/ cm? was 11 mm/s, which increased to
20-25 mm/s at 5 atm. The stand-off distance of the luminous flame from the surface was
between 0.6 mm and 1.5 mm. The temperature profile identified a primary reaction zone
within/near the surface, followed by a “preparation zone”, where the temperature of the
gas slowly rose, before high-temperature measurements in the luminous flame zone. At
3 atm and 100 W/cm?, the observed surface temperature rose to approximately 365 K,
with the gas-phase temperature in the “preparation zone” reaching 740-780 K, and a flame
temperature of 1250-1330 K. Flamelets were visible close to the surface and the flame
structure was substantially different at 5 atm. The surface temperature was 670 K, the gas-
phase temperature was 830 K, and the flame temperature was 1400 K. The flame reactions
consumed NHj3, NO, and N>O and produced significant quantities of NO and H>O and
very little No. The reactions, however, did not reach equilibrium products. Ermolin [65]
conducted a numerical study of the ADN flame structure based on the experimental data
of [41,64,66] and the decomposition mechanism from [42,48,50,67]. The study investigated
the contribution of HDN, aerosols, and ADN vapour in heat release in the flame region
surrounding the burning surface in the pressure range of 0.4-60 atm. They hypothesized
that HDN entering via the dissociative evaporation pathway of ADN was the primary
cause of heat transfer in the cool flame region at p > 3 atm. The primary flame region
next to the burning surface is caused by heat release due to dinitraminic acid formation.
The reaction in the NH3/N>O/NO/NO, /HNO, /HNOj3 mixture causes heat release in the
high-temperature flame zone, also known as the second high-temperature flame region.
The induction zone, which separates the high- and low-temperature regions at intermedi-
ate pressures, generates OH radicals, which are consumed significantly at temperatures
above 1000 K. The additional generation of OH radicals leads to a drastic increase in the
temperature and formation of this high-temperature flame zone. The stand-off distance
variation between the high-temperature flame region and the burning surface at low and
moderate pressures is explained by small temperature fluctuations within the induction
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region due to the presence of admixtures in ADN and by heat exchange between reacting
gases and the surrounding medium. The third flame region is produced by the final balance
outcomes of Oy, H,O, and N as well as the breakdown of N>O and NO. Likewise, a dark-
zone temperature gradient was reported at T = 600 °C — 1000 °C) over a pressure span of
5-40 atm by Fogelzang et al. [68]. Further, ADN combustion chemistry was developed
based on experimental methods, and used by Korobeinichev et al. [62,66,69] to analyse the
ADN flame structure and its thermal decomposition kinetics for pressure ranges of 1-6 atm,
also at 40 atm. The findings revealed that upon ADN breakdown, gaseous ADN is formed,
which is then dissociated into ammonia and dinitraminic acid (HDN). The investigation
discovered three combustion zones: (1) at 3 atm, adjacent to the burning surface, a “cool
flame” zone of width 1-1.5 mm, with the presence of gaseous ADN, with its decomposition
resulting in a temperature rise of 150 K; (2) at 6 atm, within 6-8 mm above the burning sur-
face, a second flame zone with a high temperature, where ammonia oxidation by nitric acid
led to a flame temperature of 1400 K, producing H,O, NO, N7O, and N»; and (3) at 40 atm,
a second high-temperature zone, exhibiting a peak combustion temperature of 2000 K. For
the pressure range of 5-20 atm, the temperature profile of ADN combustion shows the
presence of two temperature plateaus, termed “dark zones” [64]. At these pressures ranges,
the temperature plateau between 600 and 1000 °C is called the first dark zone and the
temperature plateau between 1000 and 1400 °C is termed the second dark zone. The dark
zone’s temperature increases and width decreases with increases in pressure. At pressures
below 40 atm, the final flame temperature remains below the theoretically calculated flame
temperature of 1600 °C in the presence of dark zones. With an increase in pressure, the
increase in flame temperature along with reduction in the width of the dark zone was
confirmed. This phenomenon was attributed to higher heat loss to the surroundings in the
presence of the dark zone. At 60 atm pressure, there was no observation of a dark zone
and the flame temperature was observed, was close to the theoretical maximum flame
temperature of 1800 °C. The following Table 2 provides a summary of the propellant’s
surface temperatures Ts, dark zone temperatures Ty, as well as final flame temperatures T
at various pressures.

Table 2. Temperature parameters during combustion of ADN; reproduced/adapted from [28] with
permission from Springer Nature.

Parameter Pressures (atm) Reference

1 3 5 6 10 20 30 40 60

- ~1050 1000 - 1200 1400 1580 1700 1800 [64]

o - - ~800 - ~1010 ~1010 - ~1240 - [68]

Ty, °C

- - - ~1080 - - . ~ 1700 - [62]

- - ~1120 - - - - - - [40]

T. °C 280 - 340 - 345 355 362 368 370 [64]

s/ 300 ~400 - - - - - - - [40]

400 - 700 - 800 950 1050 1200 - [64]

T. °C 450 - ~545 - ~580 ~620 - ~780 - [68]

ds ~370 540 - - - - - - - [62]

427 ~550 - - - - - - - [40]

A thermal initiation investigation by electron beam heating in vacuum was carried out
by Ramaswamy et al. [70,71] for a single crystal and prills of ADN, produced by a variety of
production processes. The phenomenon of microscopic reaction sites through to full crystal
consumption was observed by environmental scanning electron microscopy (ESEM). The
study suggested that ADN crystals and prill micro-structures had an effect on controlling
the formation of microscopic reaction sites, their growth to form a porous substance, and
finally creating a hot spot. The chemical purity of the ADN, the micro-structure, and the
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presence of thermal stabilizers can all affect its initiation attributes. The micro-structure
of ADN, dependent on various manufacturing processes, should be optimized to further
enhance the burn rate or performance of ADN as an oxidizer. Sinditskii et al. [72] have
studied the burn-rate characteristics of various ADN configurations: (1) ADN pressed
strands in quartz tubes and plexiglass tubes; (2) ADN pellets; (3) thin-pressed plates; and
(4) single crystals, along with organic and inorganic additives. The burning rates of pure
ADN as well as other configurations were measured at constant pressures of 0.1 to 36 MPa.
As observed in previous studies, ADN burned without a luminous flame at low pressures,
producing white vapour. With an increase in pressure, small flamelets emanating from local
reaction sites were observed, similar to [40]. Above 1-2 MPa, the gas became transparent
and a luminous flame appeared. Between 2 and 10 MPa pressure, the scatter data in the
ADN burn rate (26-54 mm/s) indicated combustion instabilities. In a general trend, the
burn rate of pressed ADN strands increased with pressure up to 5.8 MPa and decreased
in the range of 5.8-10 MPa, followed by an increase in the burn rate between 10 and
36 MPa. There was no self-sustainable ADN combustion obtained at atmospheric pressure,
even with an initial temperature close to the melting point 80 °C. The molten ADN at a
temperature of 100 °C, exhibited complete combustion, with a burning rate of 6.7-9.1 mm/s
at atmospheric pressure. ADN crystals on the other hand exhibited an inability to burn in
the pressure range 2-10 MPa and revealed lower burning rates at 10-36 MPa compared to
ADN strands at similar pressures. The attempts to ignite ADN crystals were not successful
in pressure range 2-10 MPa due to cracking in crystals and forming splinters, which led
to ceasing the combustion process. Addition of 0.2% paraffin to crystalline ADN led to
further reductions in the low-pressure limit of ADN-sustained combustion from 0.2 MPa
to 0.02 MPa. Between 0.2 and 2.1 MPa and 15 and 36 MPa, the burning rates of 0.2%
paraffin + crystalline ADN coincided with pure ADN. The study also suggested that
addition of 0.2% paraffin into ADN pressed strands in a plexiglass tube showed sustainable
combustion of ADN at atmospheric pressure, which provides an explanation of various
studies exhibiting ADN combustion at atmospheric pressure, suggesting that it could be
due to insignificant amounts of organic impurities. ADN burning at sub-atmospheric
and atmospheric conditions was characterized by a non-luminous flame as well as the
formation of condensed-phase products, mainly an ADN-AN mixture. At atmospheric
pressure, paraffin-doped ADN decomposition produced a maximum of 57% AN (by mole).
ADN within water at a 90% concentration had a local peak burning rate that was twice
as high as that of pure ADN. ADN combustion was governed by exothermic condensed-
phase decomposition reactions at lower pressure. Between 1 MPa and 10 MPa, gas-phase
reactions started playing a role in ADN combustion and were limited by the energetics
of the condensed phase. The principal source of heat in the condensed phase was located
far from the molten surface layer, where the molten surface was made up of initial ADN
and AN. At critical pressures, heat generation in the condensed phase caused thickening
of the reaction layer, resulting in the highest degree of dispersal. Excessive porosity or
non-polar admixtures can inhibit massive reaction-layer disturbances, lowering the lower-
pressure limit of deflagration and lowering burning rates in the pressure range of 1 to
10 MPa. Sinditskii et al. [73], in continuation of the previous study of [72], experimentally
employed tiny tungsten-rhenium thermocouples to obtain temperature profiles in the
ADN combustion flame at 0.04 to 10 MPa pressure. According to the findings, burning at
low pressures is primarily controlled by the ADN decomposition process in the condensed
phase. The findings were supported by condensed-phase modelling in [74]. A three-zone
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flame structure was identified and the main chemical reactions were proposed with the
following key reactions:

NH4N(NO3)2(1) — NH4NO;3(1) + N2O + 33 kecal/mole

NH4NO3(1) — HNOs(g) + NH;(g)
NH4N(NO2)2(1) — HN(NO2)2(g) + NHs(g)
NH;N(NO3 )2 (1) == HN(NO>)»(1) + NH;(1)
HN(NO3)z (1/g) — NO, + HNNO, — OH + N,O
NO; /OH + NH3z — H>0O, N, NO, N,O

— ~— ~— —

At low pressures (below 1 MPa), flameless ADN burning is governed by a lack of heat
feedback from the gas phase to the condensed phase and formation of condensed AN and
gaseous N2O. In the condensed phase and aerosol zone, two competitive reactions govern
the temperature of the surface as well the gas zone: (1) ionic: forming condensed AN and
gaseous N>O; (2) dissociative: forming gaseous/liquid HDN and NH3. At adequate condi-
tions, AN further forms gaseous NHz and HNO3, while HDN dissociates into OH/NO,
radicals as well as NO and N>O. Further oxidation of NHz by radicals produced by nitric
acid forms the first flame zone; total combustion is completed in the second flame zone.
Similarly, the other pathway follows an ionic mechanism and results in the formation of
the intermediate ammonium nitrite. The formed AN further decomposes, resulting in the
formation of water and nitrogen oxides.

NH4N(NO3)2(1) — NHsNNO;(1) + NO;
—— NH4NO; (1) +2NO
—— 2H>O +2NO + Ny + 41 kcal/mole

Figure 1a shows the three zone ADN flame structure as proposed by [73]. ADN'’s
surface temperature corresponds to the dissociation temperature of AN. In the aerosol zone
(just above the surface), temperature is controlled by the AN dissociation reaction at the
surface of small droplets, followed by dissociation of the remaining ADN droplets. The fast
decomposition reaction in the condensed phase forms an aerosol zone above the surface;
the ADN combustion mechanism is characterized by a slow gas-phase reaction. The
decomposition reaction in the melt layer on the surface governs the flameless combustion
at low pressures with no heat feedback from the gas phase. In the middle pressure range
(1-10 MPa), the fast energy-limited heat release in the condensed phase has to compete
with slow and energy-rich heat release in the gas phase, leading to combustion instabilities.
At high pressure, above 10 MPa, the condensed-phase decomposition does not govern the
combustion, because of a lack of heat produced in comparison to gas-phase decomposition
of HNOj3, forming the first flame zone and with complete heat release in the second flame
zone. In their thesis, M.L. Gross [75] developed a coupled condensed- and gas-phase
model to investigate the ADN combustion flame using the detailed gas-phase chemical
kinetics (31 species and 172 reactions) of Korobeinichev et al. [69]. The model predicts
burn rate, temperature, species profiles, and temperature sensitivities for the first zone
between 0.2 and 2 MPa. The model also predicts burn rates for all regions, while it was
unable to predict ADN’s unstable combustion region, dark zone lengths, and temperature
sensitivities for pressures above 2 MPa. Hence, a modified condensed-phase reaction
mechanism is proposed, as shown in Figure 1b, by suggesting an AN decomposition route
within the condensed phase, generating a high condensed-phase heat release. The modified
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model can predict temperature and species profiles, while it is unable to match pressure
exponents, which would require future investigation.
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Figure 1. ADN flame structure (a) as initially proposed by [73] and (b) modified by [75].

