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Abstract Ammonium dinitramide (ADN) is a promising
new oxidizer for solid propellants because it possesses both
high oxygen balance and high energy content, and does not
contain halogen atoms. A necessary characteristic of solid
propellants is chemical stability under various conditions.
This study focused on the thermal decomposition mechanism
of ADN under pressurized conditions. The pressure was
adjusted from 0.1 to 6 MPa, while ADN was heated at a
constant rate. The exothermal behavior and the decomposition
products in the condensed phase during heating were mea-
sured simultaneously using pressure differential scanning
calorimetry (PDSC) and Raman spectrometry. PDSC analy-
ses showed the multiple stages of exotherms after melting.
The exothermal behavior at low temperatures varied with
pressure. Analysis of the decomposition products indicated
that ammonium nitrate (AN) was generated during decom-
position of ADN at all pressures. At normal pressure, AN was
produced at the same time as start of exotherm. However, the
temperature at which the ratio of ADN in chemical species in
the condensed phase began to decrease under high pressure
was higher than that at atmospheric pressure despite the
existence of significant exotherm. At initial stage, thermal
decomposition of ADN that does not generate AN was thought
to be promoted by increased pressure.
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Introduction

An increasing focus on environmental issues is occurring
worldwide. Energetic materials are now evaluated not only
from their performance but also their current or potential
environmental impact. Ammonium perchlorate (AP,
NH,4ClO,) has been used as a solid rocket propellant oxi-
dizer for a long time due to its superior oxygen balance,
energy density, and stability, as well as its relatively ease of
handling. However, AP contains Cl, and so its combustion
generates significant quantities of HCI as a reaction product.
Because HCl is a toxic, corrosive gas, such emissions are of
environmental concern. In addition, the potential toxicity of
trace levels of perchlorate contamination in drinking water
has become a public health issue. To eliminate these prob-
lems, AP must be replaced with a new halogen-free ener-
getic oxidizer. Many studies pursued the development of
new, environmentally safe (“green”) propellants containing
less toxic or halogen-free propellants that provide perfor-
mance in terms of burning rate, specific impulse, stability,
and other important performance parameters [1-12].

A promising new oxidizers considered as a replacement
for AP is ammonium dinitramide [ADN, NH4N(NO,),]
[13—15], shown in Fig. 1. ADN possesses a high oxygen
balance, can provide high energy, and is halogen-free,
which makes it a candidate for an environmentally-friendly
oxidizer in propellants and other energetic systems.

Like many highly energetic materials, ADN can degrade
during storage. This has the potential not only to reduce its
performance but also to reduce the safety of energetic
devices. Analyses on samples that were stored for 11 years
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Fig. 1 Molecular structure of -
ADN

in the dark determined that it degrades to ammonium
nitrate (AN) during storage, and that the thermal reactivity
of ADN is reduced with aging [16, 17]. The incorporation
of AN into an ADN/HTPB propellant increased the ignition
delay of the propellant [18], decreased the specific impulse
of the ADN/HTPB propellant [19], and significantly
reduced the ADN burning rate [20]. Therefore, under-
standing the factors that affect the chemical stability of
ADN, such as decomposition mechanisms, kinetics, and
the influence of aging on performance, is important. Such
information provides valuable data that can help to esti-
mate a safe storage life, help choose suitable storage con-
ditions (such as a safe temperature range), and the
application of appropriate chemical stabilizers.

The present study focuses on the thermal decomposition
mechanism of ADN. Analyses at various conditions such
as heating rates, sample masses, atmospheres, and additives
are effective to get better information about thermal
decomposition behavior. Many studies concerning the
thermal decomposition mechanisms have been conducted
[10, 17, 19, 21-29]. These studies have reported that ADN
decomposes into numerous products, including N,O, NO,,
NO, NH4NO3;, HNO;, N,, HONO, H,0, and NH;. How-
ever, few data exist about the thermal decomposition
mechanism of ADN under pressurized conditions. Mea-
surements under pressure enable a greater understanding of
the influence of volatile and reactive species such as NO,
and HNOj;. The goal of the present study was to improve
understanding of this unique oxidizer by studying the
thermal decomposition behavior of ADN under pressure.
Thermal behavior and decomposition products of ADN
were measured simultaneously using a combination of
thermal analysis and spectrometry.

Experimental

ADN (Hosoya Pyro-Engineering Co., Ltd.), and AN (Wako
Pure Chemical Industries, Ltd.) were used as received
without further purification. AN was included in these
studies because it is a main product of ADN decomposition
[16].

