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ABSTRACT

Hydrazinium nitroformate (HNF) is a chlorine-free, high-energy oxidizer with promising applications in green propulsion
systems. This review examines the thermal decomposition, combustion kinetics, flame structure, and behavior of HNF, while
critically evaluating the current body of literature. Thermal studies reveal that HNF undergoes two-stage decomposition, with
exothermic peaks at 136°C and 138°C and an activation energy of 150 kJ/mol, determined using Kissinger and Ozawa methods. The
decomposition products include nitroform, hydrazine, and nitrogen oxides, with a 72.5% weight loss in the first stage (105°C-142°C)
and 24.5% in the second stage (142°C-210°C). Combustion studies identify a three-zone flame structure: fizz zone, dark zone, and
luminous flame zone, with temperatures ranging from 1320 to 1540 K near the surface to 2720 K in the outer flame. HNF exhibits
a high-pressure exponent (~0.85), necessitating optimization through burn rate modifiers (BRMs) and advanced formulations.
While HNF demonstrates superior specific impulse and reduced exhaust plume radiation compared to ammonium perchlorate
(AP), its needle-like crystal morphology poses challenges for handling and propellant integration. This review emphasizes the
need for advanced diagnostic techniques, computational modeling, and innovative BRMs, along with polymeric binders that are
compatible with HNF and can improve the performance of HNF-based systems, offering valuable insights for green propellant
development.

binder such as hydroxyl-terminated polybutadiene (HTPB) or
polybutadiene acrylonitrile (PBAN) is often used by the various

1 | Introduction

High-pressure, high-enthalpy gaseous products from exothermic
chemical reactions are expanded through a nozzle to generate
the forward motion of the rockets. The combustion reaction
between the fuel and the oxidizer generates heat energy due to the
formation of new and stronger bonds between the electronegative
oxygen atom and the fuel producing these high-energy gases [1-
3]. A composite solid propellant (CSP) formulation consisting
of aluminum (Al) powder as the metallic fuel, ammonium
perchlorate (AP; NH,CIO,) as the oxidizer and a polymeric

space agencies around the globe, particularly in the first stage of
the rockets [4-7]. Various other combinations of different fuels
and oxidizers, such as magnesium (Mg) powder and ammonium
nitrate (AN) (NH,NO;), sugar, potassium nitrate (PN; KNO;), and
so forth, are available. Low combustion performance constrains
the extended use of the combination of magnesium and AN for
commercial rocket applications and is often used for amateur
rocketry [8-11]. AP is a high-density compound with an oxygen
balance (OB) of ~34% and is extensively used as an oxidizer
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because of its excellent performance and ballistic properties [12].
Aluminum powder is preferred as the fuel with AP due to high
volumetric and gravimetric energy densities, the catalytic effect of
nano-sized Al particles on the decomposition of AP, and its ability
to produce a very high-temperature flame, which together leads
to the high specific impulse of the CSP grain [13-17].

1.1 | Solid Oxidizers

The oxidizer is the major constituent of any CSP composition as it
tends to occupy around 70%-85% of the weight of the composition
[18, 19]. High positive OB, high heat of formation, and high
thermal stability are some of the important characteristics of an
oxidizer [20]. Equation (1) represents the formula to obtain OB
for a compound where X represents the number of carbon atoms
in the compound, Y represents the number of hydrogen atoms in
the compound, and Z represents the number of oxygen atoms in
the compound [21].

—1600
OB%—mX[ZX-F(Y/Z)—Z] 1)

Perchlorate and nitrate salts of the inorganic compounds such
as ammonium and metallic elements (alkali or alkaline earth
metals) such as potassium are the mostly used oxidizers for the
formulation of CSP grains [22, 23]. PN, an inexpensive solid
oxidizer with low hygroscopicity, is widely used in pyrotechnics
and explosives, especially in black powder, due to its ability to
oxidize carbon exothermically. Although it has high endother-
mic decomposition, making it suitable for use with highly
energetic fuels, it is not preferred in commercial propellants
[24-26]. Potassium perchlorate (PP), often used in pyrotechnic
formulations, has high decomposition temperatures and poor
reactivity with organic matter. However, its enhanced versions
with nano-metals and various other perovskites are being studied
for better ignition and energy release mechanisms along with
countering its hygroscopicity which can negatively affect nano-
sized fuel particles and propellant stability [27, 28]. AN, used in
secondary explosives, has limitations due to its phase transitions
at room temperature, which lead to volume instability and crack
formation in propellant grains. Despite its potential as a green
solid oxidizer, it is not widely used in commercial rockets [29-
32]. Conclusively, due to their low combustion performance as
compared to AP, salts of potassium such as PN and PP (KClO,)
find their applications in the formulation of pyrotechnic igniters
[33].

AP, known for its high thermal stability and complete gaseous
decomposition above 300°C, is the preferred oxidizer in many
solid propellants. Its burn rate can be enhanced by adding
metallic oxides like Fe,0;, CuO, and NiO, which catalyze its
decomposition and improve oxygen release [35-38]. Figure 1
represents the DSC curve, which reflects two distinct decompo-
sition stages of AP [34]. Table 1 presents the various important
properties of some conventional solid oxidizers of interest.

Other oxidizers include nitrate salts of sodium, barium, and
strontium, as well as the compounds of chlorate, permanganate,
dichromate, and peroxides. Because of the inferior stability,
ignition, and performance characteristics, these oxidizers are
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FIGURE 1 | DSC curve of pure AP [34].
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FIGURE 2 | Ionic form structures of (a) ammonium nitrate, (b)
potassium nitrate, (c) ammonium perchlorate, and (d) potassium perchlo-
rate.

not preferred for the formulation of CSP grains. However, these
oxidizers tend to find their applications in small-scale pyrotech-
nics because of their peculiar characteristics, such as colored
flame and delay composition [43]. Figure 2 represents the ionic
structure of different conventional solid oxidizers used in CSP
formulations and other pyrotechnic applications.

1.1.1 | Negative Impacts of Conventional Solid Oxidizers

Thermal decomposition products of AP include O,, HC], N,, N, 0O,
HCIO,, NOCI, H,0, and Cl, as is represented in Equation (2).
Oxygen and HCI are the products of prime interest here as to
where the free oxygen is necessary for the combustion of fuel,
gaseous HCI produces hydrochloric acid interacting with H,O
and results in acid rain [12, 44]. Other than increasing the acidity
of the rain, HCI emissions significantly affect the pH level of the
soil.

10NH,CIO, — 2.5Cl, + 2N,O + 2.5NOCI + HCIO, + 1.5HCI

+ 18.75H,0 + 1.75N, + 6.3750, )

Furthermore, HCI] breaks down into free radicals of chlorine
and reacts with ozone in the atmosphere, thereby depleting
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TABLE 1 | Different properties of oxidizers of major interest.

Chemical Density Oxygen Molar mass Boiling Melting Heat of formation
Compound formula (g/cm3) balance (%) (g/mol) point (°C) point (°C) (kJ/mol) References
AP NH,CIlO, 1.950 27.23 117.49 — 130 —296.00 [37]
AN NH,NO, 1.725 20.00 80.043 210 169.9 —367.50 [32, 39]
PP KClO, 2.520 46.20 138.55 600 525 —430.12 [40]
PN KNO, 2.110 47.47 101.10 400 333 —494.60 [41, 42]
the ozone content of the layer. The reaction between the free 1.2.1 | Need for Green Oxidizers

radicals of chlorine and ozone produces oxygen as represented in
Equation (3) [44, 45].

Cl-+0; - CIO- +0, ?3)

The fact that CO, and CO are the major air pollutants can
also not be neglected. Ammonium and nitrate-based oxidizers
liberate NO,, NO, and so forth upon their decomposition. The
emission of nitrous oxide gases not only affects human health but
is also a major air pollutant and degrades the water quality by
increasing nitrogen loading [46]. Perchlorate is one of the known
thyroid disruptors. It competes with the absorption of iodine in
the human body, resulting in decreased production of thyroxin
and triiodothyronine, thereby triggering the thyroid-stimulating
hormone. These hormones are essential for protein absorption
and the proper development of immature neurons [47]. Surface
and groundwater contamination from the combustion products
of perchlorate salts is extensively reported in China, Japan, Korea,
India, and the USA. The accumulated perchlorate is absorbed and
ingested by wild plants and animal species, including amphibians
and fish [48].