Correspondingly, a detailed coupled condensed and gas-phase kinetics model was
used by Thakre et al. [76] to construct a framework for the combustion of ADN monopro-
pellant. The conservation equations of mass, energy, and species concentrations for the
condensed and gas phases are solved with multiphase modelling. The finite rate chemistry
is modelled with three global condensed-phase reactions with 34 species, and 165 reactions
of optimized gas-phase chemistry based on [69,77]. A good agreement between predicted
[69] and measured temperature and species profiles was obtained. The predicted burn
rates were also closely matched with measured burn rates in the range of 0.7 to 350 atm.
The ADN burn rate increases with increases in pressure, except in the irregular burning
region of the mid-pressure range of 40 to 100 atm. In the low-pressure range (below
20 atm), ADN combustion characteristics of intense heat release in the condensed phase,
weak heat feedback from the gas phase, and a high burning rate were captured. In the
mid-pressure range, the irregular combustion behaviour was attributed to the competitive
effect of condensed-phase and gas-phase reactions, which leads to a reduced burn rate,
with a gap in both modes of heat release. At high pressure (above 100 atm), the secondary
flame was observed with the primary flame, caused by rapid enhancement in heat feedback
from the gas phase to the propellant surface, and gas-phase kinetics governs the ADN
combustion process. Figure 2 shows the schematic of the ADN combustion wave structure,
representing three segments, solid phase, foam layer, and gas-phase, along with different
physical phenomena of forming the melt layer, gasification, aerosol zone formation, and
the primary and secondary flame zones. The authors suggested that further improve-
ments in the coupled condensed- and gas-phase ADN combustion model could include:
(1) global reactions and kinetics of the condensed phase; (2) gas-phase reactions close to the
burning surface; and (3) modelling the heat transfer to predict the final flame temperature
at low pressure.

Parr et al. [78] studied laser-induced deflagration of ADN in a sandwich configuration
with the energetic binder N-5 double base, where the binder slice (lamina of thickness:
0.5-1 mm) was kept between two rectangular ADN oxidizer pellets (2 mm slab). The
combustion of the sandwich forms a diffusion flame, with the flame structure governed by
the kinetics of decomposition. The diffusion flame length increases linearly with lamina
thickness in the case of the ADN oxidizer and N-5 binder; the dark-zone thickness decreases
with increases in pressure (1-15 atm), while the burn rate was found to be independent
of lamina thickness and pressure. Korobeinichev et al. [79] experimentally investigated
the flame structure of ADN/HTPB composite propellant (with HTPB 3-20% by mass)
at pressures of 0.05-0.6 MPa. Non-homogeneous and non-stationary combustion was
observed within the flame zone away from the propellant surface in contrast with AP/HTPB



Aerospace 2025, 12, 46

19 of 49

studies. Bright luminous flame jets, with average lifetimes of 0.2 s, emerged from the
propellant surface due to agglomeration of melted ADN particles at the burning surface,
followed by reaction in a diffusion flame. The reactions in the condensed phase governed
the ADN/HTPB combustion. With oxidation, HTPB decomposition products occured in the
gas phase, leading to increases in the gas-phase heat release and rapid acceleration of the
first and second zones of the ADN flame. Fujisat et al. [80] used a thermoplastic elastomer
(TP) and HTPB as binders in composite propellants based on ADN. The study employed
the pyrotechnic sensitivity to evaluate the safety of TP/ADN and used a stand burner to
estimate the burn rate for various combinations. A theoretical comparison of the specific
impulse s, found that it was higher for ADN-based composite propellant than AP-based
composite propellant. The four composite propellants used were TP/ ADN-1 (mass ratio
30:70), TP/ ADN-2 (mass ratio 20:80), TP/ ADN-3 (mass ratio 10:90), and HTPB/ADN (mass
ratio 30:70, with prilled ADN), along with TP/ AP (mass ratio 20:80) for reference. The linear
burn rates for the TP/ AP reference sample were observed to be between 3.5 and 5.5 mm/s
at the pressure range of 1.1 MPa to 7 MPa, on a log—log scale. The burning of TP/AP
showed a melt layer, which could be attributed to TP, as conventional AP combustion does
not show a melt layer. All other combinations of composites based on ADN exhibited a
steady flame with a melt layer and droplets blown off from the burning surface. The burn
rates for TP/ ADN-2 (at a similar composition to TP/ AP) showed linear burn rates from
3.5 to 24.5 mm/s at a wide range of pressures, from 0.8 MPa to 6 MPa, significantly higher
than TP/AP. A comparison between TP/ ADN-1 and HTPB/ADN of similar composition
showed the HTPB/ADN burn rate was similar to TP/ ADN-1 at 3 MPa, while it exhibited a
lower pressure exponent of 1.1 compared to TP/ ADN-1. TP/ ADN-3; with a higher ADN
composition showing the highest burn rates of 28 mm/s and 39 mm/s at pressures of 3 and
5 MPa, respectively. The measured final flame temperatures were close to theoretical values
for all samples. As a result of the study, it was suggested that a binder’s thermal parameters
have an impact on its combustion features, and it would be necessary to synthesize binders
that are better compatible with ADN. Wingborg et al. [81] formulated a minimum smoke
composite propellant based on prilled ADN (coarse: dsp = 200 um; and fine: dsp = 60 pm)
and the energetic binder glycidyl azide polymer (GAP). The burn rate measurement for an
ADN/GAP (70:30) formulation was found to be 24 mm/s at 7 MPa. The results from a 3 kg
rocket motor test firing confirmed the minimum smoke characteristics and high specific
impulse of ADN/GAP-based propellant.

To summarize this section, ADN combustion was characterized by various experimen-
tal studies related to burn rate measurements, and its dependence on pressure and initial
temperature, measuring temperature and species profiles across the condensed and gas
phases and aerosol zones as well as in the flame zones. Many experimental studies have
observed and characterized the three zones of ADN combustion flames: the condensed
and aerosol zone, primary flame, and the secondary flame, with observation of two dark
zones. The kinetics of various features of ADN combustion flames have been obtained at
various operating pressures and sizes of ADN samples. At low pressures, below 1 MPa,
flameless ADN decomposition is governed by condensed-phase reactions and a lack of
feedback from the gas phase to the condensed phase; while at medium pressure (1-10 MPa)
the condensed-phase and gas-phase energy releases compete with each other, leading to
instabilities in the ADN combustion flame; and at high pressures, beyond 10 MPa, stable
combustion governed by gas-phase reactions leads to production of the visible first and
second high-temperature flame zones. The impact of ADN’s physical characteristics (pu-
rity, micro-structure, and presence of thermal stabilizers) were also analysed by various
experimental studies, along with the impact of the presence of a binder material with ADN.
Various computational methods have also been developed to understand and estimate the
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burn rates and ADN'’s flame characteristics, with detailed gas-phase chemistry as well as
coupled condensed- and gas-phase modelling.
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Figure 2. ADN monopropellant combustion wave structure schematic (not scaled; temperature
representative of ADN flame at 5 atm), Data within figure was refered from ? [28], b [73],¢[75],9 [79];
reproduced/adapted from [76] with permission from Elsevier.

5. Combustion of ADN with Metallic Fuels

Metals are an excellent choice as energy additives in space propulsion due to their
high gravimetric and volumetric energy density and release of enthalpy. Their use in
composite propellants increases the adiabatic flame temperature, resulting in enhancement
of the specific impulse (Isp). The metal oxides produced from metal combustion also inhibit
combustion instabilities. However, metal combustion also poses certain challenges for
their integration in composite propellants such as their resistance to ignition, uncertain
combustion dynamics in both homogeneous and heterogeneous phases, very high increase
in thermal fluxes, Isp losses due to two-phase flows, slag accumulation, nozzle erosion,
emission of plumes with metal oxides, etc. [82]. In the past decades, aluminium (Al) has
been extensively used as a metallic fuel because of its high energy release in a variety of
oxidation environments, high density, low oxygen demand, as well as due to its availability
and low cost. Table 3 provides the physical and chemical properties of some metals, as
well as a metalloid (boron), which have been explored as fuel additives in composite solid
propellants. Among these, beryllium (Be) has the highest gravimetric heat release, but it has
been banned due to its high toxicity and cost. Of the remaining metallic/metalloid fuels,
boron (B) has the highest gravimetric and volumetric heat release, followed by aluminium
(Al), magnesium (Mg), and titanium (Ti) in gravimetric heat release and titanium (Ti),
aluminium (Al), chromium (Cr), and zirconium (Zr) in volumetric heat release. The oxygen
consumption for boron (B) is the highest at 2.22, while it is 0.89 for aluminium and 0.66
for magnesium.
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Table 3. Physical and chemical properties of various metal fuels; reproduced/adapted from [83]
under license CC BY-NC-ND 4.0 by Elsevier B.V. on behalf of KeAi Communications Co., Ltd.
(Beijing, China).

Molecular . Ignition . . o1 . Combustion Combustion Oxygen
Element Weight Density Ten%perature Melting Point Boiling Point Heat per Mass Heat per Vol ConSl)l?;gpﬁOn a
[g/mol] g/ cm’] [°C] [°C] [°C] 0 [kJ/g] O [k]/em®] (80, / gFuel]
Al 26.98 2.70 >727 660.32 2519 31.063 83.870 0.89
Be 9.01 1.85 ~2227 1287 2468 68.0 125.8 1.77
Bb 10.81 2.34 1577-1727 2075 4000 58.968 137.985 2.22
Mg 24.31 1.74 627 650 1090 24.785 43.126 0.66
Cr 52.00 7.15 580 1907 2671 10.995 78.614 0.46
Fe 55.85 7.87 927 1538 2861 6.699 52.721 0.28
Ti 47.87 4.51 ~1397 1668 3287 19.749 89.086 0.56
Zr 91.22 6.52 1467 1852 4377 12.03 78.436 0.35

2 Defined as required oxygen in grams to oxidize 1 g of element; ® Boron is metalloid.

5.1. Characteristics of Metal Combustion

Aluminium is one of the most common metallic fuels used in composite solid pro-
pellants, whereas magnesium is considered a low-power alternative to Al due to its easy
ignition properties. The oxidation of the metalloid boron (B) generates high values of both
volumetric and gravimetric heats of reaction, hence it can be considered for high-energy-
density applications. Zirconium (Zr), with high density, can be considered to increase the
density of the propellant and provide higher AV. Some studies also use metal hydrides
(AlH3, TiH3) to increase the calorific content and specific impulse without increasing the
combustion temperature. Combustion of metals in an oxygen environment is classified
by the pathway of metal oxidation to its smallest suboxide [84]. When the metal fuel and
oxidizer react in the gas phase, the combustion of metal fuel is governed by “vapour-phase
reactions”. The reaction of the outwardly diffusing gaseous fuel species with the gaseous
oxidizer generates a high-temperature flame and the thermal diffusion to the condensed-
phase fuel droplet surface sustains the fuel evaporation. However, when the metal reacts in
the condensed phase, heterogeneous combustion occurs. The flame temperature in metal
combustion is governed by properties of the reaction products such as metal oxides. For a
few metals, their condensed-phase metal oxides form gaseous molecules of original metal-
lic oxides, while many metal oxides volatilize by decomposition into gaseous suboxides
and O or O atoms. There is additional heat required to complete the vaporization and
dissociation (or “volatilization”) of metal oxides to convert them into the gaseous phase.
The temperature associated with vaporization-dissociation of metal oxides is termed the
“volatilization temperature”, which can be referred to as the boiling point temperature of
the metal oxide. The metals which have lower boiling point temperatures than their metal
oxide’s volatilization temperature follow the vapour-phase combustion pathway, otherwise
heterogeneous reactions occur at the metal particles’ surfaces. Table 4 highlights selected
metals and their oxide’s properties. Along with the boiling point temperature of the metal
and their oxide’s volatilization temperature, it also shows the standard heat of formation
(AHg 298) and heat of vaporization—dissociation or heat of decomposition (AH,,) of the
metal oxides. The last column lists the total energy required to raise the temperature of
the metal oxide to its boiling point temperature along with complete decomposition in
the gas phase. If the heat generated from metal reactions at a given pressure and temper-
ature is lower than the total energy required to volatilize the metal oxide, vapour-phase
reactions occur, which limits the flame temperature up to the volatilization temperature
of the metal oxides because the additional heat generated due to metal combustion is
absorbed in vaporizing and decomposition of the metal oxides. This “limiting temperature”
behaviour is associated with vapour-phase metal combustion only, not with heterogeneous
metal combustion, because the boiling point temperatures of metals are higher than their
oxides and the reaction products are already in gaseous form. In metal-oxygen systems,
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the comparison between boiling points of metals and their oxides can help to determine
the pathway of metal combustion. For example, the boiling point temperature of Al is
well below the decomposition temperature of Al,O3; the oxidation of Al in an oxygen
environment will occur in the vapour phase as a detached diffusion flame. However, the
metalloid boron’s boiling point temperature is higher than that of its oxide (B>O3), so
the combustion occurs in a heterogeneous manner as there is enough energy available to
vaporize B,O3, but it may not be enough to vaporize the metal. The magnesium—oxygen
and titanium-oxygen systems behave similarly to the aluminium—-oxygen system, while
the zirconium-oxygen system behaves similarly to the boron—-oxygen system. During the
diffusion flame of the Al-oxygen system or similar vapour-phase combustion pathways,
the flame temperature is limited to the volatilization temperature of the metal’s oxides
at equilibrium. In contrast the boron-oxygen or zirconium-oxygen system will not show
behaviour that is limited by temperature .

