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Abstract-Ammonium dinitramide (ADN), NH4N(NO,),, can be used in the smokeless composite propellants by replacing AP. It is
being considered as one of the most potential energetic oxidizers for propellants. The physical chemistry characteristics of ADN were
investigated. The energetic performances, burning characteristics at various pressure ranges, mechanical sensitivity and SEM
surfaces observation of HTPB-based propellant with ADN were determined and detected in details. The calculated results showed
that the specific impulse and the adiabatic flame temperature are increasing with an increase in the content of ADN. The burning
rate and pressure exponent of propellant with a change of pat content of ADN can be boosted higher than those of the AP
formulations. The surface structures of composite propellants were little affected by the content of ADN.

Keywords- Composite Propellants; ADN; Thermal Decomposition; Energetic Property; Mechanical Sensitivity; Combustion
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I. INTRODUCTION

The development of environmental friendly propellants with low signature characteristics and high energetic properties has
been of great interests for researchers! ™. Compared with nitramines, such as cyclotrimethylenetrinitramine (RDX) and
cyclotetramethylenetetranitroamine (HMX), ammonium dinitramide (ADN), a new kind of high energy density material, has
been widely studied and used in the field of solid propellants and high explosives’®™®. A large number of papers have been
published on the combustion mechanism of pure ADN, e.g.”'*. Most of these papers have been based on experiments on
ADN batches from different sources. Important physicochemical properties and combustion characteristics of ADN and
ADN-based propellants were published for the first time in Ref!""). It was experimentally found that an advantage of ADN
over ammonium perchlorate (AP) (the common oxidizers of HTPB composite propellants) is its cleanness of the production, in
addition to its higher energy, meaning that the energetic properties of propellants can be increased by ADN, because ADN has
a higher heat of formation than AP!"%*% Also, it was found that the burning rate of ADN is controlled by reactions in the
condensed phase and a multizone flame structure has been established. At present, however, there are only a few papers that
are devoted to the study of the combustion characteristics and combustion mechanism of composite ADN-based propellants
with different types of binders'*'*°!. Though the development of ADN based solid propellants has faced a number of challenges,
the research has continued motivated by the high potential. Throughout the years, many technical problems have been solved,
such as synthesis, stability, compatibility etc, and there are some reports on the synthesis, spectroscopy, combustion
characteristics, and thermal behavior of ADNP7>!. Whereas, one of the most critical problems that have hampered further
development has been the production of ADN particles with acceptable morphology and its application in the solid propellant.
There is little report in literature about the mechanical sensitivity and combustion properties on the HTPB-based composite
propellants with ADN. Also, it is thus very important to know the properties of ADN based composite propellant compared
with AP based one. This is especially important for studies of its energy, sensitivity, thermal decomposition compatibility. In
this work, coated ADN particles with energetic binder were used in the hydroxyl terminated polybutadiene (HTPB) based
composite propellant by replacing AP, and the energetic performances, combustion characteristics and mechanical sensitivity
of the propellants with ADN were studied in details.

II. PAGELAYOUT

A. Materials and Specimen

ADN can be synthesized by different methods and an overview of these has been described by Venkatachalam, et al'®. The
samples here were prepared from Xi’an Modern Chemistry Research Institute. Hydroxy terminated polybutadiene (HTPB,
purchased from LiMing Chemical Engineer Research Institute, China) cured with 2,4-toluene diisocyanate (TDI, purchased
from ZhengZhou, China) and aluminum powder (Al, >99.8%) were used as components of composite propellant. Two types of
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ammonium perchlorate (purchased from Dalian Potassium Chlorate Factory, China) were utilized in propellant formulation.
The first consisted of pure research grade (> 99 % pure) ammonium perchlorate with an average particle size of 0.105-0.147
mm. The second type of ammonium perchlorate was made by grinding ammonium perchlorate (> 99 % pure) in a fluid energy
mill to an average particle size of around 1-5 um. The average diameters of prepared ADN prills, given by granularity
apparatus, are 0.147 pm to 0.205 pm.

All the samples involved in this investigation, which were prepared by mould process at the temperature of 35°C and then
solidified for 96 h (70°C), were machined to fixed dimension (shape: length: 100-150 mm; width: 2-5 mm, highness: 2-5 mm).

B. Preparation of Composite Propellant

The sample used in the experiments is HTPB-based composite propellant with and without ADN, which basic composition
in mass fraction show in Table 1. Propellant batches were run in a 500 g scale in an vertical mixing system HKV 2 at 50°C and
20 rot'min”', average mixing time 2-3 h, and cured at 50°C in the oven for 5 d.

