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Recrystallization

ADN crystals grow as long needles, which makes their
re-shaping crucial. The shape can affect the end-of-mix
viscosity as well as the mechanical properties of propellants.
The shape also helps to increase the loading (%weight) of
oxidizer in propellants. ADN melts down at about 93°C,
much lower than its decomposition temperature at about
124°C. This feature has been used to re-shape its crystals.
The high level of purity is an important condition when
applying the following re-shaping techniques.

¢ Prilling tower

In this method, melted ADN is sprinkled at the top of the
prilling tower, as shown in the Fig. 1. ADN droplets come
into contact with the cooling nitrogen flowing upward in
counter-current as these droplets come down through the
tower. This was the pioneering method to obtain ADN prills.
Highsmith® et al. have described this technique for ADN.
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Figure 1: Schematic representation of the prilling tower

¢ Emulsion crystallization

Teipel et al. (2000) described this technique for re-shaping
ADN crystals into rounded grains by emulsifying ADN in
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a liquid phase. Pure ADN crystals are poured into a reactor
with non-polar liquid. The mixture is continually stirred to
achieve homogeneous dispersion. The suspension is heated
up until the crystals melt down to form an emulsion. The
emulsion continues to be stirred until the droplets achieve
the proper size. The emulsion is then cooled down and the
droplets become rounded grains.

e  Spray crystallization

This technique has been widely applied to obtain rounded
particles of AN (ammonium nitrate). Heintz and Fuhr
(2005) originally devised the application of this technique
for ADN in 2005. Johansson et al. (2006) et al. developed
this technique for ADN with further modifications. Melted
ADN is sprayed through an atomizer in a liquid nitrogen
vessel. This method is still under development for ADN,
and the benefits reside in the compactness of the equipment
when compared to the prilling tower.

Microencapsulation

Encapsulation is a technique aimed at protecting ADN
grains from wetting and reacting with the cure agent. The
method consists of coating the surface of each particle with
a thin layer of polymer. ADN is hygroscopic and chemically
incompatible since it can react with isocyanate-based cure
agents normally employed in binders. It is usual for suppliers
to coat ADN with a thin layer of wax to give protection
for shipment and storage. However, such a material is not
suitable for use in propellants, and therefore it needs to be
washed out before the surface receives a polymer coating.
This technique is called microencapsulation.

e Coacervation

Initially ADN particles are poured and dispersed in an emulsion
consisting of ethylcellulose in cyclohexane. The dispersion is
stirred until the droplets of ethylcellulose gather around each
particle and merge to form a continuous layer on its surface.
The process is induced by pH, temperature and the addition
of a third component. The dispersion is cooled down and the
layer is left to harden. The coated ADN is separated and dried.
Heintz and Teipel (2000) have described this method.

e Fluidized bed

In this method, ADN particles are kept floating in a chamber
by air flowing upwards as shown in Fig. 2. The polymer
is sprayed from either the bottom (Wurster) or top of the
fluidized bed chamber. The particles are kept this way until
the coating gets stiff. Heintz et al. (2008) have reported
some results obtained by employing this method with
different polymers normally used as binders in propellants.
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Figure 2: Schematic representation of the fluidized bed

*  Supercritical fluidized bed

Nauflett and Farncomb (2002) introduced a modification for
the fluidized bed method. Air is replaced by carbon dioxide
due to the supercritical properties that this gas can exhibit at
moderate temperatures and high pressure. Supercritical fluids
exhibit low viscosity, similar to gases, and high densities,
comparable to liquids. These properties make supercritical
gases more suitable for this process. However, the chamber
walls must be reinforced to withstand high-pressure operations.

*  Spray dryer

Spray dryer is usually applied to smaller particles (< 50
micron) in which the fluidized bed method is not applicable.
In this technique, the resin and ADN grains are dispersed
and sprayed into a vessel by means of an atomizer. A thin
layer of coating forms around the surface of each particle.
The coated particles become solid as the solvents vaporize.
Fig. 3 shows schematically this technique.
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Figure 3: Schematic representation of the spray dryer
Solid Propellant
ADN is compatible with single C-C, double C=C or even

C-H bonds as pointed out by Teipel (2005). Nonetheless,
ADN is incompatible with isocyanates, normally employed
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as cure agent for binders in solid propellants. In this sense,
Keicher et al. (2008) reported a new method for curing GAP
with an isocyanate-free curing agent. Pontius et al. (2008)
also proposed another approach in this direction. However,
a remarkable step forward in overcoming this obstacle
was taken by microencapsulating ADN grains. Although
microencapsulation is an elegant technique for this purpose,
the search for an ideal coating material continues.