Table 4. Various properties of selected metals and their oxides and nitrides; reproduced /adapted
from [85,86] with permission from Elsevier.

Metal Boiling Point Ty, [K] Oxide Tya [K] P AHg 595 [k]J /mol] AHy, [k]/mol] Hrvol — Haos + AHy1 [kJ/mol]

Metal Oxides

Al 2791 Al O3 4000 —1676 1860 2550

B¢ 4139 B,Os3 2340 —1272 360 640

Mg 1366 MgO 3460 —601 670 920

Ti 3631 TizOs 4000 —2459 1890 2970

Zr 4703 ZrO, 4280 —1097 920 1320
Metal Nitrides

Al 2791 AIN 2710 —318 620 740

B¢ 4139 BN 4010 —251 840 950

Ti 3631 TiN 3540 —338 700 950

@ Tpp: Metal boiling point at 1 atm. b T,o: Volatilization temperature of oxides (stoichiometric combustion
temperature creating compounds at P = 1 atm, T = 298 K). € Boron is metalloid

Table 4 also highlights the properties of metal-nitrogen systems, producing metal nitrides.
Bucher et al. [87] experimentally investigated the combustion of a single, isolated alu-
minium particle in various pure quiescent atmospheres. The laser ignition of aluminium
particles used electron-phase micro-analysis to estimate the condensed-phase products and
their radial distribution. The formation of aluminium nitride was found in the fuel-rich
region near the particle surface in nitrogen-containing atmospheres, such as (O2/Nj3) and
N2O. The equilibrium calculations suggested the presence of solid AIN at temperatures
well above the melting temperature of aluminium oxides.

Micron-size aluminium (pAl; with the range of 1040 pum) has been used for many
decades in composite solid propellants to increase specific impulse as well as to elimi-
nate combustion instabilities. Due to low volatility, metal particles can burn more slowly
compared to other ingredients of composite propellants. Metal particles also show resis-
tance to ignition due to formation of a protective oxide layer (oxide skin) on the surface.
However, the ignition temperature of Al metal powder highly depends on the particle
size, which was measured as 2300 K for micron-size Al to 900 K for nano-sized Al pow-
der [88]. Additionally, the clustering effect of (LAl) under certain conditions can lead
to the agglomeration phenomenon, forming larger particles and leading to incomplete
combustion along with two-phase-flow effects. The clustering and agglomeration can form
large droplets in the range of 50-200 pm, which require a long duration (approximately
10-100 ms) to burn completely. At certain conditions, Al combustion can become complex
and can occur simultaneously in homogeneous and heterogeneous modes. For a typical
propellant, metal powder is grouped together in the micro-structure of a solid propellant,
with small metal particles filling space among large oxidizer particles in a binder matrix.
The sequence of events in the combustion behaviour of Al particles in propellant flames
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was explained in a simplified manner by Price [89]. With a rise in temperature, the metal
particles emerge from the propellant burning surface in the presence of a melt layer of the
binder and its decomposition products. These emerging particles experience concentration
or accumulation. During the concentration process, the metal particles are continuously
heated and sintered together by direct interaction. As the temperature increases beyond
the melting point of the metal, particles and due to the protective oxide skin, the ignition
is delayed. With continuous regression of the burning surface, these accumulations of
metal particles are exposed to the evolving chemical and thermal environment. Further
increases in temperature provide sufficient energy to break down the oxide skin, causing
coalescence of these accumulations into agglomerates, either at the burning surface or near
the burning surface, after detachment. The growing agglomerates have an outer layer in
the more favourable hot zone and are ignited, and the agglomerates exhibit continuous
coalescence along with inflammation towards the propellant surface. A glowing flame
envelope is established on the growing agglomerate. When the inflammation reaches
the propellant surface, the agglomerate completely detaches from the surface, producing
smoke oxides and residual oxides. The spatial distribution of metal in the oxidizer/binder
matrix and the properties of different ingredients of the propellant can lead to different
hot sites and amounts of heat release, burn times, and distributions of metal oxides, which
may ultimately impact the burn rate of the propellant and the combustion efficiency and
combustion stability.

From the above discussion, it can be deduced that understanding the full potential of
metal additives in composite solid propellants requires investigating various phenomena
at a fundamental level, such as the metal ignition characteristics in the propellant matrix,
the formation of condensed products and their agglomeration on the burning surface,
the kinetics of metal combustion in the oxidizer, estimation of performance losses due
to two-phase flow and slag formation, estimation of the exhaust signature, their lower
cost and reduced sensitivities as well as explosion hazard, along with their longer self-life,
estimating their environmental impact, and performing a life-cycle analysis. Tradition-
ally, metal in ammonium perchlorate oxidizer has been used for more than six decades,
leading to much fundamental understanding of metal (specially Al) combustion in the AP
oxidizer. However, research into ADN-based composite solid propellants with metallic
fuel has been conducted in recent decades. The use of Al metallic fuel in the traditional
AP oxidizer can also lead to the formation of aluminium chloride (AICl3) along with HCL.
ADN is considered a “green” chlorine-free solid oxidizer. ADN’s burn rate is significantly
higher than other solid oxidizers, but it shows instabilities and a scattered burn rate in the
range of 2-10 MPa. The combustion behaviour of ADN in the presence other ingredients
of composite solid propellants is of particular interest from the energetic point of view. In
principle, the characteristic of the high burn rate of ADN can also lead to low aluminium
agglomeration, due to increased proximity of possible high-temperature oxidizer-binder
flames. Many recent studies related to ADN-based composite solid propellant have ex-
plored the impact of various additives on energetic performance, with a focus on replacing
traditional toxic oxidizers and developing “green” composite solid propellants.

5.2. Performance of ADN-Based Solid Propellants with Metallic Fuel

Early experimental studies focused on the preparation of composite solid propel-
lant based on ADN or double oxidizers, including non-energetic or energetic binders,
and adding metallic fuel such as micron-sized Al (1Al). Mainly, the ballistic properties,
thermal stability, and mechanical sensitivities (shock and friction) of these new propel-
lants” were tested, along with a few small-scale motor tests. Chakravarty et al. [16] and
Price et al. [90] investigated the burn rate of pure ADN laminae (in sandwich form) with
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various compositions, including mono- and bi-modal fine and coarse ADN powders along
with Poly-Butadiene Acrylonitrile acrylic acid (PBAN) binder and 10% Al powder, with
sizes of either 30 um Al or sub-micron (nano-sized) Al powder. The burn rates and pressure
exponents of these compositions were compared with a similar AP composition in the
pressure range of 0.68-10.34 MPa. At 2.07 MPa, the burn rate of AP/PBAN moderately
increased with the addition of 10% sub-micron Al, while it moderately decreased with
30 um sized Al powder. AP/ Al did not ignite at 2.07 MPa. Pressed ADN showed a higher
burn rate than pressed AP. Adding 10% Al powder of both sizes significantly increased the
burn rates of pressed ADN, while adding Al to ADN/PBAN laminae did not affect the burn
rate. The fine Al powder did not agglomerate and burn vigorously in the ADN/PBAN/AI
composition, while coarse Al powder formed agglomerates. De Flon et al. [12] performed
an initial evaluation on replacing AP with ADN for large space launch boosters. The
theoretical calculations based on an ADN/HTPB/Al composite propellant showed an
increase in specific impulse from 262 to 270 s, increase in characteristic velocity by 3.7%,
and decrease in chamber temperature by 4%, when replacing AP with the same volume of
ADN. Three formulations of 200 g composite solid propellant based on ADN/HTPB/ Al
were prepared and cured with isocyanate. The burn rate was measured for two composi-
tions with 10 pm and one composition with 30 um Al powder. The maximum burn rate of
12.8 mm/s was obtained at 6 MPa, with a pressure exponent of 0.9 for the ADN/HTPB/Al
propellant prepared at a ratio of 64:20:16. Pang et al. [91] studied four compositions of
propellants based on AP and ADN mixtures, while keeping the weights of other additives
such as HTPB and Al the same. The ratios of AP and ADN were varied as 64:0, 54:10,
49:15, and 44:20. At pressures of 1, 4,7, 10, and 15 MPa, experiments were conducted to
determine the burn rates of the four samples. It was found that the burn rate increased
with pressure increase as well as with an increasing percentage content of ADN. Around
15 MPa, the composition with AP/ADN as 44:20 had a burn rate and pressure exponent
of 19.43 mm/s and 0.71, respectively. A decrease in density as well as flame temperature
was also observed when increasing the percentage of ADN. The influence of the metal
hydride AIH3 on the ADN/GAP mixes’ specific impulse was compared with Al additives
by Gettwert et al. [92]. Their results stated that 85%, 87%, and 89% ADN solid loaded with
20% AlHjz had specific impulses of 282, 285, and 288 s, respectively. Similarly, 20% Al
with the identical materials and ADN loading produced an impulse of 273 s in all situa-
tions; however, 90% AP loading provided a specific impulse of 264 s. Rapid hydrogen
release from metal hydrides can provide increased energy content and intensify the com-
bustion. Additionally, the hydrogen release process can also leave the metal in a porous
form, which increases its reactivity. Under the joint efforts of the HISP (High Performance
Solid Propellants for In-Space Propulsion: 2011-2014) program in Europe, various studies
were performed to increase the technological readiness level along with controlling the
burn rate and pressure sensitivities of ADN/GAP/Al-based high-performing solid propel-
lants. De Luca et al. [93] experimentally investigated the impact of various Al powders
on composite solid propellant made of prilled ADN as the oxidizer, GAP as the binder,
along with five variations of Al powders: micron-sized Al (nAl, two sizes: 5 pm and
18 um) and nano-sized Al (nAl, 100 nm, with two coatings: naturally coated with Al,O3
and coated with stearic acid). All the ADN/GAP/Al samples had a composition ratio of
60:24:16. Additionally, the composite propellant ADN/GAP/AlH3 was also tested with a
composition ratio of 52:22:26. The burn rates were measured at various pressures within
0.1-10 MPa and compared with an AP/HTPB/metal composition of 68:14:18, with three
types of Al powders: micron-sized Al (nAl, standard 30 um), nano-sized Al (nAl, 100 nm
with stearic coating), and activated-Al (act-Al, 3 um), along with a 62.4:14:23.6 composition
of AP/HTPB/AlHjz. The effects of various powder characteristics on AP suggest that the
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burn rate of AP/HTPB/Al was increased by activated Al and it was further increased
by nano-sized Al powder compared to micron-sized Al powder. However, with hydride
(AlHj3), it increased significantly with a reduction in the pressure exponent. The burn rate
range at 60 bar pressure was 7.1-13 mm/s for the studied AP/HTPB with Al powders
with a pressure exponent range of 0.45-0.52, while it was 22.57 mm/s for AlH3 with a
pressure exponent of 0.33. The study compiled previous studies on ADN combustion,
and highlighted ADN monopropellant’s burn rate as 30 mm/s at 60 bar, with a pressure
exponent of 0.6 [73], which was slightly reduced to the range of 0.46-0.6 within 2-40 MPa.
It also highlighted the burn rate of an ADN/GAP (70:30) mixture at 60 bar as 22.23 mm/s,
with a pressure exponent 0.49 [81]. The ADN/GAP/AI composition at 1 bar burns slowest
with micron-sized Al (1 mm/s with 18 um and 2 mm/s with 5 um), followed by naturally
coated nano-sized Al (3.1-3.8 mm/s), and AlH3 (4.7-5.7 mm/s); while it burned fastest
with stearic acid-coated nano-sized Al (9.5-18.5 mm/s), among the tested samples. These
burn rate measurements at different pressures exhibited high-pressure exponents of 0.79
and 0.59 for micron-sized Al of 18 and 5 um, respectively, leading to interpolated burn
rates at 60 bar of 31.6 mm/s and 27 mm/s, respectively. The nano-sized stearic acid-coated
Al powder was tested at 10 bar, with high burn rates between 23 and 62 mm/s and a
pressure exponent of 0.44. AlHj3, at all pressure ranges, reduced the pressure sensitivity
to the lowest (pressure exponent: 0.37), with a minor influence on the burn rate. The
interpolated burn rate with the AIH3 composition was 20.6 mm/s at 60 bar. Reviewing the
above findings for ADN/GAP/Al and comparing the performances with AP/HTPB/Al,
De Luca et al. [94] further suggested that dual-oxidizer systems (ADN+AP) or (ADN+AN),
loaded with dual-metal fuels (LAl+nAl) or (LAl+AlH3), along with a suitable binder can
be a suitable choice to control both burn rates and pressure sensitivities for ADN-based
solid composite propellants applicable for space propulsion application. Gogulya et al. [95]
experimentally studied detonation characteristics to investigate the heat of explosion and
mechanical sensitivities of ADN and ADN/ Al mixtures. The 100 gms samples of prilled
ADN (ADNp) and crystalline ADN (ADN,) were tested along with two kinds of Al pow-
ders: micron-sized commercially obtained spherical Al (Al;, 15 um) and ultra-fine nano-size
Al (Aln, 100 nm). The mechanical sensitivities were measured with critical pressure (Pcr)
for detonation initiation. ADN, (P = 0.8 GPa) was found to have higher mechanical sen-
sitivity compared to ADNp, (Py = 1.12 GPa). Addition of micron-sized Al (Alc) to ADN.
(Per = 0.75 GPa) or ADNp, (Per = 0.85 GPa) led to a slight increase in mechanical sensitivity
compared to pure ADN. The addition of nano-sized Al (Al,) to ADN, and ADNj, led to
a significant increase in mechanical sensitivity, with P, = 0.23 GPa and 0.25 GPa. The
measurement of detonation velocity for ADNp had a maximum of 6.23 km/s at 1.6 g/cm?®
charge density and varied between 4.88 and 6.23 km /s for charge density variations of 1.2
to 1.785 g/cm3. Due to increases and decreases in detonation velocity with charge density
increases, the authors suggested that ADN belonged to the Group 2 Class High Explosives,
as classified in [96]. The incorporation of commercial Al (Al.) to prilled ADN (ADNj) had
no influence on the detonation velocity or pressure. For a short charge length (14.35 mm,
density = 1.808 g/cm?), the maximum detonation velocity observed was 5.65 km /s, while
a longer charge length of 28.7 mm with the same density showed a reduced detonation
velocity of 5.42 km/s, which further decreased below 3.5 km/s for a 56.62 mm charge
length. It was found that the expanding deflagrating propellant (DP) of prilled ADN and
Al had a surface temperature less than 3000 K in the first ps. Despite the reaction growth
due to the addition of Al, there was no significant impact on the detonation propagation.
The heat of explosion increased due to the addition of bigger-size Al. particles, while the
addition of nano-sized (Al,) did not impact the heat of explosion.
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Weiser et al. [97], motivated by a desire to understand the performance losses of
metallized ADN-based composite solid propellant due to agglomeration and two-phase
flow, theoretically and experimentally investigated the impact of replacing AP/HTPB with
ADN/GAP in AP/HTPB/ Al composite solid propellant. Table 5 describes the results of
thermochemical calculations performed by using the ICT-Thermodynamic code [98] for
AP/HTPB/Al and ADN/GAP/Al as well as another two combinations.