TABLE I THE MAIN INGREDIENT CONTENTS OF COMPOSITE PROPELLANTS

Samples HTPB Al AP ADN" Additives
HP-1 13 18 64 0 5
HP-2 13 18 54 10 5
HP-3 13 18 49 15 5
HP-4 13 18 44 20 5

Note: " particles are coated ADN with polymer binder.

C. Apparatus and Measurement Methods
1)  Physical Chemistry Characteristics of ADN:

Particle size and size distribution of samples were measured by Master Sizer Instrument. The morphologies of ADN
particles were examined by a scanning electron microscope (SEM) technology.

2) Theoretical Calculation:

The theoretical performance of HTPB-based composite propellants with and without ADN were calculated with the
minimum free energetic method at the combustion pressure 7.0 MPa, exit pressure 0.1 MPa, and the initial temperature 298 K.

3) Burning Rate Test Method:

A metal fine wire (0.1 mm in diameter) is threaded through the top of the strand with a alternating voltage of 100 V to
ignite the propellant strands (diam. = 5-6 mm, length = 140 mm) at the initial temperature of 20°C. The samples were placed
vertically on the combustion rack and sealed in a chamber which was filled with nitrogen atmosphere (Fig. 1).
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Fig. | The apparatus of chimney-type strand burner with observation windows*?!

When a propellant strand is ignited under the nitrogen gas purge conditions, the pressure in the strand burner increases,
which is because of the addition of the gaseous products. However, the pressure valve attached to the nitrogen gas supplier is
regulated automatically to reduce the nitrogen gas flow rate in order to maintain the pressure constant. Thus, the pressure in the
burner is maintained at the desired pressure. Burning rate is measured by determining the instant of melting of each of 5
low-melting-point fuse wires of lead metal, 0.25 mm in diameter, threaded through the strand at accurately known separation
distances (15 mm). These 5 fuse wires, each in series with a resistor, form 5 parallel arms of an electrical circuit, whose output
voltage changes discontinuously as soon as a fuse wire melts. The temperature of the strand can also be measured by a
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calibrated copper-constantan thermocouple threaded through the strand and the bead of the thermocouple is placed in the
center of the strand. The real time data were recorded by a computer which can process it and figure out the burning rate. The
experiment will be repeated for 5 times at each test pressure and the average experimental results were obtained with the
standard deviation of 0.13-0.25.

4) Mechanical Sensitivity Test Method:

The mechanical sensitivity of the propellant compositions to impact stimuli was determined by applying the fall hammer
method (2 kg drop weight) in a Bruceton staircase apparatus”” and results are given in terms of statically obtained 50%
probability of explosion (Hs,). Friction sensitivity was measured on a Julius Peter apparatus™** by incrementally increasing the
load from 0.2 to 36 kg, till there was no ignition or explosion in five consecutive test samples.

5) Density and Explosion Heat Test Method.:

Explosion heat measurements were made with a Model ZDHW-2 temperature constant automatic calorimeter with sample
mass of about 5.0 g and reference sample of standard double-based gun propellant (No. 95-7) in vacuum.

Density measurements were carried out on a Model AG 104 METTLER TOLEDO balance with samples of 30 mm %30
mm x 10 mm rectangular stick s in steeping medium of liquid paraffine at the temperature of (20+2)°C.

III. PAGE STYLE

A. Characteristics of ADN

ADN is a solid white salt of the ammonia cation (NH,") and the dinitramide anion (N(NO,)*), Figure 2. Its high oxygen
balance, +25.79 %, and the absence of halogen and metal atoms make it attractive as an oxidizer in minimum-smoke rocket
propellants. It melts at 93°C and starts to decompose at approximately 150°C at a heating rate of 10 K'min™, as seen in Figure 3.
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Fig. 2 The chemical structure of ADN
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Fig. 3 DSC curve of ADN (heating rate: 10 K-min™)

Two types (coated before and coated with polyurethane binder) of well-dried ADN particles were more free dried.
Microstructures of ADN particles (before coating and after coating with polyurethane binder) are shown in Figures 4. The

(2) (b)
Fig. 4 Microstructures of ADN (%500, a: before coating, b: after coating)
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Fig. 5 Particle size distribution of ADN particles
TABLE II THE DIAMETERS OF ADN PARTICLES
Items unit ADN
Before coating Coated
dso pm 12.755 22.986
doo pm 34.097 54.367
Span - 2.465 2.120
Density g-em’ 1.812 1.814
Vol. weighted mean pum 15.927 26.965
Specific surface area m’g’ 1.130 0.698

In the table, d;o: particle diameter corresponding to 10% of the cumulative undersize distribution, um; dso: median particle
diameter, pm; dgo: particle diameter corresponding to 90% of the cumulative undersize distribution, um; Span= (dgo-d;o)/ds0;
and specific surface area refers to the particle size distribution determined by Malvein Mastersizer.