The thermal behavior of ADN was characterized using
pressure differential scanning calorimetry (PDSC, Mettler
Toledo, DSC27HP). Samples weighing approximately
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Fig. 2 PDSC curves of ADN

5 mg were loaded into a gold plate cell, and then heated
from 30 to 350 °C at 5 K min~'. The atmosphere was
200 mL min~" of nitrogen, and surrounding pressure was
0.1, 1, 2, 4, or 6 MPa.

Decomposition behavior in the condensed phase was
measured using DSC and Raman spectrometry (DSC-
Raman). For Raman spectroscopy, a Kaiser Raman RXN
system coupled to a 785-nm semiconductor laser was used.
The sample was heated from 95 to 350 °C at a constant rate
under the conditions described above. During heating, the
sample in the pan was illuminated by a focused laser beam
through a glass porthole in the DSC cover.

Results and discussion
Thermal behavior of ADN under pressurized condition

The PDSC curves of ADN at each pressure value are
shown in Fig. 2. The endotherm from melting of ADN was
observed at approximately 92 °C. After melting, two exo-
thermic events occurred between 135 and 220 °C at each
pressure. The heat values and onset temperatures at this
range, Opsc and Tpsc, are summarized in Table 1. Tpgc
was defined as the point when the exothermic power
reached 0.2 W g7l from baseline. The values of Qpgc and
Tpsc were similar at all pressures. However, the shape of
the exothermic peak depended on pressure. From 0.1 to
2.0 MPa, the exothermic peak at low temperatures became
clearer as the surrounding pressure increased. These results
indicated that some exothermic reaction was promoted by
pressurization. In contrast, at pressures greater than 2 MPa,
the reaction was inhibited with increasing pressure. This
suggests that the reaction mechanism changed between 2
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Table 1 Summery of PDSC results

P/MPa Opsc/kl g~} Tpsc/°C
0.1 1.8 138
1 1.9 137
2 1.7 139
4 1.8 138
6 1.7 139
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Fig. 3 Raman spectra of chemical species in the condensed phase
during heating at atmospheric pressure

and 4 MPa. In addition, other exothermic events were
observed from 220 °C at pressure greater than 2 MPa. This
is thought to come from exothermic reaction involving
materials which is easy to volatilize at normal pressure.

The products in condensed phase during ADN
decomposition

The Raman spectra of species in the condensed phase with
time at 0.1 and 2 MPa are shown in Figs. 3 and 4,
respectively. Note that the vertical axis of each spectrum is
scaled differently. At 95 °C, the Raman bands from the
NO, group in ADN were observed at 1,520, 1,340, 1,170,
1,040, 830, 760, and 480 cmfl, and that from the N5 group
in ADN was observed at 950 cm™'. Between 145 and
155 °C, the ratio of the Raman scattering values at
1,040 cm ™! began to increase, although those of other
Raman scatterings decreased with the same behavior. Upon
further heating, the only Raman band present was at
1,040 cm™', and then this scattering also decreased and no
Raman band was observed at a sufficiently high tempera-
ture. In addition, no other Raman band was formed during
the experiments. This behavior was observed not only
under atmospheric pressure but also under pressurized
conditions.

M
145 °C
155 °C
170 °C
195 °C

245 °C N

1 1 1
1500 1000 500
Raman shift/cm™

Intensity/—

Fig. 4 Raman spectra of chemical species in the condensed phase
during heating at 2 MPa
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Fig. 5 Raman spectrum of AN melt

A Raman band at 1,040 cm™ " is also a typical band from
an NOj3 group. Possible decomposition products of ADN
that contain an NO3 group include HNO3; and AN. How-
ever, HNO; also has other Raman bands at 710 and
640 cm_l, which have a same intensity level as that at
1,040 cm™! [30]. In contrast, typical bands for AN (shown
in Fig. 5) are observed only at 1,280, 1,040, and 710 cmfl,
and the intensity of the band at 1,040 cm ™' is much greater
than that of the other peaks. Thus, the products observed in
this DSC-Raman results indicate a product that contains an
NO3z group, which was thought to be AN. The main
product in the condensed species was AN during thermal
decomposition of ADN; the AN decomposed further at
higher temperature.

When the surrounding pressure was high, AN persisted
until higher temperatures. Therefore, the exothermic event
beginning at 220 °C and high pressure resulted from the
decomposition of AN.