Table 5. Comparison of thermochemical equilibrium calculation results for AP/HTPB/AI and
ADN/GAP/ Al along other combinations; reproduced /adapted from [97] with permission from the
author V. Weiser

Parameter AP/HTPB/A1* ADN/HTPB/AlI* AP/GAP/AI* ADN/GAP/AI*
Density (kg/m?) 1578 1522 1808 1753
P. (Mpa) 7 7 7 7
Tc (K) 2357 2570 3624 3565
Cp (J/kg —K) 2047.2 2289.9 1918.2 2051.4
0% 1.29 1.28 1.26 1.26
Sound velocity (m/s) 1055 1106.1 1137.8 1190.5
c* 1387 1458 1530 1593
Isp(s) in vacuum 271.3 279.6 291.1 300.3
Isp(s) 247 .4 257.5 265.5 274.7
Combustion products (chamber) (mol/kg) 47.45 51.07 36.64 40.32
Condensed products (chamber) (%) 8.64 14 7.77 7.29
Combustion products (nozzle) (mol/kg) 48.85 52.98 35.38 39.32
Condensed products (nozzle) (%) 17.6 18.75 8.38 7.54

* All compositions have oxidizer-binder—metal ratios of 60:24:16.

The theoretical comparison revealed that under standard conditions, gravimetric specific
impulse was highest for ADN/GAP/Al compared to the other combinations. The density
was slightly lower for ADN/GAP/Al than AP/GAP/Al The condensed products were
reduced significantly at the nozzle for ADN/GAP/Al (7.54%) compared to AP/HTPB/Al
(17.6%). The combustion behaviour of ADN/GAP/ Al was measured in the ICT window
bomb at 0.1, 1, 3, 7, and 10 MPa, and agglomerate sizes were obtained by using a long-
range microscope at 1 and 3 MPa. The data for the AP/HTPB/ Al composition from [99]
were used for comparison. The ADN/GAP/ Al composite propellant was formulated by
using 60% prilled ADN and 19.59% GAP-Diol along with the isocyanate curing agent 3.1%
Desmodur E305, 1.31% alkaline curing agent bis-propargyl-succinate (BPS), and 0.04%
curing catalyst dibutyltin dilaurate (DBTDL), along with four different kinds of aluminium
powders, as shown in Table 6.

Table 6. Composition of ADN/GAP/Al composite solid propellant and types of Al powder used;
reproduced /adapted from [100], with permission from Springer.

ADN? GAP-Diol E305 " BPS Al DBTDL¢ NCO/OH€¢ BPS/OH ¢
60% 19.59% 3.1% 1.31% 16% 0.04% 0.56% 0.8%
Aluminium Type and Size
A-81 Alcan 400 nAlL AL O3 L-Alex 4
18 um 5 um 100 nm 100 nm

a Prills 208 pum, ICT-Fraunhofer;  Desmodur; ¢ Catalysts are not included in the final formulation; d Stearic
acid-coated before exposure to air.

All compositions were ignited at atmospheric pressure (0.1 MPa) and burned with a linear
regression rate. The burn rate at 0.1 MPa increased 2 times from sample to sample, with
18 um Al having the slowest burn rate, followed by 5 um Al, uncoated 100 nm Al, and
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stearic-coated 100 nm Al had the highest burn rate. When comparing with AP/HTPB/Al
composite propellant, ADN/GAP/Al had burn rates 3 to 4 times higher over the standard
pressure range. At higher pressure, samples with nano-aluminium burnt inside—out with
expulsing flames, exhibiting porous combustion behaviour. The burn rates were measured
for only micron-sized Al (5 pm and 18 pum) propellants at high pressures (1-10 MPa); it
varied linearly (on a log-log scale) with increases in pressure. The average agglomerate
size for ADN/GAP/Al propellant with micron-sized Al was found to be independent of
the initial Al powder size at measured pressures of 1 and 3 MPa. However, the average
agglomerate size was larger for ADN/GAP/Al propellant (approximately 165-167 um
at 1 MPa and 126-129 um at 3 MPa) than for AP/HTPB/Al. This behaviour is attributed
to GAP’s presence creating a porous burning surface, trapping the particles, allowing
larger size agglomeration, based on similar observation on AN/HTPB/Al formulation in
previous studies. The specific impulse losses due to two-phase flow are computed by using
the following equation:

5364 dIC?S

(Blsp)op = Cy— P
Pé)c.15€0.008dt 6

where ¢ is the computed molar fraction of condensed-phase products in the combustion
chamber (mol/100 g), dp is the averaged diameter of condensed particles (um), P is the
combustion chamber pressure (psi), ¢ is the geometric expansion ratio of the nozzle, d; is
the throat diameter (inch), and Cs, C4, Cs, and Cg are correlation coefficients depending on
the type of propulsive unit and particle mean diameter. To compare with AP/HTPB/Al,
the correlation coefficients used were the same as for the AP/HTPB/AI agglomerates
(C3 =758,C4 =05,C5 =08, Cg = 0.33) [99]. The calculation shows that the impulse
losses are higher due to larger agglomerate sizes, varying from 50 to 67 s at 1 MPa and with
a standard nozzle.

Weiser et al. [100] further continued their previous study for ADN/GAP /Al compos-
ites (only with 18 um Al powder), as listed in Table 6, including a bi-modal ADN mixture of
ratio 70:30 with coarse (208 um) and fine (55 um) ADN prills. The burn rates were measured
in a nitrogen environment in an ICT window bomb with additional measurements. The
propellant burning rate was measured with a higher number of sample points between
a pressure range of 0.1 and 15 MPa. The Al agglomeration behaviour was investigated
at pressures of 0.1, 1, 3, and 5 MPa, with Al sample collection at different locations from
burning strands for FE-SEM and elemental analyses. The temperature was also estimated
using near-infrared radiation (NIR) spectra. The burn rate at 7 MPa was observed as
29.6 mm/s, a linear increase in the burn rate was observed with pressure on a log-log scale,
showing a pressure exponent of 0.58. The maximum temperature measured at 0.1 MPa was
2000 K, which increased up to 3000 K at pressures above 10 MPa. When compared with
the adiabatic temperature from ICT-code calculations, the measured temperatures were
20-30% lower than the calculated ones due to non-adiabatic conditions and heat losses.
Figure 3 shows the axial temperature profiles at different pressure levels, obtained from
emission spectra, and Figure 4 shows the maximum temperature dependence on pressure.
Two flame zones are considered: (1) a zone close to the surface, where agglomeration takes
place; and (2) a zone including moving hot particles, where detached aluminium-rich
particles are oxidized by gases in the flame zone. Up to pressures of 5 MPa, the tempera-
tures near the surface are lower than in the flame zone. The flame zone temperature rises
from 2200 K to 2650 K at 5 MPa, while the temperature of the near-surface zone rises from
1850 K at 0.1 MPa to 3000 K at 15 MPa. At high pressures, above 5 MPa, the flame shifts
towards the burning surface along with the oxidation zone of particles, producing higher
temperatures near the burning surface. In the observed cases, most of the particles glow up
to a maximum of 15 mm from the burning surface.
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Figure 3. The axial plots of continuum temperatures at different pressure levels for ADN/GAP/Al
combustion; reproduced /adapted from [100] with permission from Springer.
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Figure 4. The maximum temperature obtained near the surface and in the flame zone as a function of
pressure; reproduced/adapted from [100], with permission from Springer.

The agglomeration phenomenon was observed and quantified by video analysis. In the
pre-aggregation stage, the average diameter of particles grew up to 77-78 pm, which was
almost 4-5 times the size of the original Al powder (18 um). Interaction with neighbour
particles and rolling on the burning surface led to increases in the agglomeration sizes. The
particles detached from the burning surface after reaching a certain size and showed turning
movement in a straight line after lift-off. The mean diameter of detached agglomerates
reached 265 um at 0.1 MPa, while it was less than 150 um at 5 MPa for bi-modal ADN
samples. The particle size of the ADN oxidizer impacts the observed agglomerate size
rather than the Al powder particle size. Comparing mono-modal samples with ADN prills
of mean diameters between 208 um and 228 um, an increase of 10% in the mean diameter
of ADN leads to a 2 times increase in agglomerate size at 1 MPa, using the same size of Al
powders. The samples tested with 5 pm and 18 um Al powders, did not show significant
differences in agglomerate sizes at all pressures up to 3 MPa. SEM analysis of the collected
sample suggested incomplete combustion at 0.1 MPa due to the presence of an oxide cap.
With increased pressure, more complete oxidation occurred. Most particles collected at all
pressure levels showed pore formations due to gas release from particles.
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Further, Gettwert et al. [101] performed lab-scale rocket motor tests with 64 mm grain
diameter for non-metallized ADN/HMX/GAP (58.5%:11.5%:25.5%, plasticizer: 4.5%) and
ADN/FOX12/GAP (50%:20%:25.6%, plasticizer: 4.4%) along with metallized ADN/GAP/Al
(60:24:16), and compared with standard AP/HTPB/ Al (68%:9.55%:18%, plasticizer: 4.1%
and additives: 0.4%) compositions. FOX12 is guanylurea dinitramide (GUDN), which
is considered an insensitive high explosive. The experimentally measured gravimetric
specific impulses are shown in Figure 5a, along with computed volumetric specific impulses

in Figure 5b.
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Figure 5. (a) Gravimetric specific impulse obtained from experiments at different pressures.
(b) Volumetric specific impulse at different pressures calculated from experimental gravimetric
Isp and the densities of the propellants. Reproduced/adapted from [101], with permission from the
author V. Gettwert.