It can be seen from the results mentioned above that the microstructures of ADN particles after coating with polyurethane
binder are ball shaped with a rough surface, whereas ADN before coating shows irregular shapes, the coated ADN particles are
more uniform than coated before. The median diameters dso of coated ADN particles (22.986 um) is much larger than that of
before coating particles (12.755 pm). Corresponding to the larger values of dso, the specific surface area of coated ADN
(calculated by the Mastersizer) is 0.698 m*g"' and much less than that of particles coated before (1.130 m*g™). The span of
coated particles is 2.120, which is much lower than that of particles coated before (2.465).

Similarly to ammonium nitrate, ADN is hygroscopic and readily soluble in water and other polar solvents, but scarcely
soluble in non-polar solvents. The solubility of ADN in different solvents and its basic properties are shown in Table 3 and
Table 4, respectively.

TABLE III ADN SOLUBILITY AT 20 °C

Solvent Solubility in 100 g solvent (g)
Water 357
Methanol 86.9
Butyl acetate 0.18
n-heptane 0.005
Dichloromethane 0.003

TABLE IV PROPERTIES OF ADN

Molecular weight 124.07 g/mol
Density 1.81 g/cm’
Melting point 93°C
Heat of formation -148 kJ/mol
Heat of combustion 424 kJ/mol
Oxygen balance +25.79 %
Critical relative humidity 552 %

To obtain a castable propellant formulation with low viscosity and high solid loading, particles with minimum spatial
extension are required. For this reason spherical particles are preferred. The particle shape of ADN as received from the
synthesis is needle shaped and thus not suitable for formulation. The prills are produced by spraying molten ADN though a
nozzle. In the nozzle the molten ADN is atomized to form droplets which then solidify to the desired prills®. Currently the
prills are produced in batches using up to 250 g of ADN per batch. However, with minor modifications this method can be run
continuously making the technology suitable for industrial production.

B. Theoretical Performance of Composite Propellant with ADN

The energy characteristics of the composite propellants with ADN particles were thoroughly calculated by the minimum
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free energy method in our computer program, whose algorithm was based on the fundamental thermodynamics of minimum
free energy®”). The calculated and determined results are listed in Table 5.

TABLE V THE ENERGETIC CHARACTERISTICS OF HTPB-BASED COMPOSITE PROPELLANT
WITH ADN (COMBUSTION PRESSURE: 7.0 MPA, EXIT PRESSURE: 0.1 MPA)

Samples p/g'em I/N'skg! T/K C*/m-s’
HP-1 1.718 2519.58 2895 1518.5
HP-2 1.692 2531.24 2883 1530.2
HP-3 1.681 2540.16 2866 1537.4
HP-4 1.674 2551.84 2851 1540.3

Note: I, is specific impulse (atmosphere); C* is characteristic velocity; T, is adiabatic flame temperature; p is density.

From the results in Table 5, it can be seen that there are a little difference between the propellant HP-1 and HP-2 - HP-4.
The specific impulse and adiabatic flame temperature increase with an increase in the content of ADN at the replacement of
each of AP content, respectively. Whereas, the density of composite propellant with ADN decreases in each mass content of AP,
which maybe attributes to the density of ADN (1.81 grem™) is lower than that of AP (1.95 grem™).

C. Combustion Characteristics

Considerable high burning rate and appropriate pressure exponents are observed for both ADN/GAP and AP/GAP
formulations. Burning rate and pressure exponents of ADN formulation correspond to the values have been found!"?. The
measurements of burning rate and pressure exponent are used to study the combustion characteristics of the composite
propellant containing ADN as part of oxidizer. The detailed combustion characteristics (burning rates and pressure exponents)
of HTPB-based composite propellants with coated ADN particles at the pressure range of 1.0-15 MPa are shown in Table 6.
The burning rates of the ADN based propellant samples were measured for five times, and the data in Table 6 are those of the
average, each of the result error is in the range of 3.0%.