1.2 | Green Oxidizers

As the number of space missions and rocket launches are seen to
increase, there exists a need to find novel and green replacements
for current CSPs. The development of eco-friendly and nontoxic
oxidizers to be used as the component of CSP grains is of supreme
interest. AN shows the capability to replace AP as an eco-friendly
alternative, and therefore, several phase-stabilized versions of AN
are being developed, researched, and tested, exhibiting reduced
or almost no signs of polymorphism. Organic compounds such
as polyvinyl pyrrolidine, polyethylene glycol, and polyacrylamide
have been added to the crystal lattice of AN, resulting in an
acceptable percentage of phase stabilization in AN [49]. The
different weight percent of inorganic compounds like KNO; and
CsNO; have been used to enhance the stability of different AN
phases [50]. Oxides and diamines of metals like copper, nickel,
and zinc have also been used to achieve phase stabilization [51].

Many other eco-friendly solid propellant ingredients such as
hydrazinium nitroformate (HNF), ADN, FOX-7, GAP, dini-
trourea, BAMO, CL-20, and so forth are being synthesized and
tested by researchers [52-58]. Along with inventing new energetic
compounds, researchers are also producing various derivatives by
replacing and/or adding different functional groups or elements
in the existing compounds [59, 60].

Numerous organizations have raised concerns about the impact
of hazardous exhaust gases from rocket launches and their effects
on the local and global environmental conditions of the planet.
The depletion of ozone content in the stratosphere is indeed
resulting in climate change and, hence, is a matter of global
concern [61, 62]. This concern has taken a fast pace in the last two
decades, and thus, a large number of researchers are extensively
working toward finding eco-friendly or green alternatives to
existing oxidizers with comparable performance characteristics.

1.2.2 | Benefits of Green Oxidizers

The extensive use of green oxidizers in CSP grain formulations
delivers numerous crucial direct and indirect benefits in many
aspects of commercial rocket applications, such as biological,
ecological, economic, and so forth. No release of free halogen
radicals can directly eliminate the negative impact on the biotic
and abiotic components of the ecosystem [63]. There can be a
significant reduction in the acidity level around the launch site as
well as that of nearby water reserves [64]. There can be negligible
acid production in the atmosphere as the exhaust from the
combustion of eco-friendly oxidizers is completely halogen-free
[44].

Stainless steel and aluminum are the most used metals in the
construction of the supporting structures at the launch site which
tend to corrode in a moist environment having chlorine gas
available in abundance [65]. It is a well-known fact that the free
radicals are of much greater reactivity. On being expelled from
the nozzle, free radicals of chlorine tend to react with the nearby
infrastructures, thereby changing the mechanical properties of
the structures [66]. The chlorine-free exhaust, however, does not
degrade the structural integrity of the supporting infrastructure
of the launch pad. This tends to result in increased service life
and cost-effectiveness of the launch systems. Also, green oxidizers
with no free halogen radicals produce less dense exhaust when
compared to the exhaust of conventional oxidizers that include
free radicles of halogens. The use of green oxidizers tends to result
in quick dispersion of the exhaust plume or even the production
of no trailing exhaust plume, which facilitates the non-detectable
operation of missiles and security of the location of the launch
site. This property is extensively sought out, particularly for
defense applications. The chlorine-free exhaust tends to mitigate
the problems of local and global depletion of the stratospheric
ozone. Green oxidizers do not have any such element in their
chemical structure that may harm the integrity of the ozone layer
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TABLE 2 | Properties of hydrazinium nitroformate [68-71].

Property

Chemical formula CH;N;0Oq
Density 1.86 g/cm?
Oxygen balance 13.10%
Molar mass 183.08 g/mol
Melting point 121°C-125°C
Heat of formation —72kJ/mol
Heat of evaporation 164.8 kJ/mol

upon their release after combustion. Thus, it is safe to say that
the use of green oxidizers tends to deliver numerous significant
advantages over conventional oxidizers.

The novel aspects of this work lie in its comprehensive analysis
of HNF combustion and thermal behavior, synthesizing insights
from various studies to provide a clearer understanding of this
promising oxidizer. To the best of the author’s knowledge, no
comprehensive study is available that reports the important
aspects combined in a single document of such a novel green
oxidizer to be used in CSP grain formulations. The present
study aims to provide a detailed review of the studies carried
out on the various crucial aspects of HNF, that is, benefits,
different synthesis routes, and structural, chemical, mechanical,
and combustion properties of HNF as the green oxidizer. By
identifying gaps in current research, this review offers valuable
directions for future investigations, including the development
of advanced diagnostic techniques, computational models, and
optimized BRMs. For the researchers exploring green propellants,
this review underscores the importance of addressing thermal
decomposition challenges, pressure-dependent characteristics,
and compatibility issues in HNF-based formulations.

2 | HNTF as a Novel Green Oxidizer

HNF (CH;N;Oq) is a yellow-colored salt of hydrazine (HZN)
(H,N,) and nitroform (NF) (HC(NO,),) with a needle-like crystal
shape. HNF is also known as hydrazine trinitromethane. From
the rocket propulsion viewpoint, it is a chlorine-free, high-energy,
high-density, solid oxidizer with a low signature exhaust trail.
Large heat of formation and powerful exothermic combustion
reaction of HNF leads to a high specific impulse (I;,) and an
elevated burn rate [39, 67]. Along with the mentioned properties,
HNF, with low hygroscopicity and acceptable thermal stability
as additional benefits, can contribute to the easy castability
of thixotropic propellant compositions [68]. Various physio-
chemical properties of HNF are mentioned in Table 2.

Discovered in 1951, most of the experiments and research focused
on discovering various safe methods to synthesize HNF and con-
trol the particle size. Exploration of HNF was ceased due to two
main reasons, hazardous synthesis process and incompatibility
with extensively used conventional binders like HTPB, back then.
In 1987, the European Space Agency and the Netherlands Agency
for Aerospace Programs again started the research on HNF in

_CH acetylene
HCZ
H,C. 0]
: \( acetone
CH,
o 0
H,C OH isopropanol Conc. HNO3 “ H ,|\|‘
prop: o o
CH, Ny
o o~ So
HO. OH pyrimidine-
‘ X Nitroform
N\%N 4,6-diol,

acetic

HSCWOrOwOrCH3

FIGURE 3 | Various substrates used for nitroform synthesis.

anhydride

persuade to develop high energy halogen-free energetic material
[72, 73].

Liquid HNF and HNF solutions with water and methanol as sol-
vents are also being tested to be used as liquid propellants. Some
experiments suggest that the combination of HNF and water
can replace HZN for application in monopropellant thrusters
to control the satellite attitude, but extensive use is restricted
by low solubility [74, 75]. Similarly, deploying a combination
of HNF dissolved in water and lower alkanols like ethanol or
methanol as fuel has been proposed by Van den Berg et al., as
the replacement of HZN would result in a safer and simpler
mission with reduced cost for the overall project [76]. It was found
in a study that the catalytic ignition for liquid monopropellant
obtained by dissolving HNF in water, gave promising results
when Shell 405 (33% iridium on Al,O;) was used as the catalyst
[77].

2.1 | Chemistry of Synthesis Routes and Structure

Hydrazine nitroformate (HNF) is a salt that contains HZN and
NF. The process of producing HNF involves two main steps. First,
a precursor is nitrated to produce NF, which is then used to make
HNF. Nitroform (NF) itself is a brown, toxic, and volatile liquid
when at room temperature. To create HNF, it is crucial to first
synthesize NF.

2.1.1 | Synthesis of NF

The synthesis of NF has historically been a challenging task.
Initially, it was synthesized by nitrating acetylene gas to tetran-
itromethane (TNM), which was then converted to NF using KOH
and H,SO,. Also, Hatan’s method involves nitration of acetic
anhydride [78]. However, these methods had several drawbacks,
including high heat generation, the hazardous nature of the
intermediate, potassium nitroformate (KNF), and the low yield
of NF. Welch et al. [79] came up with a technique in 1970 that
involved using acetone and 90% HNO,. However, this method
had certain risks associated with it because acetone is volatile and
flammable.