According to the findings, AP/HTPB/Al produced a lot of smoke; however, alu-
minized ADN/GAP had no secondary signature, while non-aluminized ADN/GAP
propellants showed no visible signature. ADN/GAP/Al and ADN/HMX/GAP out-
performed AP/HTPB/AIl for gravimetric specific impulse at all pressure levels, and
ADN/FOX12/GAP performed better in the lower pressure range. The volumetric spe-
cific impulses for aluminized propellants are higher than for non-aluminized ones, while
ADN/GAP/ Al had better performance than AP/HTPB/Al up to 10 MPa. Based on ther-
modynamic calculations, it was found that the non-aluminized propellants were usually
less dense and had lesser chamber temperatures. ADN-based propellants had higher burn
rates in comparison with AP/HTPB/Al, as shown in Figure 6, which shows the burn rate
variation with pressure for different propellant formulations using lab-scale rocket motor
tests (in Figure 6a) as well as in a Crawford bomb (in Figure 6b). The minor differences
in pressure exponents between the two tests suggests the importance of performing both
tests for new propellants. The study also conducted standard shock sensitivity (gap test),
friction and impact sensitivity, and chemical and thermal stability tests for ADN/GAP-
based propellants. It was concluded that ADN/GAP-based propellants have potential
for use as high-energy, low-signature propellants. The combination of ADN with the less
sensitive FOX12 can provide an alternative to double-base low-signature propellant for
tactical rockets.

Under the GRAIL (Green Advanced High Energy Propellant for Launchers) project,
with the ambition to develop a safe, low-cost, and high-performance green solid propellant,
24 formulations of AN/ADN-based double-oxidizer propellants were explored by Gettwert
et al. [102] in initial reporting. A bi-modal mixture of coarse and fine spherical ADN prills
(with sizes of 48 pm, 212 um, and 218 um) was used as oxidizer. The phase-stabilized AN
was used in spherical form. The Al amount was fixed to 18% in every formulation. Finer
Al powder (size 4 pm) and medium Al powder (20 pm) were used for better processing.
Four binders, HTPB, GAP, Desmophen2200 (polyester), and GAP/Desmophen2200 (80:20)
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were included, along with an energetic plasticizer and selected curing agents. Initial
thermodynamic calculations using the ICT-code were performed to calculate the specific
impulse at a chamber pressure 7 MPa and nozzle expansion of 70:1. Also, the amount
of oxidizer needed to obtain the maximum I, performance for a given composition was
determined by calculations. The ADN/AN ratio in the dual oxidizer was varied from
100/0 to 0/100, while keeping other constituents the same. It was found that 100% ADN
gave the best performance (highest calculated Isp) with all additives. The 100% AN had a
higher calculated specific impulse performance with the GAP and GAP/Desmophen2200
binders compared to AP/HTPB/Al, while it was lower with the HTPB and Desmophen2200
binders. Finally, solid loadings (oxidizer and fuel) of 78%, 75%, 83%, and 78% were achieved
to prepare the final testing formulations with GAP, GAP/Desmophen2200, HTPB, and
Desmophen2200, respectively. In each formulation, the ADN/AN ratio varied from 100/0,
90/10, 70/30, 50/50, 30/70, and 0/100 to measure burn rates at pressures 1, 2, 4,7, 10, and
13 MPa. These burn rates were used to calculate the pressure exponents and burn-rate
relations. From the initial measurements, it was found that increasing the AN constituent
in ADN/AN dual oxidizers leads to a decrease in burn rates, without impacting the
theoretical value of Iy, significantly. The measured burn rates at 7 MPa conditions reduced
from 43.9 to 4.3 mm/s, 22.0 to 4.0 mm/s, 13.8 to 2.8 mm/s, and 14.7 to 2.9 mm/s for
GAP, GAP/Desmophen2200, HTPB, and Desmophen2200 binders with an increase in AN
content. The pressure exponent varied significantly for the HTPB and Desmophen2200
binders, between 0.3 and 1.52 and 0.75 and 1.07, respectively, initially increasing with
increases in AN content, then decreasing when more than 30% AN is mixed in. For GAP
and GAP/Desmophen2200, the pressure exponent remained in the ranges of 0.62-0.8 and
0.61-0.76, respectively. These studies were further extended in [103,104], following a similar
methodology of theoretical ICT-code calculations to determine the solid loading for the
maximum I5p and producing the propellant formulation by varying the ADN/AN ratio
while keeping the metal content the same. The burn rate measurements were performed
with pressure exponent computation to achieve a target burn rate between 7 and 15 mm/s
at 7 MPa and a pressure exponent lower than 0.6 for space application. Additionally,
Tagliabue et al. [103] performed friction and impact sensitivity along with compatibility
tests between ADN and the phase-stabilizing AN agent, as well as a thermal stability
test by varying the AN content in the mixture with GAP and HTPB binders along with
bis-azido-triethylene-glycol (BATEG) and di-octyl-adipate (DOA) plasticizers, respectively.
The findings suggested that the burn rate decreased with increases in AN content for all
compositions. The pressure exponent for the ADN/AN/GAP/Al/BATEG propellant still
remained between 0.62 and 0.73 and the ADN/AN/HTPB/Al/DOA propellant between
0.31 and 1.52, while showing a pressure exponent lower than 0.6 for compositions with
high AN contents and burn rates below 3 mm/s. Phase stabilization with KNO3 was
found to be compatible with prilled and coated ADN prills, while the phase stabilizer
NiO caused decomposition of ADN. The study suggested using a burn-rate modifier with
ADN/AN/GAP/Al propellant to achieve the target burn rate and pressure exponent based
on ADN/AN ratios of 70:30 or 60:40. The next study by Gettwert et al. [104], focused
on the composition ADN/AN/GAP/Al with bi-modal ADN and phase-stabilized AN
(for both oxidizers, coarse—fine = 70:30), a GAP-diol binder cured by isocyanate, along
with the reaction catalyst dibutylyltin dilaurate (DBTDL) and various inert plasticizers:
dibutyl sebacate, plasticizer (unknown, due to military use). The measured burn rate
for ADN/AN/GAP/Al/dibutyl sebacate propellant with an ADN/AN ratio of 50:50
was 10.5 mm/s at 7 MPa, but the pressure exponent was too high at 0.83. A similar
propellant with ADN only had a higher burn rate of 16.8 mm/s at 7 MPa, with a desirable
pressure exponent of 0.57. The composition ADN/AN/GAP/Al/unknown plasticizer,
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with ADN/AN = 100:0, exhibited a burn rate of 15.2 mm/s at 7 MPa, while it had a
pressure exponent of 0.46 within the 4-13 MPa pressure range. A similar composition
with ADN/AN = 70:30 exhibited a burn rate of 14.01 mm/s and a pressure exponent 0.62.
Based on the last composition, the AN oxidizer was further modified by removing fine
powder of AN from the bi-modal composition and the ratio of coarse to fine ADN was
changed to 30:70 to compensate for the removal of fine AN particles. This composition
with changed ADN and AN powder size burned at 13.71 mm/s at 7 MPa, with a pressure
exponent 0.64. These studies on ADN/AN dual oxidizers paved the way for integrating
ADN-based “green” solid propellant for space applications by replacing AP/HTPB/Al
propellant without much deviation from the desired targets.
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Figure 6. Burn rates from the (a) lab-scale rocket motor and (b) Crawford bomb tests at different

pressures; reproduced /adapted from [101], with permission from the author V. Gettwert.

Pozzoni et al. [105] conducted technical feasibility tests with thermochemical simula-
tions to replace AP/HTPB/Al-based solid propellant in the EAP boosters of the Ariane 5
launcher. Three novel ADN-based compositions were investigated. The thermophysical
properties, motor performance, and combustion product analysis were conducted by using
the NASA CEA code according to the nozzle exit area and desired thrust profile of the EAP
booster mission for 60 km altitude within 130 s. The burn characteristics and compositions
for the three propellants along with an AP-based propellant for the EAP booster are shown
in Table 7.

Table 7. Burn characteristics and composition of studied propellants and calculated performance
parameters for the mission objectives of EAP booster (last three columns); data from [105].

Max. Burn Mean Burn

Propellant Composition Density a n 1, @60 bar Rate Rate Mean I,
(g/cm?] [mm/ (sbar")] -] [mm/s] [mm/s] [mm/s] s]
EAP 68% AP + 14% HTPB + 18% Al 1.71[93] 1.08 93] 0.46[93] 7.1[93] 7.1 6.0 264.4
(Formulation of Ariane 5
EAP boosters)
ADN59 55% ADN +30% HMX + 19% GAP+  1.63[93] 2.37[93] 0.52[93] 20[93] 155 129 250.1
13.4% TMETN ? + 1.6% stabilizers
(Double oxidizer ADN /HMX)
ADNANS55 30% ADN + 30% AN + 16.13% GAP + 1.84[103] 0.61[103] 0.71[103] 11.2[103] 114 9 270.4
3.3%BATEG + 18% Al + curing agents
(Double oxidizer ADN/AN)
ADNANS5BI-BI  30% ADN + 30% AN + 12.9% GAP + 1.83[106] 0.42[106] 0.77 [106] 9.8[106] 10.0 7.6 268.4

3.25% D2200 + 3.3% BATEG + 18% Al
+ curing agents

(Double oxidizer ADN /AN and dou-
ble binder GAP/D2200)

2 TMETN: Trimethylolethane trinitrate.

The vacuum and optimal thrust calculations for all formulations at various altitudes (of EAP
booster mission profile), chamber pressures, and nozzle expansion ratios while keeping the
exit area the same revealed that ADN59 propellant results in the highest thrust (maximum
in range of 14-16 MN), while the thrust produced by ADNANS55 and ADNANS55 BI-BI



Aerospace 2025, 12, 46

32 0f 49

is (maximum in range of 8-9 MN) comparable to the AP-based propellant for the EAP
booster. The higher thrust generated by ADN59 is due to the lower nozzle expansion
required for ADN59 compared to other propellants, which leads to a higher throat area
for a fixed exit area of the nozzle and overall higher mass flow rate. Table 7 also shows
the computed maximum and mean burn rates for all four propellants during the desired
mission profile. Although the pressure exponent n of ADNANDS55 and its BI-BI formulations
are lower than 1, they are still higher than the pressure exponent of the EAP booster,
while ADNS59 is closer to the EAP formulation. ADN59 presents a higher burn rate than
required (7-15 mm/s), while the ADNANDS55 BI-BI formulation was found to be the best
among the three, which have maximum and mean burn rates closer to the EAP booster.
The maximum and mean chamber pressure and temperature are found to be lower for
ADNB59 propellant (mean pressure was 16 bar lower and temperature was 300 K lower),
while ADNANS55 BI-BI propellant has maximum and mean pressures and temperatures
slightly higher than the EAP booster (mean pressure was within 1 bar and temperature was
within 60 K). Table 7 also shows the mean specific impulse obtained for all compositions,
with ADN59 having the lowest Isp, requiring 4.9% more propellant mass compared to the
mass of the propellant for the EAP booster (227 tons), while ADNANS55 and ADNANS55
BI-BI show 2.2% and 1.5% reductions in the required propellant mass, respectively. All
three ADN-based compositions show excellent performance, with characteristic velocities
¢* of around 1600 m/s, which is slightly better than the c* of the AP-based propellant
(about 1578 m/s).The study also evaluated the combustion product compositions with
a shifting equilibrium approach through the divergent section of the nozzle. Figure 7
shows the compositions of the combustion products for all four propellants. HCl is not
present in ADN-based propellants and aluminium oxide a-Al>Oj3 is not present in ADN59,
a non-aluminized composition. Because of having the same Al loading, all aluminized
propellants show no difference in a-Al,O3. CO production was significantly high in the
EAP booster; this was reduced to almost half in all the ADN-based propellants. ADN59
produced very high CO», whereas it was only 2% in the EAP booster and 3% in ADNANbS5
and its BI-BI formulation. Overall, it was concluded that using aluminized ADN-based
propellants (ADANS5 or ADANS55 BI-BI) can reduce toxic HCl emissions by 47.8 tons,
CO by 26 tons, and increase CO; emissions by 2.7 tons while replacing the AP with ADN
based formulation in EAP booster, and the remaining reaction products are only water, N»,
and Hy.
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Figure 7. Combustion product composition calculated for AP- and ADN-based propellants; repro-
duced/adapted from [105].
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5.3. Effect of Morphology and Micro-Structure on ADN—Metal Combustion