Any binder normally employed in solid propellants
could be used, provided that the cure agent is chemically
compatible with ADN. However, most of the curing
process takes place through urethane links, which demand
the use of isocyanate-based cure agents. Asthana and
Mukundan (2002) have reported a new generation of
energetic binders that holds azide groups (-N,) in their
backbone viz. GAP (glycidyl azide polymer), PBAMMO
(poly bis azido methyl oxetane), PNIMMO (poly nitrato
methyl methyl oxetane), PGN (poly glycidyl nitrate),
PAMMO (poly azido methyl methyl oxetane). On the one
hand, PBAMO exhibits the best performance among them.
On the other hand, it is solid and has to be combined with
energetic copolymers or plasticizers to turn it into liquid.
GAP was the first polymer to be successfully applied in
propellants. In contrast to what occurs with AP (ammonium
perchlorate), GAP exhibits better results with ADN than
HTPB (hydroxyl terminated poly butadiene). GAP has
higher enthalpy of formation than HTPB. In addition, it
exhibits higher specific impulse as shown in the Fig. 4.
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Figure 4: Specific impulse comparison

The higher oxygen excess of GAP shifts the maximum
point to about 80 per cent of oxidizer, whereas HTPB has
maximum point close to about 90 per cent. The lesser
amount of oxidizer makes GAP-based propellants less
critical in terms of processing and casting. In addition,
this propellant is likely to have enhanced mechanical
properties. On the other hand, the lower oxygen excess
of ADN shifts the maximum point to the right compared
to the maximum of AP. Gadiot et al. (1993) et al. have
reported theoretical performance calculations for ADN
and GAP, PBAMO, PNIMMO and PGN as binders.
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Stability

Stabilizers are intended to prevent ADN from decomposing
under increasing temperatures or through time. The
decomposition mechanism is not completely understood,
but it is largely accepted to occur through a chain reaction
process. The decomposition occurs at lower temperatures
(<100°C) in a gradual and continuous way, mainly evolving
ammonia NH, and nitrous oxide N,O. The decomposition
becomes prominent even at temperatures as low as 60°C. At
higher temperatures (>100°C), nitrogen N,, nitrous dioxide
NO, and nitrous oxide N,O are common gases evolved in
one or more steps as discussed by Andreev et al. (2000).
et al. The first step necessarily involves rearrangement of
ADN. At moderate temperatures, ADN is converted to the
less stable dinitramidic acid, usually catalyzed by acids.
This reaction is believed to occur early on, regardless of
the temperature to which ADN is subjected.

/ /

NHs N —» NH; + H—N

NOz NOZ

NO, \NOZ (10)

ADN ammonia dinitramidic acid

The dinitramidic acid formed in the first step continues to
decompose since it is more labile. In the next step, dinitramidic
acid decomposes and evolves nitrous oxide N,O. Russel”
et al. monitored the evolution of N O during degradation
tests with ADN. Nitrous oxide N,O and ammonia NH, are
typical gases evolved during ADN decomposition. However,
the proportion between the two gases can vary remarkably,
depending on the temperature, as pointed out by Yang et al.
(2005). Nitric acid is also formed in this step.

/NOZ
H— N —» HNO; + N,O
(11)
NO,
dinitramidic acid nitric acid nitrous oxide

At low temperatures (<100°C), nitric acid and ammonia
combine to produce ammonium nitrate AN.

NH3 + HN03 —> NH4NO3

ammonia nitric acid

ammonium nitrate (12)
AN (ammonium nitrate) and HNO, (nitric acid) are the
common impurities capable of speeding up the rate of ADN
decomposition. Santhosh and Ghee (2008) have proposed
two additional steps for the decomposition at higher
temperatures

NH4NO3 _> NZO + 2 HZO

ammonium nitrate

(13a)

nitrous oxide water
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/N02
H—N —% NO,” + HNNO, (13b)
NO,

dinitramidic acid nitronium

The lack of a consistent theory has hampered the
development of stabilizers. Attempts have been made
based on the backgrounds in explosives or by trial and
error. Organic bases are believed to play an important
role in stabilizing ADN. Lobbecke et al. (1997) tested five
compounds as shown in the Table 2.