NF was produced by utilizing various precursors, including
acetylene, acetone, 4,6-dihydroxy pyrimidine [80], isopropanol
[81], and acetic anhydride, as shown in Figure 3. Because of
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TABLE 3 | Nitroform yield produced from isopropanol from various nitrating methods.

Molar ratio (nitric

Substrate Nitrating agent Time acid to isopropyl) Yield
H.,C OH 98% Conc. HNO, 2-4h 10:1to 25:1 25%
Fuming HNO, 3h 12:1to 15:1 51.3%
CH3 Anhydrous HNO, 1-2h 14:1 53.6%
isopropanol
intrinsic difficulties in current synthetic methods, commercial 0

NF synthesis lags far behind laboratory research. These include
safety issues associated with the acetylene route, high costs linked
to the pyrimidine-4,6-diol method, and hazardous procedures for
the environment that use acetic anhydride as a substrate.

2.1.1.1 | Synthesis of NF From Isopropanol. When it
comes to NF synthesis, isopropanol has several benefits over other
substrates, including affordability, safety, and environmental
friendliness. Therefore, for large-scale production, the synthetic
pathway from isopropanol may be intriguing. Before 1978, the
production of NF from the reaction mixture involved a hazardous
technique known as vacuum distillation. This technique was
dangerous due to NF’s formation of an azeotropic mixture with
nitric acid. Separation of the mixture required high temperatures,
which posed a risk of explosion. As a result, the development of
high-purity nitrogen trifluoride as a crucial oxidizer faced slow
progress. Another method that utilizes isopropanol and conc.
HNO;, as a nitrating agent, is considered safer and yields a 25%
product, making it a promising alternative [78]. It was challenging
to conduct further studies on the optimal reaction parameters
for enhancing the yield of NF from isopropanol. However, the
possibility of conducting further research appeared to be difficult
to ascertain. Furthermore, the challenge of getting pure NF
made NF measurement tricky. Moreover, no prior research has
addressed the mechanism for NF synthesis from isopropanol,
even though it is essential for increasing the yield of target
compounds.

Anhydrous HNO; and fuming nitric acid were used as nitrating
agents in a work by Ding et al. [82, 83] to create NF from
isopropanol. To get the maximum NF yield possible, they adjusted
the nitrating agent’s molar ratio and reaction time, optimizing
the reaction conditions. Fuming HNO, showed good efficiency in
the manufacture of NF using a gentle, effective, and time-saving
nitration process. Anhydrous HNO; showed superior nitration
capability without sacrificing oxidation capacity when compared
to fuming HNO;. The NF yield achieved in both cases was more
than double that reported by Frankel [81]. Table 3 represents
different nitration methods that are used to synthesize NF from
isopropanol as a precursor.

2.1.1.2 | Other Methods to Synthesize NF. Lu et al. [84]
proposed a cost-effective method for synthesizing NF in a
research study. According to the study, NF can be produced by
nitrolyzing cucurbituril (CB) using a mixed solution of acetic
anhydride in fuming nitric acid, as presented in Figure 4. The high
symmetry and rigid structure of CB make it an ideal candidate
for this process [6]. This new nitration method is considered to be
mild and safer, providing a safer and less risky reaction condition
for the synthesis of NF.

HNO;, Acetic o - Y \O

ozZI O

FIGURE 4 | Nitrolysis of cucurbituril CB 6 to produce NF.

0O (0]
. 1.
H.C cH, _Fuming HNO: . O’/N \T/N Sa
er Acetic anhydride
(o] [¢] N*
o o

FIGURE 5 | NF synthesis mechanism using acetylacetone.

An investigation by Yan et al. [85] focused on the synthesis of NF
from a-methyl carbonyl derivatives, specifically acetylacetone.
The reaction for this synthesis technique is presented in Figure 5.
They discovered that the use of acetic anhydride in fuming
nitric acid was an effective method for producing NF from
acetylacetone. By optimizing their approach with a 200:1 molar
ratio of fuming nitric acid to acetic anhydride at 60°C, they were
able to obtain pure NF at 40.8% yield. This method provides an
affordable, mild reaction condition and satisfactory yield, making
it a promising and cost-effective alternative route for industrial
NF production.

2.1.2 | HZN Production

HZN was first introduced on an industrial scale by Rasching [86]
in 1907 through a process that involved the reaction of ammonia
with sodium hypochlorite to produce monochloramine, which
then further reacted with ammonia to yield HZN. In 1937, urea
was used as a substitute for ammonia in this reaction by Otto Seuf-
fert and Egon Ihwe [87]. This was followed by Bayer’s ketazine
[88] process in the 1950s, which utilized sodium hypochlorite
in the presence of acetone to oxidize ammonia, leading to
the formation of ketazine that is subsequently hydrolyzed to
produce HZN. All these traditional methods employed chlorine-
based oxidation. The most recent synthesis of HZN utilizes a
chlorine-free process that uses hydrogen peroxide as an oxidizing
agent to oxidize ketone-ammonia systems in the presence of
nitriles, resulting in the production of azines through oxaziridine
intermediates. This innovative approach significantly reduces
chloride waste and enhances environmental sustainability [89].
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As a result of these advancements, HZN is readily available
on an industrial scale today, providing a consistent precursor
for subsequent reactions, such as the acid-base synthesis of
HNF, where the main challenge has shifted to the synthesis and
handling of NF instead of HZN itself. The following section will
focus on the synthesis of NF, followed by the synthesis of HNF.

2.1.3 | Synthesis of HNF Using NF

The manufacturing process of HNF involves a direct acid-base
reaction between NF and HZN. However, it is imperative to
handle the raw materials with utmost care due to their hazardous
properties, which include toxicity, carcinogenicity, reactivity, and
explosiveness. Even slight contamination of these ingredients
can lead to compromised quality of HNF due to unwanted side
reactions or interactions with impurities during the produc-
tion process. Also, maintaining the precise stoichiometric ratio
between the two raw materials is crucial, as any deviations can
result in the rapid deterioration of the HNF product. Therefore,
implementing stringent quality control measures for both the
ingredients and the manufacturing process is essential to ensure
the consistent production of high-quality and stable HNF. These
measures are vital to minimize risks and guarantee the safety and
efficacy of the final product.

The synthesis of NF was conducted based on the methodologies
outlined in Frankel et al.’s [81] studies, followed by its conversion
to HNF using the procedures detailed by Lovett and Edison
[69]. Their method involves mixing NF and anhydrous HZN in
equimolar amounts in an organic solvent like methanol at atmo-
spheric pressure and 0°C-50°C. Researchers at Prins Maurits
Laboratory, TNO Netherlands [76], have developed a reliable and
secure method for synthesizing HNF from NF. High-purity HZN
and NF in a Dichloroethane solvent at 0°C-5°C. The coarse HNF
obtained after drying was then recrystallized using a nonsolvent
methylene chloride and methanol as solvent. The process started
at the lab scale and yielded 10 g per batch. It was then upscaled to
300 g per batch. The process of crystallization plays a crucial role
in the formation of HNF. Later, Veltmans et al. [90] synthesized
HNF by employing ultrasonic vibration at 20 kHz for crystal-
lization. The HNF obtained through this method demonstrated
higher stability compared to the conventional method that did not
use ultrasonic vibration.

Schoyer et al. [91] devised a method for producing HNF by
extracting NF from an aqueous phase into ethylene dichloride
(EDC) with the aid of sodium chloride. HZN was then introduced
into the NF/EDC solution. The resulting HNF/EDC mixture
underwent filtration and washing stages to eliminate impurities.
Finally, the HNF crystals were subjected to drying in a vacuum
oven under controlled temperature and pressure conditions to
ensure the stability and quality of the product.