The above studies mainly focused on adding micron-sized aluminium powder to ADN-
based composite propellant and finding compatible binders and additives, with the aim of
optimizing burn rates as well as pressure exponents. A few studies have also explored the
application of nano-sized aluminium powder and aluminium hydride to enhance the burn
rate of composite solid propellant. It is understood that morphology and micro-structure,
along with various mutual interactions and compatibilities among propellant ingredients,
can have a significant impact on the combustion behaviour of composite solid propellant.
These properties depend upon the adopted fabrication process as well as having an impact
on the mechanical and thermal stability of the propellants. Various surface modification
techniques such as micro-encapsulation, ultrasound sonication, fluidized-bed coating, and
solution-coating methods have been adapted for ADN, with the target of increasing its
anti-hygroscopic properties in combination with different coating materials. Another ap-
proach, co-crystallization, has also been explored to modify the hygroscopic characteristics,
thermal stability, and mechanical sensitivities of ADN mixes. Details of these approaches
are given in [10,21,107]. In this section, studies exploring the effects of morphological
and micro-structural changes of composite propellants on their thermal oxidation are
mainly reviewed. To avoid the toxic and incompatible (with ADN) isocyanate curing agent,
Gong et al. [108] used a propargyl-terminated ethylene oxide-tetrahydrofuran copolyether
(PTPET-A3) binder with two types of ADN particles and RDX and Al to prepare composite
solid propellants. Spherical ADN (ADNg, diameter 5-20 um) and flaky ADN (ADN, size
10-50 pm and thickness: 1-3 pm) were used. The morphology of the prepared composites
was observed using SEM, which suggested the uniform distribution of ADNg, while ADN¢
was not well distributed due to the observed high viscosity and poor processing properties
during fabrication of ADN¢. The mechanical properties of ADNg were found to be signifi-
cantly better than ADN;. The burn-rate measurements were performed between pressures
of 3 and 17 MPa. The burn rate for ADN;/PTPET-A3/RDX/ Al (30%/28.5% /14.5% /5%)
was found to be higher (7.8-29.8 mm/s) at each pressure level than for ADNg/PTPET-
A3/RDX/Al (30%/28.5%/14.5%/5%), being 6.95-19.70 mm/s. The pressure exponent for
flaky ADN was 0.783, while spherical ADN showed two branches and different pressure
exponents at lower and higher pressure ranges: 0.364 (3—11 MPa) and 1.256 (11-17 MPa).
For ADN, the flame structure showed bright larger Al particles adhering to the surface,
while the ADN; flame structure showed small Al particles in large quantities in the flame
zone. Xin et al. [109] employed a high-pressure differential scanner (HP-DSC) to examine
the influence of nano-Al versus nano-Al coated with glycidyl azide polymer (GAP) on
the thermal decomposition of ADN. A silane coupling agent (KH-550) was utilized as an
interface between the GAP and the nano-Al to create a core—shell nano-Al/GAP, along with
ultrasound blending to produce nano-Al/ADN and nano-Al/GAP/ADN combinations.
The findings demonstrated that both nano-Al as well as coated nano-Al/GAP enhanced
the temperature-associated decomposition of ADN. Further, Xin et al. [110] employed
mechanical ball-milling, creating nano-Al by minimizing the chloride form of aluminium
anhydrous via lithium aluminium hydride. The thermal decomposition of ADN and the
n-Al/ADN composite was explored by HP-DSC, and it was discovered that nano-Al had
very little impact on ADN’s melting temperature, while the decomposition temperature of
n-Al/ADN increased significantly and exhibited a single peak in the DSC plot. The effect of
micron-sized and nano-sized Al powder particles on ADN'’s thermal safety characteristics
were studied by Lei et al. [111] by experimental measurements including DSC, accelerating
rate calorimetry (ARC), and slow cook-off, as well as deflagration point tests. It was sug-
gested that the presence of Al accelerates the process of decomposition to combustion of
ADN, which leads to reduced thermal safety of ADN. The n—Al has a greater impact on the
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thermal safety characteristics of ADN than pAl. In order to understand the mutual influ-
ence of Al and ADN on each other, core-shell structured micro-composites were prepared
by an in situ crystalline growth method, with Al particles (average particle size: 5 um) as
the core and ADN as the shell (AI@ADN) by Li et al. [112]. SEM, X-ray diffraction (XRD),
and thermo-gravimetry analysis (TGA), as well as differential scanning calorimetry (DSC),
were employed to investigate the shapes, structures, and thermal behaviour of AI@ADN.
The chemical compositions and structure were investigated employing X-ray spectroscopy
(XRS) and SEM after heating up. A high-speed camera recorder was used to capture the
combustion characteristics of AIQADN in an O, environment. Two different mass ratio
powders of AI:ADN, 5:1 and 10:1, were investigated. Figure 8 summarizes the overall
process followed in the study. The SEM and XRD images before heating show that pure Al
particles have a spherical shape with a very thin oxide layer, observed due to traces of O.
ADN was found to be evenly distributed on the Al surface for both the compositions. The
DSC, TGA, surface composition, and morphology of samples provides the mechanism of
thermal oxidation of AI@QADN. When the temperature of AI@RQADN increased near to 90 °C,
ADN dots on the surface started melting to form liquid, leading to a decrease in density.
An increase in temperature to 250 °C caused ADN to go through many decomposition
reactions, forming HNO3 or HN(NO3),, which first corroded the alumina layer, while nitric
acid diffused inside and reacted with exposed Al, forming aluminium nitrate (Al(NO3)3),
which decomposed to form alumina and amorphous alumina and grew. Below the melting
point of Al (~660 °C), the amorphous Al transformed to y-Al,O3, and oxygen from the
outside slowly started oxidizing the exposed Al. Beyond 660 °C, inner Al melts moved
outwards and broke the surface alumina shell, and y-Al,O3 was transformed to a-Al,Os.
Higher temperatures led to further growth of a-Al,O3. The following reactions occurred
during the interaction of Al and ADN apart from ADN decomposition:

Al,O3 + 6 HNO3; — AI(NO3)3 + 3H,0
Al +4HNO; — Al(NO3)3 + NO + 2H,0
4A1(NO3)3 — 2A1,03 +12NO; +30,

Microsized aluminum/ammonium dinitramide core-shell particles to improve the
combustion performance of aluminum powders

Preparation Morphologies Thermal oxidation Combustion Residue morphologies

Al@ADN 5:1

Figure 8. Summary of thermal oxidation and combustion of AI@QADN; reproduced/adapted
from [112] with permission from Elsevier.

To study their combustion behaviour, 100 g samples of Al and AI@ADN were ignited in a
transparent quartz tube at atmospheric oxygen with a flow rate of 10 L/min. Table 8 shows
the ignition and burn time of each sample. The ignition time is the time between switching
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on of the ignition and the start of firing of the sample, while the burn time is the time
between the onset of firing and the natural extinguishing time. Pure Al cannot be ignited
in these experimental settings. Both AI@RQADN 10:1 and AI@ADN 5:1 were ignited easily in
the presence of O, with a bright glaring flame, as shown in Figure 8. AIRADN 5:1, with a
higher content of ADN, was ignited quickly and burned quicker than AI@QADN 10:1. SEM
images of the combustion product shows a cube-like structure (size: ~3 um) for AIRQADN
10:1, while AI@ADN 5:1 has a ribbon-like structure (size: ~3 pm, length: ~10-50 um). Both
residues are composed of Al and O according to elemental maps. EDS analysis shows that
Al@ADN 5:1 has a higher oxidation degree. The XRD pattern shows production of - and
7-AL O3, without the presence of Al. The ratio of a- to y-Al,Og3 is higher for AIRQADN 5:1
compared to AI@ADN 10:1.

Table 8. Ignition and burn times for AIRQADN 10:1 and AI@ADN 5:1; reproduced /adapted from [112],
with permission from Elsevier

Sample Ignition Time (s) Burning Time (s)
Al no ignition -
Al@ADN 10:1 1.83 8.41
Al@ADN 5:1 1.09 6.16

Recently, Zhang et al. [113] explored a surface modification method by producing
energy-containing ADN microspheres. The suspension assembly process was used to
coat ADN with GAP (G-ADN), fluorine rubber F2602 (F-ADN), or hydroxyl-terminated
block copolyether HTPE (H-ADN). The crystal and chemical morphology (SEM, FTIR)
of the microspheres, and mechanical sensitivity and hygroscopic tests as well as thermal
decomposition and combustion analysis were performed for pure ADN and G-ADN,
F-ADN, and H-ADN. The SEM analysis showed that the suspension assembly process
led to a high degree of sphericity, with particle sizes concentrated in a narrow band of
20-30 um. The FTIR results suggested that the chemical structure of ADN was not altered
in all cases. F-ADN and H-ADN showed higher thermal stabilities in DSC measurements
than pure ADN; G-ADN had lower thermal stability. The critical impact sensitivity for
pure ADN was 7], while it increased to 13, 17, and 15 for G-ADN, F-ADN, and H-ADN,
respectively. The friction sensitivities also improved significantly, in a similar order. A
moisture absorption test was conducted to evaluate the hygroscopicity of the prepared
samples. At 25 °C and 60% relative humidity, the moisture absorption value of raw ADN
was as high as 66.67%, while it reduced to 40%, 9.43%, and 12.12% for G-ADN, F-ADN,
and H-ADN, respectively. F-ADN’s low hygroscopic nature is due to formation of a dense
encapsulation layer on ADN’s surface. The raw ADN and coated ADN (61%) were pressed
into ® 6 mm x 3 mm pellets with compositions of Al (18%) powder and binder of poly-
tetrahydrofuran (PBT) (8.4%), plasticizer of bis(2,2-dinitropropyl) acetal (A3) (11.7%), and
curing agent of toluene diisocyanate (0.4%). The combustion characteristics were evaluated
only with qualitative visualization and average burn times were measured as 1.353 s,
1.513 s, 1.578 s, and 1.673 s for pure ADN, G-ADN, F-ADN, and H-ADN, respectively.
F-ADN was also tested after hygroscopic treatment, showing a longer burn time of 5.033 s
and a bright flame with a distinct flame edge. Overall, the study suggested that the use of
fluorine rubber-encapsulated ADN provides a viable option for ADN-based composite solid
propellant. Similarly, Qiao et al. [114,115] utilized co-crystallization techniques to produce
ADN co-crystals with anti-hygroscopic properties and performed thermal and mechanical
sensitivity analyses along with hygroscopic testing to obtain the desired properties, but
the combustion behaviour with pure or with composite metal fuels was not tested. The
energetic performance was evaluated by performing thermochemical calculations. The
ADN-18C6 [114] (18-crown-6) co-crystalline supramolecule was prepared using the solvent
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evaporation method with a 1:1 ratio of ADN and 18C6. Various experimental measures of
ADN-18C6 showed a higher melting point (151.6 °C) in comparison to pure ADN (92.6 °C),
and very low hygroscopicity (0.9%, in comparison to 18% for ADN) in similar humidity
conditions, along with very low impact sensitivity. However, the energetic calculation
showed lower specific impulse in comparison to pure ADN. Similarly, a ADN/TANPDO
(2,4,6-triamino-5-nitropyrimidine-1,3-dioxide) supramolecule crystal in the ratio 3:2 was
produced using a reaction crystallization assembly method [115]. ADN/TANPDO showed
excellent thermal stability with the absence of a melting process (no endothermic peak in
DSC plot); it showed an exothermic peak at 215.6 °C, and had a decomposition temperature
22 °C higher than ADN. ADN/TANPDO also had greater mechanical insensitivity. The
thermochemical calculation showed ADN/TANPDO had a 19.56% higher specific impulse
as well as a higher combustion temperature than pure ADN.