The details of the exothermic reaction at low temper-
atures also were examined because notable changes in
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Fig. 6 Thermal behavior (botfom) and molar ratio of ADN in the
condensed phase (upper) with an increase in temperature

thermal behavior occurred with the increasing pressure.
Figure 6 shows the extended figure of thermal behavior
and molar ratio of ADN in chemical species in the con-
densed phase with an increase in temperature. Since only
ADN and AN were observed in the condensed phase
during heating by Raman spectrometry, a standard curve
was constructed between mixture ratio of ADN to AN and
intensity of Raman scattering come from ADN at
1,340 cm~! to from ADN and AN at 1,040 cm_l, and the
change of the ADN ratio in condensed phase during
heating was calculated. Under atmospheric pressure, the
ratio of ADN in chemical species in the condensed phase
was decreased at temperatures lower than 150 °C. How-
ever, the temperature of the onset of ADN decrease
increased with the increase of surrounding pressure, and
finally became nearly constant at 2 MPa, even though the
exothermic peak in this range became clearer as sur-
rounding pressure at high pressure. Two possible reasons
exist for this behavior.

A first possible explanation is the progression of the
decomposition of ADN that does not produce AN. In
previous studies [23, 24], the following reactions were
proposed as such reaction.

NH4N(NO,), — NH3 + 0.5N; + 0.5NO + 1.5NO,

+0.5H,0 (1)

NH,N(NO,), — NH; 4 N,O + NO + 0.5H,0 + 0.750,
(2)
NH,N(NO,), — NHj + NO; + 2NO (3)

The second possibility is that AN produced from ADN
decomposition was further decomposed immediately. The
AN dissociates to NH3 and HNO;, and the decomposition
of HNOj; can be catalyzed in the presence of acid [31, 32].
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Fig. 7 Thermal behavior of pure ADN, ADN/AN mixtures, and pure
AN at 2 MPa

NH4NO; — NH; + HNO; (4)
HNO; + H" — H,0 + NOJ (5)
NOj + NH; < [NH3NO,|"— N,O + H;0* (6)

Influence of AN on thermal decomposition of ADN

Since AN was the main decomposition product in the
condensed phase, the effects of AN on the decomposition
behavior of ADN were investigated. Figure 7 shows the
thermal behavior of pure ADN and ADN/AN (9.5/0.5, 8/2,
and 2/8) at 2 MPa. The exothermic peaks at 135-220 °C
(first exotherms) indicated that the main reaction of ADN
decomposition, and the peak at temperatures greater than
220 °C (second exotherm) showed that AN came from
mixing before the tests, or from ADN decomposition at the
first exotherms.

From these results, AN affected on the first exotherms.
The exotherm at low temperature shifted to the high tem-
perature side, and finally overlapped that of at high tem-
peratures. Under the ADN-rich conditions, i.e., ADN/
AN = 9.5/0.5 and 8/2, the exotherm at high temperatures
become clearer. The heat values of the exotherms, Opsc,
are summarized in Table 2. The Opsc.1c decreased with an
increase of the AN content; however, the amount of ADN
did not correlate with Qpsc.1s. In addition, the Opsc.ond
value was not adequate if all of the AN from ADN
decomposition remained at the second exotherm. There-
fore, AN was thought to contribute to ADN decomposition
at high temperatures.

Figure 8 shows the ADN ratio in chemical species in the
condensed phase during heating at 2 MPa using PDSC-
Raman. The decrease in the amount of ADN occurred in a
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Table 2 Summary of PDSC results of ADN/AN mixtures at 2 MPa

ADN/AN (molar ratio) Opsc-1s/KJ g(l Opsc-ond/kI f,f1
10/0 1.8 0.01
9.5/0.5 1.7 0.07
812 1.5 0.06
2/8 0.7 0.2
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Fig. 8 Molar ratio of ADN in chemical species in the condensed
phase from pure ADN and ADN/AN mixture (8/2)

manner similar to that during pure ADN decomposition at
temperatures greater than 175 °C. This result indicates that
the same reactions occurring during pure ADN decompo-
sition at temperatures greater than 175 °C occurred in the
ADN/AN mixture.

Conclusions

The thermal decomposition behavior of ADN under pres-
surized condition was investigated using PDSC and Raman
spectrometry. Exothermic reactions at low temperatures
became more significant with an increase in pressure.
Composition analysis of the condensed phase showed that
AN was an intermediate formed during decomposition of
ADN at all pressures. At normal pressure, AN was pro-
duced at the same time as start of exotherm. At high
pressures, however, the ADN ratio in chemical species in
the condensed phase was not decreased at low temperature
despite the existence of marked exotherm. Two possible
reasons exist for this effect. One is that it results from
either the reaction that does not produce AN, and the
second is that further decomposition of AN occurs from

ADN decomposition at initial stage of decomposition. The
thermal decomposition behavior of an ADN/AN mixture
showed the effects of AN on the decomposition behavior of
ADN. AN affected on the first exotherms of ADN
decomposition. The AN inhibits the decomposition of
ADN at low temperatures, and contributed to exothermal
reactions at high temperatures.
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