N,H, (1) + HC(NO,), (1) = N,H? + C(NO,), (s) (@)

Jadhav et al. [92] introduced two new derivatives of HNF called
monomethyl and dimethyl HNF. Different derivatives, along
with their structures, are illustrated in Table 4. Initially, NF
was synthesized by using sulfuric acid and fuming nitric acid
as a nitrating system for isopropanol. The HZN was added to

NF in a dichloroethane solution at 15°C-20°C under a nitrogen
environment. The solution was stirred for 2 h, followed by
recrystallization using methane. Using methyl HZN and dimethyl
HZN solutions in xylene using the same procedure produces
MMHNF and DMHNEF, respectively. Among these derivatives,
HNF demonstrates potential as an environmentally friendly oxi-
dizer, MMHNF shows promise as a high-performance energetic
material, and DMHNF appears to be a possible component for
creating melt-castable high explosives.

HNF is synthesized using two precursors, which are HZN and
NF. HZN is an easily available commercial compound. The
schematic to prepare HNF is illustrated through the flow chart in
Figure 6.

2.1.4 | Chemical Structure

The main structural focus remains on the anion part of HNF, that
is, NF, also called nitroformate. Different compounds can take
the place at the cationic site, producing very less difference in the
chemical structure properties of the produced NF compound [93].
Figure 7 represents the chemical structure of HNF.

The crystallographic investigation reveals that the crystal parti-
cles of HNF are packed in a monoclinic system. The hydrogen
bonding between the cation and anions leads to tight packing,
resulting in a high density of HNF. As can be seen from the figure,
HNF consists of N,H? which is staggered in shape and C(NO,);
which is elliptical in shape. The C—N bonds are arranged in a
trigonal planar structure format with the dihedral angle between
4° and 74°[68, 70].

2.1.5 | Structure and Chemical Bonding of Nitroformate

Dickens conducted an in-depth study to analyze and compare
the structure of cyanoformate and nitroformate anions. The study
reveals that the structure of the cyano derivative could be planar,
whereas a detailed analysis of the nitroformate structure was
performed using three-dimensional single crystal XRD. XRD
characterization concluded that the anion is precisely propellor-
shaped, centered with the carbon atom and three coplanar
nitrogen atoms [94]. It is also observed that the C—N bond in the
nitroformate ion is nonequivalent. The nitro groups in the ion
can also be rotated through different angles about the plane of
the C—N bond [95].

In a comparative study between HNF, ammonium nitroformate
(ANF), aminotriazole nitroformate (ATNF), and guanidinium
nitroformate (GNF), it was found that the h-bond strength of
HNF was higher than the others, having a minimum core-valence
bifurcation index value of —0.0032 [93].

Quantum theory of atoms in molecules (QTAIM) analysis was
performed by Zang et al., to study the intermolecular hydrogen
bonding for various compounds including HNF. Presence of
two week hydrogen bonds was detected [96]. Equation (5) was
used to obtain the values for hydrogen bond energy (Ey;z) using
the potential electron energy density (Vcpy) value obtained by
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TABLE 4 | HNF and its derivative structure.

H—I\II—NH': C(NO));

H

H3C—I?|—NH: C(NOy);

H

Hac—T—NH?f CINO,);

CHs

Hydrazine nitroformate (HNF)

Monomethlhydrazine nitroformate (MMHNF)

Dimethlhydrazine nitroformate (DMHNF)

water Extraction High purity
using salt to =9 Dichloroethane is hydrazineadded
obtained pure addedto NF to NF/DCE
nitroform solution

HNF precipitates,
filtered and dried

Solvent/non-
solvent methods
for crystallization.

FIGURE 6 | Steps to prepare HNF from hydrazine and nitrofrom.
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FIGURE 7 | Structure of hydrazinium nitroformate.
QTAIM [97].
Eyp = Yen ®)

2

The value of Eyp obtained for single H-bond in HNF was
—8.01 kJ/mol and considering the fact that there are two of these
bonds, the total value was —19.55 kJ/mol [96].

2.2 | Physical Properties

Various factors affect the physical properties of a chemical
compound, such as melting point, density, and crystal structure.
The most significant factors are the purity level of the precursors,
the kind of impurities, size, and shape of the particles [98]. The
choice of anion and cation is a major deciding factor in the case
of sensitivity and stability of a compound [99].

2.21 | Melting Point

Different pieces of literature used different methods to determine
the melting point of HNF such as DSC/TGA testing, differential
thermal analysis (DTA) testing. This led to a variety of melting
point values but all of which are in the temperature range of
115°C-125°C [69, 70, 100]. A value of 124°C was obtained by
conducting two different procedures, namely, black body ther-
mocouple measurement and oil bath measurement technique
[98].

2.2.2 | Density

There can be seen a range in the density of the compound.
This was due to the fact that density directly depends on purity.
Determination of density took place over an interval of time
and the discovery of advanced techniques and equipment led to
an increase in the purity of HNF. The density of this energetic
compound was calculated using different methods, such as x-ray
diffraction, which gave a value of ~1.9 g/cm? [101]. Two different
pycnometric tests were done using helium and dodecane. The
values obtained from these two tests were almost the same, that
is, ~1.869 g/cm? [102].

2.2.3 | Particle Crystal Structure

It is repeatedly reported that HNF has a sharp and long
needle-like particle structure [70]. The length to diameter (L/D)
ratio is a crucial factor in determining the various particle
shape-dependent characteristics of a compound [103]. Various
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FIGURE 8 | Virgin HNF crystals with sharp edges and corners and
very high L/D ~6.0 [106].

techniques, such as solvent/nonsolvent (S/NS) recrystallization,
the inclusion of crystal shape modifier (CSM), and so forth, are
employed to reduce the L/D ratio as well as change the crystal
shape of any compatible compound, including HNF [70, 103,
104]. The implication of sonocrystallization has been adopted as a
recent alternative to conventional crystallization methods where
the particle morphology needs to be transformed. The pertur-
bating effect of electromagnetic waves on the nucleation process
of the developing crystal leads to the controlled crystallization
process [105]. In the case of restructuring for the HNF crystals,
ultrasonic waves are used.

S/NS recrystallization, when performed using methanol/carbon
tetrachloride (CTC) and ethanol/CTC, ethanol/CTC gave a better
reduction in the L/D ratio with a value of 5.21 compared to
6.47 obtained for the competing composition [106], which is
illustrated in Figure 8. The ratio can be reduced further through
mechanical stirring, using ultrasonic waves, and the combination
of the two methods [107]. It was found that the particles produced
through the mechanical stirring were fine and uniform with
round edges but the L/D ratio was greater when compared to the
particles, which included the use of ultrasonic waves. To counter
this, the combination of both methods was employed to obtain
round-edged crystal particles with an L/D ratio of 3.4 [106].

In another attempt to modify the morphology of the HNF crystals,
Schodyer et al. tried a special cryogenic crystallization [108]. This
method is not only an easy crystallization method for HNF, also
it can be used to add burn rate modifiers (BRMs), stabilizers,
and also to coat the crystal particles with a protective layer to
reduce the chances of the propellant grain degradation, which
is discussed in detail in Section 2.4.3. The particle diameter was
found to be 10 and 2 um, and between 3.5 and 7 um with L/D ratio
of 1, 1, and 2 for neat HNF, HNF with 2% stabilizers, and HNF
with 2% coating, respectively [109].

Pressing under a pressure of 4-5.75 MPa has also been used
on the particle with an L/D ratio of more than 4 to obtain a

ratio of less than 2.5. Pressing can be combined with mechanical
posttreatment techniques to round the sharp edge of the obtained
grain [110]. One such technique used is drumming, in which the
material to be treated along with very small ceramic balls (with
a diameter of about 2 mm) are placed in a cylindrical tube and
slowly rotated [110, 111].

Figure 9 represents the HNF crystals obtained through different
crystallization techniques. It can be seen that multiple attempts
with a variety of different techniques are being employed to
obtain a lower L/D ratio for the HNF particles. Different methods
with non-interacting behavior with each other can be utilized
in a step-by-step manner to reduce the L/D ratio to the request
measurements.

2.2.4 | Friction and Impact Sensitivity

Itis aknown fact that the higher the aspect ratio of the compound,
higher will be its sensitivity towards friction and impact. In the
case of the compound being considered to be used in a propellant
composition, it is very crucial for the compound to be insensitive
to friction and impact.