Very few studies have been conducted for ADN in combination with materials other
than Al metal powder. Comet et al. [116] reported a study on new composites primarily
for detonation applications, where ADN was used as the oxidizer while red phospho-
rous (RP) or titanium hydride TiH, (TH) were used as fuels. At an equivalence ratio of
1, both the formulations exhibited heats of explosion more than 7 kJ/g (in comparison
to pure ADN, 3.95 kJ/g) and detonation velocities between 1.0 and 2.0 km/s, with run
of detonation distances from 20 to 40 mm for 3 mm circular tubes at around 40% of the
theoretically maximum density (TMD). The ADN/RP mix showed higher sensitivities to
impact and friction than the ADN/TH mix; however, both were found to have no sensitivity
to electrostatic discharge. Secondary explosive PETN powder (60% TMD) and pressed
PETN pellets (95% TMD) were effectively triggered by the shockwave generated by the
ADN/RP and ADN/TH. According to the article, ADN-based detonating compositions
can be regarded as “green” alternatives to lead-containing primary explosives. The SEM
analysis showed that phosphorous particles aggregated at the surface of ADN, showing
good compatibility between these materials, while some titanium hydrides penetrated
ADN crystals and the rest remained as free particles. Cristilli et al. [117] experimentally in-
vestigated the effect of mechanically stimulated Al-Mg particles on the burning behaviour
of ADN/HTPB at a pressure range of 4 to 13 MPa. Three levels of mechanically acti-
vated Al(spherical)-Mg(flakes) in an 80:20 ratio were used to prepare ADN/HTPB/Al-Mg
composite solid propellants with a mass ratio of 66:18:16, along with individual metal
propellants. NIR/IR spectra were used to determine the temperatures of the heated gases
and particles. SEM and EDX (energy-dispersive X-ray) mapping were utilized to analyse
the effects of mechanical activation (milling process) on the Al-Mg mix. Among the three
mixes, the first was untreated, where the SEM images clearly show the difference between
the Al spherical powder and Mg flakes; the second and third mixes were prepared with
low- and high-intensity milling. The high-activated mix showed more homogeneous dis-
persion of Al-Mg than the low-activated mix. However, the burn rate measurements of
composite propellants based on Al-Mg did not show much difference among the tested
samples, but the measured burn rate was slightly lower for the high-activated Al-Mg than
the low-activated Al-Mg mix. The pressure exponents of the examined Al-Mg-based pro-
pellants had ranges between 0.72 and 0.87, with flame temperatures lower than adiabatic.
Sims et al. [118] explored ADN-based composite solid propellant for the application of
boosters in hypersonic operations. The authors demonstrated that addition of fibres of
AlMg5 (95% Al and 5% Mg) alloy provided significant heat transfer from the flame zone to
the inner surface of the propellant, allowing modification of the burn rate of ADN-based
composite solid propellant measured at pressures of 7-26 MPa. The tested fibres had
dimensions of 90 pm diameter and 0.5, 1, and 3 mm lengths. The burn rates were compared
with ADN/GAP (70:30), ADN/GAP/fuel, and ADN/HTPB/fuel, with ADN as 67%, GAP
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or HTPB as 30%, and 3% fuel as Al powder, Al-Mg powder mix, AIMg5 alloy in powder
form, or AIMg5 of three different length fibres. The burn rate followed a linear trend for all
the tested compositions on a log-log scale. The AIMg5 powder did not change the burn
rate significantly compared to the ADN/GAP reference case, while ADN/GAP/Al-Mg
powder reduced the burn rate drastically compared to ADN/GAP without metal additives.
The ADN/GAP/AIMg5 3 mm fibre length-based composite showed a burn rate almost
double that of ADN/GAP, being 84 mm/s at 26.5 MPa pressure, with a pressure coefficient
less than 0.5 for the three ADN/GAP/AIMg5 cases. AIMg5 1 mm fibre addition with
ADN/HTPB/fuel did not change the burn rate significantly compared to the ADN/HTPB-
only composition. SEM/EDX examinations and thermal conductivity measurements were
used to investigate the burning process. Figure 9 compares SEM images of the burned and
unburned surfaces for the ADN/GAP/AIMg5 3 mm length fibre composition. The SEM
image of the unburned surface shows the fibres are surrounded by ADN particles, which
can be identified by their needle shapes. In the SEM image of the burned surface, the fibres
are completely exposed, along with nearby voids created by ADN decomposition. The EDX
mapping (Figure 10) confirmed the results of the SEM images: the exposed AIMg5 fibres
can be clearly seen (purple colour). After decomposition, nitrogen and oxygen decrease
on the surface while carbon increases. The thermal conductivity measurements showed a
22% increase of ADN/GAP propellant by adding AIMg5 fibres, irrespective of the length,
while adding Al/Mg powders did not change the thermal conductivity. These outcomes
prove the mechanism of enhanced burn rates due to heat transfer being facilitated from
the flame zone to the inside of the propellant by the used fibres. Small-scale motor tests
were also conducted with 320 gm cast propellants for ADN/GAP, ADN/GAP/Al-Mg
powder, and ADN/GAP/AIMg5 3 mm fibre composite solid propellants. The burn rates
for the 3 mm fibre composite showed a 45% higher burn rate (of 44.08 mm/s) than the
ADN/GAP propellant. However, the use of AI-Mg powder reduces the burn rate by 13%
in the ADN/GAP/fuel propellant. This opposite effect from AP-based solid propellant
would need further investigation.

burned surface

t .

Figure 9. SEM images of ADN/GAP/AIMg5 (3 mm fibre) propellant formulations: the burned
surface (left) and unburned surface (right). Fibers are spotted with red. Reproduced/adapted
from [118], with permission from John Wiley and Sons.

In summary, ADN’s potential as a “green” solid composite propellant with metallic
fuel has been explored in the past two decades in two directions: (1) measuring the burn-
rate characteristics, and (2) addressing ADN'’s hygroscopic nature, and mechanical and
thermal sensitivities. Many experimental and theoretical studies have been conducted to
estimate the burn-rate characteristics to replace AP-based traditional toxic solid propellants
while exploring various compositions based on the wealth of previous knowledge and
understanding of AP-based propellant combustion. Many efforts have been directed
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towards obtaining required burn rates for specific applications and reducing pressure
dependencies. Recently, various studies have been conducted to modify the morphology
and micro-structure of ADN crystals to obtain anti-hygroscopic properties and lower the
thermal and mechanical sensitivities by using various protective coatings as well as co-
crystallization. However, very few studies have been performed on the burning behaviour
on modified ADN surfaces and ADN co-crystal-based composite solid propellants. A very
limited number of studies on the burn behaviour and physical properties of other ADN-
compatible metallic fuel-based composite propellants have been conducted. Additionally,
there is a very high scope for developing detailed numerical modelling and simulation
tools and techniques to predict and obtain the flame structures of metallic fuel-based ADN
solid composite propellants [119] and integrating them to obtain optimum compositions
for various applications. There is already fundamental research going on to find suitable
catalysts compatible with ADN-based liquid monopropellants [120]; however, developing
and finding suitable catalysts to control the burn rate and combining them with modified
morphologies/micro-structures brings more opportunities to develop ADN-based solid
propellants with desired combustion performance.

burned surface

Figure 10. EDX mapping of ADN/GAP/AlIMg5 (3 mm fibre) compositions; reproduced /adapted
from [118], with permission from John Wiley and Sons.

6. Discussion and Future Outlook

The development of a new environmentally friendly composite solid propellant for
propulsion applications and bringing its maturity up to operational level is a complex
process which can expand into multiple major science and engineering research domains.
It may require future sustained collaborative efforts from academic researchers, space
agencies, and defence and commercial space industries to further realize a “green” rocket
propellant for future multi-stage launch systems, booster, or microlauncher applications,
which can also enhance reusability. The development of ADN-based “green” composite
solid propellant is an emerging technology; at the current time, it can be considered at
stage 4 of Gartner’s hype cycle [121]. The “technology trigger” (stage 1) was started after
ADN’s discovery in 1971 and its re-invention and public knowledge in 1988, owing to its
high performance and ecological benefits. With the “peak of inflated expectation” (stage
2) of replacing the already-existing mature AP-based solid propellant for launch vehicles,
sustained efforts have been made for developing ADN-based composite solid propellant
from the 1990s to the last decade, especially in Europe. Various combinations of ADN-based
composite solid propellants were developed, the propellant fabrication processes were
adapted, and testing campaigns were conducted to measure and estimate their ballistic
properties, along with lab-scale rocket motor testing. However, a slight “trough of disillu-
sionment” (stage 3) was observed when the challenges associated with ADN-based solid
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propellant were realized, including obtaining target burn rates and its pressure dependency
for specific applications, its hygroscopic nature, and its high sensitivity to mechanical and
thermal loads, which lead to issues in handling, long-term storage, and transport. As
mentioned, the development cycle of ADN-based solid propellant is now in stage 4, which
is termed the “slope of enlightenment”, when many technologies and processes are being
developed to modify the micro-structural and morphological properties of ADN-based
formulations to achieve mechanical and thermal stability and anti-hygroscopic properties,
as well as balancing the burn properties of green solid propellants. Future sustained re-
search efforts will be further required to realize the “plateau of productivity” as the final
stage (stage 5) to achieve operational ADN-based green solid propellant in many space
applications. The main challenges in developing viable ADN-based solid propellant lie in
formulating a suitable composite with low hygroscopicity, enhanced thermal, mechanical,
and chemical stability, and the ability to deliver the required burning performance while
ensuring operational viability during rocket motor tests and actual launches. Previous
researchers have explored various theoretical, experimental, and numerical techniques to
support the development of ADN-based solid propellant up to now, which further require
advancement also. Based on existing tools and techniques and future advancements, the
authors would like to discuss the following possible pathways for future research to realize
an efficient and desirable ADN-based green solid propellant.

6.1. Pathway 1: Quantum Chemistry and Molecular Thermodynamics

ADN-based composite solid propellants can have many organic, non-organic, and
metallic ingredients, with ADN as the oxidizer (mono-modal or bi-modal), and then a
binder (energetic/non-energetic), plasticizer, energetic fuel (metallic/non-metallic), curing
agent, stabilizer, catalyst. Up to now, many studies have explored/developed ADN-based
solid propellant based on previous knowledge and understanding of AP-based or AP-
compatible ingredients. It may be required to explore existing or new ingredients and their
compatibility in a systematic manner, especially with ADN. Hahma et al. [122] highlight
ADN’s incompatibility with many materials and impurities, which either react with ADN
or catalyse the decomposition of ADN or both. Some totally incompatible materials are
iron, nickel, copper, silver and its alloys and compounds, cyanoacrylate glue, and polyac-
etal (Delrin). Some of these can cause autoignition of ADN, even with molten ADN. The
compatible materials are stainless steel (552343, V4A, AISI316), aluminium, magnesium,
gold, polytetrafluoro-ethylene (PTFE), perfluorinated rubber (Viton), polyethylene without
dyestuffs, RDX, HMX, zinc oxide, magnesium oxide, Dow Sylgard 170 two-component
silicone resin, and plexiglass (as thoroughly cured polymer only). In order to evaluate the
compatibility with various substances, quantum chemistry and molecular thermodynamics-
based calculations can be employed along with relevant testing. Very few studies have
applied these methods to ADN. Rahm [123,124] has theoretically investigated the kinetic
stability, reactivity, and solid-state behaviour of possible green energetic materials (GEMs)
in the gaseous state and in a low polarity solvent (THF) by analysing various possible
decomposition pathways for each compound. Along with ADN, the study proposed new
oxygen- and nitrogen-rich compounds, which can have high energy content as well as
a high oxygen balance. Both these properties lead to better performance while reducing
the requirement for metallic fuel. A lesser amount of metallic fuel can lead to a reduced
combustion temperature and reduced smoke formation, as well as being lighter and having
cheaper fabrication. Several material properties such as density, solid-state heat of forma-
tion, and propellant performance were estimated with theoretical calculations. Isocyanate
curing agents are toxic to humans, as well as incompatible with ADN. The study also ex-
plored compatible curing agents based on poly-oxetanes for ADN/GAP-based composite
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propellant. Ren et al. [125] and Zheng et al. [126] have employed molecular simulations to
tune the hygroscopic nature of ADN with several energetic materials as co-crystal ligands of
ADN. Lu et al. [127] have summarized various studies on the simulation of ADN based on
density functional theory (DFT), molecular dynamics (MD) calculations, the Monte Carlo
(MC) method, and other numerical simulations. The quantum chemical and microscopic
molecular dynamics models can reveal the relationship between the molecular structure
and macroscopic thermal and material properties. The prediction of ageing and degrada-
tion of thermal and mechanical properties of composite solid propellant over time (usually
decades) under storage conditions is another important direction to advance composite
solid propellant technology. Accelerated ageing techniques are used to experimentally
evaluate the ageing process; this may not reliably predict the degradation process on actual
timescales. Multiscale quantum chemical and molecular dynamics models are required to
overcome the shortcomings of experimental methods and can be used to predict the degra-
dation mechanism and rates, and the impact of the interface and material properties as a
function of time. Further, the solid-phase behaviour under mechanical and thermal loading
can be analysed by adapting mesoscopic and macroscopic modelling [128] for ADN-based
composite propellants. Recently, Kumar et al. [129] have presented a numerical framework
to investigate the thermo-mechanical deformation of burning heterogeneous solid propel-
lant by using coupled solid—gas-phase models. Thermal and mechanical loading can also
result in forming voids; the mechanisms of forming micro-voids and microcracks and their
evolution or debonding within composite solid propellants can also be investigated; they
are responsible for promoting uneven burn, leading to potential failure upon use. Based on
the finding of a compatible formulation, suitable manufacturing processes can be explored
for ADN-based composite solid propellants for long-term storage, and effective transport
and handling, along with the desired energetic performance.