Table 2: Comparison of stabilizers

Time (hours) at 10%

Stabilizer weight loss
none 58
MgO 55
NaBO, 97
hexamethylenetetramine 149
nitrodiphenulamine 157
Arkadit 11 248

Inorganic and organic bases have been tested; metal oxides
are less effective when compared to organic amines.
Arkadit I, usually employed as a stabilizer in explosives,
turned out to be the most effective in this evaluation.
Evidence points to organic bases as being overall the
most effective among them. According to Teipel (2005),
stabilizers should be incorporated directly into the raw
material, or during the recrystallization process.

Liquid Monopropellant

Over the years, scientists have also been looking for
a suitable substitute for hydrazine, one of the most
hazardous and harmful liquid propellants. In this regard,
HAN (hydroxylammonium nitrate) has been on trial
since as early as the 1970s. Large amounts of HAN can
be dissolved in water, which is the primary requirement
for use as a liquid monopropellant. This monopropellant
is more stable and storable than its hydrazine-based
counterparts as reported by Schmidt and Gavin (1996).
The solubility achieved in this case is as high as 96 per
cent. Nonetheless, Morgan and Meinhardt (1999) pointed
out recurring lower specific impulse for HAN-based
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monopropellants when compared to hydrazine, even with
the addition of a third part of glycerol as a fuel.

In 1999, Van den Berg et al. (1999) et al. revealed the
specific impulse of monopropellants consisted of ADN
dissolved in water and alcohols. The specific impulses
in both cases are higher than the ones achieved by either
HAN-based monopropellants or hydrazine. Anflo et al.
(2002) added a third part of fuel to the solution of water/
ADN achieving monopropellants with higher specific
impulse. Wingborg et al. (2005) have reported specific/
density impulse of ADN/water/fuel as being 10 per cent and
60 per cent higher than for hydrazine, respectively. In 2009,
Sjoberg and Skif (2009) disclosed LMP-103S, the ADN-
based monopropellant with four components developed by
Eurenco-AB Bofors. The formulation is shown in Table 3.

Table 3: Formulation of ADN-base monopropellant

Monopropellant LMP-103S

Component weight %
ADN 60-65 %
methanol 15-20 %
ammonia 3-6 %
water

LMP-103S delivers 6 per cent more specific impulse and 30
per cent more density impulse than hydrazine. The recent
developments in ADN-based liquid monopropellants render
ADN also eligible as the potential substitute for hydrazine.

CONCLUSION

Half a century ago, ammonium perchlorate AP began to
emerge as the potential component for strategic smokeless
propellants in the middle of the Cold War. At that time, it
sparked great interest due to its high performance, even
though the resulting propellant never met requirements to be
regarded as smokeless. In the 1980s, scientists started looking
for a new generation of green propellants in response to
rising environmental concerns. In this sense, HAN (hydroxyl
ammonium nitrate) and HNF (hydrazine nitro-formate)
were on trial in terms of examining their potential to replace
hydrazine and ammonium perchlorate, respectively. HAN
was ruled out for not achieving the performance of hydrazine.
On the other hand, HNF had already been under development
in the 1980s by ESA (European Space Agency) and Thiokol
by the time ADN appeared. Even though HNF achieves higher
performance compared to ADN with similar drawbacks, its
application never came about due to its high cost.
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The outcome ofthe developments over the last two decades
indicates that ADN will have an important role in the solid
rocket industry, a function that HNF never achieved.
The one-step reaction for ADN synthesis has made its
large-scale production viable as well as its application in
rocket motors. The new oxidizer is meant to comply with
upcoming tighter environmental legislation, in addition
to being smokeless from a strategic point of view. The
low melting point of ADN has led to the development
of efficient processes to make round particles, which
resulted in propellants with high density. On the other
hand, microencapsulation made ADN less hygroscopic,
more compatible, less sensitive, and, to some extent,
more stable. Nevertheless, development is far from over
insofar as the search continues for an ideal stabilizer. In
addition, ADN trials have shown its potential to replace
hydrazine as a more storable and less hazardous and less
harmful monopropellant. This text could go further in
presenting more benefits of the application of ADN and
its achievements. However, the intention of this report
is to provide a snapshot of one of the most promising
components for solid and liquid propellants in this century
and its development to date.
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