Impact sensitivity of contaminated and pure HNF samples were
obtained using BAM apparatus. A value of less than 1 N m
was obtained for impure sample which was considered unfit to
be used for the purpose of propellant. Improved HNF samples
were synthesized by recrystallization of contaminated sample,
which gave a value of 1.5 N m. With further improvement, impact
sensitivity of 3Nm was also obtained. The friction sensitivity of
pure HNF was found to be 25 N [98, 112]. A cured grain consisting
of 59% HNF, 21% Al, and 20% GAP gave a value of 15N m and 24 N
for impact and friction sensitivity, respectively [98].

Rotter impact testing along with rotatory friction testers are also
used to find the sensitivity of the compound. The value for the
same are found out to be 33Fol and 1.3-1.5 FoF, along with a value
of 80 N m for the friction sensitivity for phlegmating HNF with gel
[113].

2.2.4.1 | Desensitization. As discussed previously, various
research were conducted to reduce the particle size as well as the
L/D ratio. Various techniques such as mechanical crystallization,
sonocrystallization, phlegmatization, and so forth have been
applied in an attempt to produce round-edged particles thus
reducing the sensitivity of the compound [105, 114]. The efforts to
modify the particle as well as crystal morphology and features are
being made as the friction and impact sensitivity of the oxidizer
directly related to these physical factors.

To improve the frictional and impact characteristics of HNF, its
particles were coated with HTBP nanocomposite which led to
the production of almost spherical crystals. Interestingly, it was
seen that the energy-dispersive x-ray spectroscopy (EDS) profile
gave a peak for nitrogen elements, too, along with that for carbon
and oxygen. This corresponds to the conclusion that the coating
done on the particles was insufficient. Thus, the procedure was
repeated with coating done in two stages, keeping the quantity
same. When the double-coated HNF particles were analyzed
for the EDS profile, it was found that there were no peaks for
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FIGURE 9 | HNF crystals obtained using (a) antisolvent crystallization, (b) sonocrystallization, (c) sequential cooling crystallization. Reprinted

(adapted) from [83] with permission from the American Chemical Society).

nitrogen. Due to the smooth surface and facet obtained through
the coating process, the benchmark load value for the BAM
friction sensitivity test was found to be 9.6 kg [106].

Another crystallization method, namely the sequential cooling
crystallization method, was used to obtain an L/D ratio of 1:1.
The method consisted of cooling done at a rate of —0.3°C/min. It
was found that the particles hence obtained had round and non-
pointy edges. Also, when HNF obtained through the sequential
cooling method was tested for impact sensitivity, it was found to
be the same as that of HMX and AND with a value of 33 cm for
the drop hammer test with 2 kg weight [83].

2.2.5 | Stability at Room Temperature

The vacuum thermal stability (VTS) test is a widely used analysis
technique to determine the thermal stability of propellants and
energetic materials. The value for the compound to be considered
thermally stable is when the amount of evolved gas is less than
5 mL/g when kept at 100°C for 48 h [115]. Many researchers
working on HNF have used the VTS test to observe the stability
of the compounds. However, there was a small disagreement
among the results due to the different conditions under which
the tests were performed. The VTS test for HNF is most often
performed at 60°C because the melting point of HNF is around
120°C. The melting point gave a capping limit to the testing
temperature range for the VTS test. Thus, it was suggested to

reduce the assessment value of 5 mL/g of gas evolved to <1 mL/g
as the temperature and the heating time of VTS of HNF is
reduced [116].

The stability of HNF depends upon many factors, one of which
is the purity of HZN being used to manufacture [116, 117]. Gadiot
et al. performed a VTS test for HNF at 60°C for 48 h and found
that the result values decreased from 3.1 to 1.2 mL/g as the HZN
purity/percentage increased from 96.24% to 99.95% [117]. Almost
similar results were obtained when the VTS test was performed
with differently prepared HNF samples. The value for raw HNF
was found to be 5 mL/g, which was then reduced to 3.2 mL/g
when the raw HNF sample were purified [98].

Auto ignition test at a heating rate of 5°C/min was also performed
to analyze the thermal stability of the compound. It was found
that HNF ignited spontaneously at the temperature between
129°C-131°C. The results from VTS at 60°C/48 h were extrapo-
lated and converted to 80°C and 90°C for 40 h. It was found that
the value for the gas evolved at 60°C and 80°C were less than
1.2 mL/g [118].

It is observed that gas begins to evolve at temperatures higher
than 60°C-80°C. It can be inferred that the rate of decomposition
of HNF would be much lower at room temperature. Thermal
instability is seen only in elevated temperatures, making HNF
relatively stable at room temperature under normal storage
conditions.
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2.3 | Thermal Characteristics

The thermal decomposition of HNF has been studied extensively,
with a particular focus on the formation of intermediates and
final products. It is reported that the primary decomposition prod-
ucts of HNF include HZN (N,H,), ammonia (NH;), and nitrous
oxide (N,0), with significant amounts of nitrogen dioxide (NO,)
observed at higher temperatures. The decomposition begins in
the solid phase with the formation of a foamy layer near the
surface. As the material heats up, gas bubbles form within this
layer, releasing gaseous species that subsequently ignite in the gas
phase [68].

The thermal decomposition of HNF follows an endothermic
reaction in the initial stages, which transitions to an exother-
mic process as the temperature increases. The simplified net
decomposition pathway for HNF under thermal conditions can
be summarized by the following reactions:

HNF (solid) - N,H, + NO, (AH = +45.6kJ/mol)  (6)

N,H, + NO, — N, + NO + 2H,0 (AH = —241.8kJ/mol) (7)

These reactions demonstrate the high-energy content of HNF
and its potential for use in propulsion systems. The presence of
exothermic reactions in the later stages of decomposition helps
sustain the flame and contributes to the overall energy release
during combustion [68].

2.3.1 | Decomposition Kinetics and Mechanisms

Thermal analysis techniques, such as differential scanning
calorimetry (DSC) and thermogravimetric analysis (TGA) cou-
pled with DTA, have been instrumental in studying the thermal
behavior of HNF. DTA measurements on HNF samples have
revealed distinct exothermic peaks at temperatures around 109°C
and 134°C-139°C, indicative of decomposition processes [112].
This observation aligns with findings from TGA experiments,
where significant mass loss was observed above 105°C, suggesting
rapid decomposition of HNF [98]. These results provide valuable
information about the decomposition temperature range and
kinetics of HNF, which is essential for its storage and handling
in practical applications. Moreover, studies [68, 98, 112] have
investigated the influence of heating rates on the thermal decom-
position of HNF, revealing variations in decomposition behavior.
For instance, DSC experiments conducted at different heating
rates have shown that higher heating rates can lead to changes
in the temperature profile of exothermic peaks, indicating rate-
dependent decomposition kinetics. Similarly, TGA experiments
conducted with varying heating rates have provided insights
into the kinetics of HNF decomposition, allowing for the deter-
mination of activation energy and reaction order parameters.
These findings underscore the importance of considering heating
rates in thermal analysis studies to accurately characterize the
decomposition behavior of HNF.

Thermal analysis of HNF reveals a two-stage decomposition
behavior, as evidenced by DSC and TGA [119]. The DSC curve,
Figure 10, exhibited two distinct exothermic peaks, with max-

imum decomposition temperatures (T,,,,) observed at approx-
imately 136°C and 138°C. The activation energy (E,) for the
first and second exotherms was determined using the Kissinger
method, yielding a value of 150 kJ/mol (for both exotherms) with
pre-exponential factors of 1.3 x 10" and 1.5 x 10", respectively.
These results were corroborated by the Ozawa method, which
produced a similar activation energy of 149 kJ/mol.

TG studies further supported the two-stage decomposition pro-
cess [119], as shown in Figure 11. The first stage, occurring within
the temperature range of 105°C-142°C, accounted for a significant
72.5% weight loss, while the second stage, spanning 142°C-
210°C, resulted in an additional 24.5% weight loss. This weight
loss pattern suggests the formation of cyanamide-type species
during the thermal decomposition of HNF, likely due to the
rapid breakdown of HNF and recombination of its decomposition
products. These observations are consistent with prior studies by
Schoyer et al. [109] and Williams and Brill [68], who identified
ANF as an intermediate during the slow decomposition of HNF,
with ANF further decomposing into AN.