6.2. Pathway 2: ADN with Various Metallic Fuels

The combustion of ADN composites with metallic fuel results in a highly energetic
reaction, generating hot gases that are expelled through a nozzle, producing thrust and
propelling the rocket. The combustion performance of ADN composite solid propellant
can be influenced by various factors, including particle size and distribution, mixing ratio
with the fuel, pressure, and temperature conditions. Scientists and engineers continuously
study and optimize these factors to maximize the efficiency and stability of ADN-based
propulsion systems. Furthermore, the combustion characteristics of ADN can also be
tailored by the addition of suitable additives, catalysts, or binders to control the burn rate,
ignition sensitivity, and overall performance. This allows the customization of ADN-based
propellants to meet specific requirements and applications. The previous studies on ADN-
based composite solid propellants mainly focused on using aluminium as metallic fuel
in the form of micro-sized (pAl), nano-sized (n-Al), or activated (act-Al) Al in various
compositions. However, there are very few studies focused on other metallic fuels such as
magnesium (Mg) or aluminium hydrides and titanium hydrides, while there are no studies
on other metallic fuels such as titanium (Ti), zirconium (Zr), metalloid fuel boron (B), or
different powder mixes or compounds to control the burn performance of ADN-based solid
propellants. The burn rates at various operating pressures and the pressure sensitivities
have mainly been measured and computed using a Crawford/strand burner with optical
access. Many studies have employed thermocouple-based and optical temperature mea-
surements as well as spectrometric analysis to predict the spatial and temporal temperature
and species variations and to identify various kinetics. Various types of SEM/XRD and
other surface morphology and micro-structure identification techniques have also been
integrated for pre-, post-, or in situ combustion analysis. Only a few studies have em-
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ployed lab-scale rocket motor testing. Metal combustion in oxygen/air is a challenging
research area itself, and metal combustion in the presence of various oxidizers, binders,
and other additives leads to more challenges. However, it is recommended to focus on un-
derstanding the metal combustion phenomenon by combining experimental and numerical
modelling and simulation tools for metal ignition, the effect of condensed products and the
aggregation/agglomeration phenomenon on metal combustion, the kinetics of combustion,
the influence of various factors of metal combustion on propellant burning, estimation
of two-phase loss, slag formation, the impact of the presence of additives, and the use
of metal alloys. Experimental methods such as SEM/XRD can be employed in pre- and
post-combustion of single- or multi-particle combustion stages. The use of metal filaments
and catalysts can also be explored for burn-rate measurements and understanding the
mechanism for burn-rate modification. New technologies to control the burn characteristics
of metal-based solid propellants can be adapted, as studied by Wen et al. [130], who used
a DC electric field to move metallic particles in the flame towards the burning surface.
The studies on kinetically controlled combustion and diffusion-controlled combustion in
metallic solid propellant and their transition from one to another can also be explored to
adapt burn-rate requirements with suitable mono-modal or bi-modal oxidizers, binders,
plasticizers, catalysts, and stabilizers.

6.3. Pathway 3: Composite Propellants with Modified ADN Surfaces and Crystals

Recent studies [10,112-115] have explored various fabrication processes to modify
the surface morphology by protective coatings and combining additional compounds
with ADN to produce supramolecules with co-crystallization. These surface and crystal
modifications of ADN can overcome the stability and sensitivity challenges of pure ADN,
developing compounds with higher melting points, low mechanical sensitivities, and low
hygroscopicity compared to pure ADN. Thermal stability is evaluated using differential
scanning calorimetry (DSC) and thermogravimetry analysis (TGA), while impact and fric-
tion sensitivities are estimated using BAM friction and sensitivity tests. SEM/XRD/EDS
have also been used for analysis of micro-structure, morphology, and elemental maps of
ADN'’s reactant, intermediate, and final combustion products. The hygroscopic rates were
also measured for the modified samples, along with pure ADN. In many of these studies,
the energetic performance was obtained by either simplified numerical calculations or
qualitative visualization. It is expected these new formulations, with enhanced properties
for ADN, will be utilized for composite propellant formation in the future and burn-rate
characteristics will be used to assess their performance with all ingredients, along with
the modified ADN. It will also be interesting to know whether these new compounds
of ADN retain their properties when used for larger-size composite propellant forma-
tion processes. Molecular dynamics simulations and quantum chemical simulations can
pave the way to identify many more modified ADN oxidizers and composite propellants,
which can be tailored to the desired energetic performance with significantly enhanced
stability properties.

6.4. Pathway 4: ADN Composite Flame Modelling

The flame structure of ADN-based composite solid propellant can be complex due
to various fluid, thermodynamic, chemical, and heat transfer mechanisms involved in
multiphase zones at various temporal and spatial scales. Initially, many studies utilized
equilibrium chemistry as well as 1D modelling to obtain the ADN-monopropellant flame
structure. Thakre et al. [76] modelled ADN combustion using coupled condensed- and
gas-phase models with finite-rate chemical kinetics. Generally, the combustion modelling
of solid propellant requires considering the solid-phase heat transfer modelling, foam
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layer (consisting of solid bubbles or liquid bubbles) modelling, and gas-phase kinetics
to predict the flame structure and burn rate. Many simple and complex techniques are
used to link the condensed phase and gas phase in 1D modelling, such as (1) assuming
condensed-phase decomposition with simplified Arrhenius equations and energy conser-
vation equations, (2) modelling condensed-phase decomposition with semi-global kinetic
mechanisms, and (3) modelling the receding surface along with mass, momentum, en-
ergy, and species conservation. In two-dimensions, sandwich modelling [79,131] has been
adapted by various researchers for composite solid propellant with oxidizer and binder
mixtures, keeping one at the centre and the other on both sides, without metallic fuels. The
inlet boundary conditions for these models are obtained by mass and heat flux continuity
at the vaporizing surface along with considering pyrolysis laws. The simulations can use
simplified chemistry to provide burn rate predictions close to experimental data. The
basic flame structure in the gas phase can be obtained for non-aluminized combustion
of oxidizer and binders. It consists of a primary flame from the reacting oxidizer and
binder; a premixed oxidizer flame; and a final diffusion flame, involving products of the
other two flames. However, detailed chemical kinetics are often required to accurately
predict the detailed flame structures and interactions, species mass/mole fractions, and the
rate of production and consumption of intermediates and reaction products. If multiple
ingredients are modelled, their detailed chemical kinetics should be optimized for the
mixture’s components. Kore et al. [119] studied the impact of adding Al to an ADN/HTPB
formulation and obtained a diffusion flame with a dark zone for ADN/HTPB, which came
closer to surface and reduced the dark zone with the addition of Al. The development of
ADN-based composite propellant can be accelerated if the numerical simulation methods
are integrated with experimental measurements, which would require modelling various
thermochemical processes in flame formation. This modelling and simulation will not
be possible without focused development of detailed chemical kinetics for reactants in
composite solid propellant, and their integration as well as validation. There is a further
requirement to develop integrated models for metallic fuel combustion in the presence of an
oxidizer and binder flame, develop am understanding of surface reactions, and predict the
agglomeration phenomenon and two-phase flow losses. The prediction of flame formation,
temperature distribution, and an analysis of the formation of various reactions and major
and minor reaction products can provide greater insight into combustion behaviour and
the impact of various uncertainties in propellant performance, allowing a significant reduc-
tion in the number of experimental trials for future development of ADN-based “green”
solid propellant.

6.5. Pathway 5: Small- and Full-Scale Solid Motor Testing

In the early development phases of new solid propellant, burn-rate measurements
using small sample sizes through a strand burner play an important role in optimizing
the composition and formulation of various ingredients. The burn rate, with burning area,
determines the combustion processes and the mass flow rate, and therefore directly controls
the pressure and thrust of the motor. The propellant burns in one-dimension in a strand
burner with small sample sizes, which can decouple the burn rate from other phenomena
present in the motor. Hence, the burn rate measured in a strand burner can be different than
in actual motor firing, usually lower than motor testing. The higher motor burning rate
can be caused by a difference in sample size, preparation methods, cross-flow velocities,
higher heat transfer, unstable combustion, presence of cracks or voids in the grain, etc.
Hence, it is important to develop a correlation, the “burn-rate scale factor”, between burn
rates measured in a strand burner and actual motor testing [132]. Due to the high cost of
performing full-scale motor tests, small-scale (200 gms-5 kg) or large sub-scale (5-10 kg)
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motor testing are integrated in propellant development and optimizing operations by
estimating different burn-rate scale factors. Additionally, rocket motor testing can provide
knowledge and understanding of the pressure and thrust vs. time history, the effectiveness
of the case insulation, the nozzle throat erosion, the effect of a prior environmental treatment
on the internal ballistics, and the operation of a thrust vector control mechanism or thrust
cut-off device, and the structural integrity of the propellant grain, developing the various
compatible systems and their integration towards practical usability. After determining or
identifying the possible combinations of ADN-based green solid propellants, small-scale
motor testing would pave the way for future integration and up-scaling of a new green
solid propellant. Lab-scale testing related to motor size, performance, and burn time will
provide knowledge of its usefulness towards actual operations. Later, full motor testing
will finally provide an opportunity for development of operations towards launching
integration of ADN-based green solid propellants.

7. Conclusions

Globally, the space launch market size is growing rapidly [133]. In the current decade,
every year 4000-5000 satellite launches are projected, due to growing commercial interests
in a variety of applications: weather monitoring, surveillance, Earth observation, naviga-
tion, communication, meteorology, and more [134]. Additionally, the advances in reusable
rockets and small-satellite technologies is fuelling the demand for low-cost, flexible, safe,
and reliable on-demand microlaunch vehicles for sustainable growth [134,135]. To realize
the projected growth trajectory in a sustainable manner, it is required to develop rocket-
launch and space-propulsion systems with propellants which are environmentally friendly
as well as non-toxic, while being able to be handled, stored, and transported for rapid de-
ployment. ADN is considered one of the most promising choices for green solid propulsion
systems due to its excellent ballistic properties. The ability to harness the combined energy
output of ADN and metal/metalloid fuels or various emerging compounds/combinations
could enable more efficient satellite launches, prolonged mission durations, and increased
manoeuvrability of spacecraft. The development of ADN-based green solid propellant has
been in progress for the past two decades. Along with its good performance characteristics
of a higher burn rate, high heat of formation, and higher specific impulse, there are a few
challenges to address before its more mature application in microlaunchers, first-stage or
second-stage space propulsion, or boosters, such as its thermal and mechanical stabilities,
compatibility with different materials, hygroscopic nature, and controlling the burn rate
for specific applications. This comprehensive literature review, with a focus on the com-
bustion behaviour of ADN-based green solid propellants with metal additives, provides
information and understanding on the comparative physiochemical properties of ADN,
its thermal decomposition mechanism, the combustion behaviour of ADN and techniques
used to understand it, the combustion behaviour of ADN with metal additives and the
impact of various techniques to tailor its performance, thermal and mechanical stability,
and to overcome its hygroscopic nature. Finally, the possible future research pathways
are identified and discussed for rapid accelerated development of ADN-based green solid
propellant as a viable solution for future propulsion applications.
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