The thermal studies underline the critical role of cyanamide-type
species and nitro and amino groups in the decomposition process,
offering valuable insights for understanding the thermal stability
and reaction kinetics of HNF. These findings not only align
closely with previously reported data but also provide a reliable
foundation for modeling HNF combustion and optimizing its
application in green propellants.

In addition to thermal analysis techniques, studies have uti-
lized infrared (IR) and Raman spectroscopy to investigate the
decomposition mechanisms of HNF [120-122]. IR spectroscopy
has been particularly useful in identifying the primary decompo-
sition products of HNF and elucidating reaction pathways [123].
For example, IR spectra of HNF samples heated to different
temperatures have shown characteristic absorption bands cor-
responding to the formation of NF, HZN, nitrogen oxides, and
other decomposition products. Similarly, Raman spectroscopy
has provided complementary information about the molecular
structure and vibrational modes of HNF during decomposi-
tion, aiding in the identification of reaction intermediates and
products. Together, these spectroscopic techniques offer valuable
insights into the chemical transformations occurring during
the thermal decomposition of HNF. Furthermore, studies have
explored the effect of catalysts on the thermal decomposition of
HNF, aiming to enhance reaction kinetics and product yields. For
instance, catalytic decomposition experiments conducted with
platinum/alumina-silica catalysts have shown changes in the
decomposition pathways and product distributions compared to
thermal decomposition alone [122]. Specifically, the presence of
catalysts has been found to lower the decomposition temperature
of HNF and promote the formation of specific decomposition
products, such as nitrogen oxides and carbon monoxide. These
results highlight the potential for catalytic processes to modulate
the decomposition behavior of HNF and improve its utility in
practical applications.

In addition to experimental studies, theoretical modeling
approaches have been employed to explain the mechanisms
of HNF decomposition at the molecular level [123]. Quantum
chemical calculations using density functional theory (DFT), and
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FIGURE 10 | DSC analysis of HNF sample weight 4 mg, heating rate 10°C/min, and N, gas at 60 L/h. Adapted from [119].
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FIGURE 11 | TGA analysis of HNF sample weight 4.91 mg, heating rate 10°C/min. Adapted from [119].

ab initio methods have provided insights into the energetics and
reaction pathways of HNF decomposition reactions [124]. For
example, computational studies have predicted the formation
of NF and HZN as primary decomposition products, which is
consistent with experimental observations. Moreover, theoretical
calculations have explained the role of solvent effects and
reaction intermediates in influencing the decomposition
kinetics and product distributions of HNF. These theoretical
insights complement experimental findings and contribute
to a comprehensive understanding of the decomposition
mechanisms of HNF. The condensed phase decomposition
of HNF is a multifaceted process crucial for understanding
its combustion behavior [125]. Initiated by proton transfer
and subsequent NF decomposition, this process leads to the
formation of radicals like OH and NO,, which interact with
HZN to produce various decomposition products, including

ANF, nitrogen oxides, water, and carbon-containing compounds.
The heat generated, estimated at 305.4 kJ/mol, plays a pivotal
role in determining burning rates. Computational models based
on condensed-phase chemistry facilitate the calculation of rate
constants for leading combustion reactions, demonstrating
alignment with experimental observations. The activation
energy for HNF decomposition closely resembles autocatalytic
values, suggesting a nuanced interplay of reactions with varying
activation energies. This emphasizes the dominant influence
of condensed-phase chemistry on HNF combustion, ensuring
stability across a broad pressure spectrum. Further investigation
into these mechanisms promises insights vital for optimizing
propellant formulations and enhancing combustion efficiency.

Overall, the thermal decomposition of HNF is a complex process
influenced by various factors, including temperature, heating
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rate, catalysts, and molecular structure. Experimental techniques
such as DSC, TGA, IR spectroscopy, and Raman spectroscopy
have provided valuable insights into the thermal behavior and
decomposition mechanisms of HNF, while theoretical modeling
approaches have offered a molecular-level understanding of the
underlying processes. Continued research efforts in this field
are essential to further understand the decomposition kinetics
and mechanisms of HNF, enabling its optimization for various
applications in propulsion and energetics.

2.3.2 | Combustion Behavior and Mechanism

The combustion behavior of HNF has been extensively studied,
focusing on surface burning, flame structure, pressure expo-
nent, and BRM effects. Understanding these aspects is crucial
for optimizing HNF-based propellants for various applications,
including rocket propulsion. In this section, we explore the
findings of key studies, explaining the intricate details of HNF
combustion. HNF combustion exhibits a distinct two-zone flame
structure, as revealed by various experimental techniques. Thin
thermocouples placed at different distances from the burning
surface have provided insights into temperature profiles during
combustion. Laser Doppler anemometry (LDA) studies have
further elucidated the flame structure, identifying three regions:
the fizz zone, dark zone, and luminous flame zone. Investigations
using LDA and coherent anti-Stokes Raman spectroscopy (CARS)
have shed light on velocity and temperature profiles above
the burning surface, highlighting the presence of aerosols and
gaseous reactants in the primary reaction zone and nonluminous
zone [126, 127].

The burning rate of HNF can be affected by several factors,
including pressure and the presence of BRMs. Under standard
conditions, HNF shows a high-pressure exponent, indicating a
strong dependence of the burning rate on pressure. For example,
HNF exhibits a pressure exponent n of approximately 0.85, which
is higher than the value of 0.6, a target value for propellant
applications. Studies using temperature-jump/Fourier transform
infrared (FTIR) spectroscopy revealed that the decomposition
of HNF occurs in three distinct stages [98, 112]. In the first
stage (below 123°C), only preheating is observed. The second
stage (123°C-260°C) involves the formation of ANF, which
subsequently breaks down into AN and other decomposition
products like N, 0O, H,O, and CO. At temperatures above 260°C,
deflagration is observed, resulting in the formation of CO,
and other gaseous products. The presence of catalysts such as
platinum further modifies the decomposition process, increasing
the amounts of CO, produced and altering the nature of the
products captured in cold traps.

2.3.3 | Surface Burning and Flame Structure of HNF

The surface burning characteristics and flame structure of HNF
have been studied extensively using advanced diagnostic tech-
niques [128]. The flame structure of HNF is observed to have
a two-zone configuration with a distinct dark zone between
the fizz zone and the luminous flame zone [68, 129]. The
flame temperature profile, as measured by tungsten-rhenium

thermocouples, shows that at low pressure, the temperature in
the first zone is between 1320 and 1540 K, while the second
zone ranges from 2300 and 2720 K [129]. The flame structure of
HNF combustion provides insights into the reaction mechanisms
and energy release processes. Understanding the flame zones is
essential for modeling and optimizing propellant performance.

2.3.3.1 | Three-Zone Flame Structure. Experimental stud-
ies have revealed that HNF combustion typically exhibits a three-
zone flame structure: the fizz zone, dark zone, and luminous
flame zone.

Fizz zone: Located closest to the burning surface, this zone is
characterized by turbulent gas release and rapid temperature
and pressure rises. Here, the decomposition of HNF molecules
releases species such as nitrogen (N,), water vapor (H,0), nitro-
gen dioxide (NO,), and other intermediates. LDA studies showed
high gas velocities and significant heat transfer in this region,
indicating intense surface reactions [129].

Dark zone: Situated between the fizz zone and the luminous flame
zone, the dark zone exhibits lower light emission, suggesting
incomplete combustion or the presence of intermediate reaction
stages. This zone is associated with a slower rate of gas-phase
reactions and continued heat transfer to the propellant surface. It
was observed that the dark zone plays a crucial role in sustaining
the combustion wave by maintaining thermal energy transfer
[126, 127].

Luminous flame zone: The outermost region of the flame is where
complete combustion occurs, leading to the formation of final
products such as nitrogen (N,), water vapor (H,0), and carbon
dioxide (CO,). CARS studies confirmed the presence of these
stable end-products, which contribute to the visible luminosity
of the flame [126, 127, 129]

These flame characteristics are unique to HNF when compared
to other oxidizers, such as AP, which exhibits a less distinct dark
zone. This difference suggests that the thermal decomposition of
HNF proceeds through intermediate stages that strongly affect its
burning behavior.

2.3.4 | Pressure Exponent and BRM Effects

One of the most critical parameters in solid propellant combus-
tion is the pressure exponent (n), which dictates how the burning
rate (r) changes with pressure (p), has been a focus of investi-
gation to optimize HNF-based propellants. This relationship is
typically expressed through Vieille’s law (8):

r=axp" 8)

where a is a proportionality constant. For practical applications
in rocketry, the value of n should ideally be less than 0.6 to ensure
stable combustion.

For HNF, the pressure exponent has been reported to vary signif-
icantly depending on the formulation and the presence of BRMs.
Some researchers reported a pressure exponent of 0.85 and higher
for neat HNF. This high-pressure exponent can lead to unstable
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combustion and poses challenges for controlling the burning
rate in rocket motors. To address this issue, researchers have
explored the use of BRMs to reduce the pressure exponent and
enhance combustion stability. Studies have explored the use of
BRMs to modify the pressure exponent and enhance combustion
efficiency. Selective catalytic reduction (SCR) catalysts, such as
V,0;, have shown promising results in increasing the burning
rate of HNF. However, achieving the desired pressure exponent
of 0.5 remains a challenge due to compatibility issues with HNF.
Researchers working in the field have identified potential BRMs
compatible with HNF, leading to significant reductions in the
pressure exponent [124].

2.4 | Propellant Composition

AP-based solid propellant grains have been the workhorse for
the space launch industry for decades. Even with all the negative
traits of AP, space agencies of all the world’s leading countries
in the rocket launch business use HTPB/AP-based solid rocket
motors for their space missions [130-133]. Many compositions
have been tried and tested against the conventional HTPB/AP-
based compositions for various ballistic and performance charac-
teristics. Fine-tuning of propellant formulations, either through
the introduction of alternative oxidizers like AP or through the
application of specific catalysts, has shown promise in achieving
the desired pressure exponent while meeting other performance
criteria. The ballistic properties of HNF-based propellants can
be modified by varying the particle size of the oxidizer. Fine
HNF particles, obtained through grinding processes, have been
investigated for their impact on propellant burning rates. Studies
have shown that the use of fine HNF particles leads to a reduc-
tion in the pressure exponent, indicating improved combustion
characteristics. In addition, the combination of fine and coarse
HNF particles offers a means to tailor propellant properties to
specific requirements. The combustion mechanism of propellants
containing fine HNF particles closely resembles the sequential
burning of oxidizer particles and the binder, contributing to
enhanced combustion efficiency [134].

2.4.1 | Performance Comparison With Conventional
Compositions

Most often the comparison of HNF is made with AP as there
is a strict need to find an eco-friendly green alternative as
discussed in the previous sections. The replacement of AP by HNF
would also result in the replacement of HTPB, the most used
polymeric binder. This would require additional additives to the
composition, which would eventually reduce the loading ratio of
fuel high-energy fuel and oxidizer.

NASA Lewis code was used to obtain a theoretical value of
specific impulse for the two propellant combinations, that is,
Al/AP/HTPB and Al/HNF/GAP, for application in defense and
space sectors. For space application, the calculated specific
impulse for HNF composition was found to be approximately 7%
more than that of the AP composition. Similarly, for the defense
applications, the combination of AP/HTPB and HNF/GAP with
4% Al as additives were theoretically compared, resulting in
the composition of HNF outperforming the AP composition by

approximately 12% when compared to their specific impulse [72,
135]. It can be seen from the experiments conducted by SchoGyer
et al. that the CSP grain composition consisting of HNF with
Al and GAP/BAMO outperformed the AN-based composition as
well [136].

Performance comparison between AP and HNF can be seen in an
actual scenario through the experiment on the booster of Ariane 5
(HERMES launch) conducted by Schoeyer et al. Table 5 presents
a comparative analysis of various conventional solid propellant
compositions along with a composition consisting of HNF as an
oxidizer with different binders. It was found that when replacing
the oxidizer in the composition of AL/AP/HTPB with HNF, the
specific impulse got an increment of 7% along with an increase of
10% in the payload capacity. A similar trend was observed when
the oxidizer in SEP Moteur d’Apogee Geostationaire European
(MAGE) was replaced by HNF, which resulted in a 5%-6%
decrease in the propellant mass required for 700-1200 kg satellite.
Rise in the specific impulse from 2825-2884 to 3021-3090 m/s
was also observed when replacing the combination of AP and
carboxyl-terminated polybutadiene (CTPB) by HNF and GAP
combination [112].

Calculation shows that with chamber pressure of 10 MPa and
nozzle exit to throat area ratio of 100, the specific impulse in
equilibrium flow of 59% HNF/21% Al/20% GAP propellant was
215.5 N-s/kg higher than that of 76% AP/13% A1/11% HTPB propel-
lant [138]. A similar comparison between these two oxidizers was
conducted with BNDPAF (bis-(2,2-dinitropropyl) acetal/formal
mixture) as an additive to Al/GAP-based formulation. It was
seen that the HNF-based composition gave a specific impulse of
2703.82 N s/kg whereas for the composition with AP, the value for
specific impulse was 2594.06 N s/kg [93].

It has been reported that the various combustion parameters,
such as the combustor temperature, characteristic velocity, and
so forth, showed an increment when parts of oxidizer in AP-
based composition were replaced by HNF. This shows a positive
energy performance of the solid propellant. Though low on the
OB when compared to standalone AP, this provided some added
advantages for the defense application. Due to less oxygen, the
amount of Al,O;, CO,, and H,0 is reduced, reducing the exhaust
gas plume radiation characteristics. This results in less detectable
missiles and launch sites [139]. Propellant combinations of
HNF, GAP/BAMO with 35% diborane or 29% pentaborane are
also under consideration as an alternative to the conventional
composition [136].

2.42 | BRMs

Various techniques have been tested to alter the burn rate of HNF-
based compositions. In one of the studies, a portion of HNF was
replaced with AP and Al, which drastically increased the pressure
coefficient value to 1.2. Later, when the composition was tested
with GAP as the binder, the pressure coefficient ranged between
0.65 and 0.88 [140]. Tummers et al. tested unsupported V,0, and
alumina support Mn;0, as BRMs for pressed HNF pellets. The
inclusion of these catalysts resulted in an 11-fold increase in the
burning rate along with the pressure coefficient reducing to 0.28
[141, 142].
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TABLE 5 | Specific impulse comparison of different solid propellant compositions.

Fuel Max Isp,,. Flame Ref.
Oxidizer wit% Binder wit% Additive wWt% (m/s) temp (K)
Composition with only energetic binder
80 HTPB 20 No metallic/non- — 2713.0 2266 [117,135]
AP metallic additives
78 GAP 2 included 3053.0 —
77 PLN 23 3052.0 —
64 PGN 36 3054.0 —
80 HTPB 20 2412.0 1420
AN
80 GAP 20 2711.0 2353
80 PLN 20 2731.0 —
75 PGN 25 2816.0 —
80 HTPB 20 2853.0 —
HNF
80 GAP 20 3218.0 3275
80 PLN 20 3227.0 3321
80 PGN 20 3282.0 3318
80 BAMO 20 3381.0 3381 [117]
80 GAP 20 3150.0 3132
ADN
80 PGN 20 2938.0 2900
80 PLN 20 3111.0 3018
80 BAMO 20 3175.0 3139
Composition with metallic/non-metallic fuel and energetic binder
76 HTPB 11 Al 13 3202.0 — [135]
AP
60 HTPB 20 20 3086.0
54 GAP 23 23 3297.0
57 GAP 20 23 3027.4 [136,137]
32 PGN 44 24 3278.0 [135]
49 PLN 27 24 3295.0
53 HTPB 20 27 3084.0
AN
52 GAP 20 28 3279.0
37 PGN 34 29 3279.0
50 PLN 20 30 3291.0
61 HTPB 20 19 3211.0
HNF
59 GAP 20 21 3436.0
60 PGN 20 20 3408.0
60 PLN 20 20 3434.0
70 GAP 20 B? 10 3042.3 [136, 137]
AP 68 GAP 20 12 2911.0
4Boron.
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243 | Compatibility With Binders

Conventionally used binders such as HTPB and CTPB have unsat-
urated double bonds present in their chemical structure. HNF
tends to attack the double bond present in these compounds and
produces gas as the reaction product [137]. The released gas swells
the propellant grain, making it porous, which further softens
and weakens the grain. There is a loss of structural strength and
degradation of mechanical properties due to attacks on the double
bonds. The propellant grain prepared using saturated binders,
that is, without any double bonds, does not show any such
degradation but has low performance compared to the AP/HTPB
combination [135, 143, 144]. A similar deteriorating phenomenon
can be observed in compositions containing curing agents such as
tris(1-(2-methyl)aziridinyl)phosphine oxide (MAPO) and curing
agents of GAP and HTPB-containing isocyanates, where binder
and HNF tend to compete for reacting with isocyanates. The
mixtures of HNF with GAP and HNF with isocyanates in 1:1 ratio
were tested under the VTS test. It was found that the gas that
evolved during these two tests was way above the acceptable limit.
Particularly for HNF + isocyanate composition, the value was
above 100 mL gas evolved per gram of the composition at even
23 h of testing [112, 143, 145].

2.4.4 | Bonding Agent and Mechanical Strength

Due to a lack of knowledge of bonding agents for HNF, the
cured grain, consisting of HNF, would lack mechanical strength
compared to that of the AP. Thus, it was found that any Lewis
acid can be used as the bonding agent in the composition. The
Lewis acid can be anything, such as boron or boron-containing
compounds, antimony pentachloride, titanium halides, zirco-
nium tetrachloride, and so forth. As per the invention, these
bonding agents would coat the surface of HNF particles and,
with the addition of polymeric binder, would react to form an
adhesive or chemical bond, providing the required structural
strength. Dichloromethane was used to coat the surface of the
HNF particle, thus preventing direct contact with the binder
[146].

Studies conducted lately propose the use of newly discovered
energetic binders such as GAP, poly-nitromethyl oxetane (PLN)
and poly-glycidyl nitrate (PGN) instead of conventional ones.
It was reported that the use of GAP, PLN, and PGN tends to
show improvement in the combustion properties when compared
to that of AP/HTBP combination [68, 135]. Additives such as
nitroguanidine and triethylene melamine can be incorporated
into the composition containing unsaturated compounds to
overcome compatibility issues. The addition of a minimum 2 wt%
of nitroguanidine during the mixing phase while using the
unsaturated binders can also increase the shelf life significantly
[145].

The use of poly-isocyanate curing agents eliminates the incom-
patibility between HNF and HTPB. Poly-isocyanates such as poly-
methylene polyphenyl isocyanate (PAPI), toluene di-isocyanate
(TDI) and hexamethylene di-isocyanate (HMDI) can be used
as curing agents for HTPB containing propellant grain. PAPI
is preferred over the others owing to better shelf life at the

lowest ratio for isocyanate and hydroxyl groups(NCO/OH ratio),
resulting in the least urethane linkage formation, as compared to
the other candidates [143, 144].

2.5 | Critical Evaluation of Existing HNF Studies
and Discussion

A comparative analysis of HNF studies reveals both advance-
ments and limitations in the current understanding of HNF
combustion. Studies utilizing laser diagnostics, such as LDA
and CARS, have provided detailed insights into the flame struc-
ture and temperature profiles of HNF [129]. These techniques
have been instrumental in identifying the distinct zones within
the flame and understanding the impact of pressure on the
combustion behavior.

However, discrepancies exist between different studies regard-
ing the pressure exponent and the effectiveness of BRMs. For
instance, while some studies report a pressure exponent reduc-
tion to 0.28 with V,05 catalysts [142], others indicate challenges
with catalyst compatibility and varying performance across dif-
ferent pressure ranges [68, 123, 125, 129, 141]. This inconsistency
highlights the need for further research to address the limitations
of current BRMs and improve their compatibility with HNF. In
addition, the thermal decomposition studies provide valuable
data on the activation energy and intermediate species involved
in HNF combustion [68, 112, 120, 121]. However, the complexity
of the decomposition process and the presence of multiple
intermediate species make it challenging to develop accurate
computational models. The dispersed state of aerosols and
gaseous reactants in near-surface regions adds further complexity
to modeling efforts.

The critical evaluation of existing HNF studies emphasizes the
need for continued research to address the identified gaps. Future
research directions should focus on the following areas:

Improved understanding of combustion mechanisms: Enhanced
diagnostic techniques and modeling approaches are required to
gain a deeper understanding of the combustion mechanisms of
HNF. This includes studying the interactions between different
flame zones and the impact of intermediate species on overall
combustion behavior.

Optimization of BRMs: Research should focus on developing
and testing new BRMs that are both effective and compatible
with HNF. High-temperature catalysts and coating particles offer
potential solutions, but their performance and compatibility need
further investigation.

Researching for new polymeric binders: The incompatibility of
the present polymer binder with HNF can be addressed by the
inclusion of various secondary agents. However, these agents can
take up some portion of the binder composition. Therefore, it is
essential to develop alternative binders to advance the usage of
HNF in solid rocket motors.

Advanced computational modeling: The development of more
accurate computational models is essential for predicting the
combustion behavior of HNF. This includes incorporating the
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complex interactions between different flame zones, aerosols, and
gaseous reactants.

Pressure-dependent behavior: Further studies are needed to
understand the pressure-dependent behavior of HNF and its
impact on combustion characteristics. This includes investigating
the effects of pressure on flame structure, temperature profiles,
and overall performance.

3 | Conclusion

HNF holds significant promise as a next-generation green oxi-
dizer due to its high energy output, reduced environmental
impact, and favorable combustion characteristics. Despite its low
impact and friction sensitivity values, which are already within
safe handling limits, these properties can be further optimized to
enhance their application in propulsion systems. The needle-like
crystal morphology of HNF presents challenges in achieving high
solid loading within propellant formulations, which may limit
its OB compared to AP. However, its positive heat of formation
and higher heat of explosion make it an excellent candidate for
energy-dense propellants.

The inclusion of HNF in AP-based formulations has been shown
to improve combustion parameters such as chamber temperature
and characteristic velocity, demonstrating its superior energy
performance. While HNF has a lower OB, this results in reduced
emissions of Al,0;, CO,, and H,0, which significantly decreases
the exhaust plume’s radiation characteristics. This property
makes HNF-based propellants particularly advantageous for
defense applications, enabling less detectable missile launches
and reduced visibility of launch sites.

From a combustion perspective, this review has provided a
comprehensive analysis of HNF’s flame structure, combustion
mechanisms, and behavior under different conditions. The three-
zone flame structure—comprising the fizz zone, dark zone,
and luminous flame zone—highlights the complexity of HNF
combustion. Critical insights into the pressure-dependent char-
acteristics of HNF reveal its high-pressure exponent, which can
be addressed through the use of BRMs. Catalytic agents like V,05
have shown a potential to significantly enhance the burn rate
while reducing the pressure exponent, but further research is
needed to overcome compatibility challenges.

In terms of thermal decomposition, HNF exhibits a two-stage
process that produces intermediate compounds like ANF. These
intermediates decompose further into AN and gaseous products
such as N,0, H,0, and CO. The formation of cyanamide-
type species during decomposition has been observed, which
underscores the need for precise control over synthesis and han-
dling. Advances in synthesis methodologies, such as ultrasonic
vibration and cryogenic crystallization, have improved HNF’s
purity and stability, offering pathways for safer and more efficient
production.

This review also highlights the limitations of HNF. Its needle-like
morphology reduces solid loading in compositions and increases
the required stoichiometry compared to AP. In addition, HNF-
based formulations face challenges in achieving compatibility

with conventional binders like HTPB and its curing agents that
contain isocyanates as functional groups due to its reactivity
with double bonds. While the use of alternative binders like
GAP and additives like nitroguanidine has shown promise,
further optimization is needed to ensure mechanical strength and
stability.

Overall, this study contributes to a deeper understanding of
HNF combustion, paving the way for its application in environ-
mentally friendly propulsion systems. By combining its inherent
advantages with advancements in formulation and diagnostic
technologies, HNF can play a pivotal role in the development of
high-performance green propellants for both space and defense
applications.
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