TABLE VI THE BURNING RATES AND PRESSURE EXPONENTS DATA OF HTPB-BASED COMPOSITE PROPELLANTS WITH AND
WITHOUT ADN PARTICLES AT VARIOUS PRESSURE RANGE (PRESSURE RANGE: 1-15 MPA; INITIAL TEMPERATURE: T;=293 K)

Burning rate (u/mms™) at different pressure

Samples 1 MPa 4 MPa 7 MPa 10MPa 15 MPa
HP-1 225 5.44 7.17 8.21 9.36
HP-2 2.44 6.26 9.35 11.88 15.64
HP-3 2.57 6.58 9.51 12.40 16.01
HP-4 2.80 6.62 10.38 13.37 19.43

Pressure exponent (n) at different pressure range
Samples
1-4 MPa 4-7 MPa 7-10 MPa 10-15 MPa 1-15 MPa
HP-1 0.48 0.51 0.38 0.35 0.41
HP-2 0.73 0.62 0.67 0.68 0.66
HP-3 0.61 0.78 0.74 0.63 0.68
HP-4 0.72 0.81 0.71 0.65 0.71

From Table 6, it can be seen that although the AP formulation exhibits low burning rate here, a change to pat content of
ADN may boost the burning rate higher than that of the AP formulation. Thus, it can be indicated that the increasing content of
ADN oxidizer in the formulation not only can increase the specific impulse but also can increase the burning rate for ADN
formulations. An interesting feature is that the burning rate and pressure exponent values depend on the formulation of the
content of ADN oxidizer, whereas, the influence of the particle size of ADN oxidizer for HTPB composite propellant could be
investigated further.

00 02 04 06 08 10 12
log (p)

Fig. 6 Effects of different contents of ADN particles on the burning rate of the propellants
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Lastly, one point we must emphasize is that the decomposition at lower temperature indicates that the gaseous products
formed during decomposition exert lower feedback to the deflagrating propellant surface®. Hence, much energy is released in
combustion process (at surface) in the same temperature, which supports for the accelerating of burning rate.

D. Mechanical Sensitivity

When formulating propellants or other explosive materials with new energetic ingredients, the major drawbacks to occur
are bad chemical stability or significantly enhanced sensitivity to external stimuli. For HTPB-based composite propellants with
ADN formulations the values from small scale sensitivity testing are outlined in Table 7 and Table 8, respectively. The results
of the friction sensitivity test are expressed by the explosion probability (P) and the impact sensitivity by the drop height (Hs).
The results indicate that the greater P is, the higher the friction sensitivity is, while the higher Hs, is, the lower the impact
sensitivity is.

TABLE VII MECHANICAL SENSITIVITY DATA OF ADN PARTICLES

5 s explode Emit gas
Samples point/°C volume/mL Hso/em
Coated before 187.5 1.8mL/g 24.1
Coated particles 200.1 1.7mL/g 335

TABLE VIII EFFECT OF ADN ON THE MECHANICAL SENSITIVITY FOR HTPB-BASED COMPOSITE PROPELLANTS

Samples P/% Hso/cm
HTPB/AI(18%)/AP(67%) 36 11222
HTPB/AI(18%)/AP(57%)/ADN(10%) 40 80.1
HTPB/AI(18%)/AP(52%)/ADN(15%) 52 67.7
HTPB/AI(18%)/AP(47%)/ADN(20%) 71 54.7

It can be seen from the results in Table 7 that the impact and friction sensitivity for coated ADN particles (33.5 cm and
10.5 %) show higher sensitivity than that of ADN coated before (24.1 cm and 21.4 %), both of the data listed are lower than
that of AP (60.5 cm and 96 %)"*"\. The propellant formulations containing ADN were sensitive to impact and friction except
based propellant with AP, which is more insensitive to friction as compared to the compositions with ADN (in Table 8). The
sensitiveness may be attributed to the active groups on the ADN surface and sensitivity of ADN in contrast with AP particles.
The data reveal that the use of coated ADN particles incorporation of granulated and shaped in the composite propellant lead to
major increase in friction and impact sensitivity, so, researches must be done in the future to decrease the mechanical
sensitivity of the composite propellant with ADN.

E. SEM Micrographs of Composite Propellants

SEM observation of the propellants surface is one of the most important means to study the physical structures of ADN
oxidizer in composite propellant. Figure 6 shows the SEM micrographs of HTPB-based composite propellants with ADN.

ﬂ'— s T o S — ; ‘ L

(c): HP-3 (d): HP-4
Fig. 6 Microstructures of HTPB-based composite propellant with and without ADN (%300 multiple)
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From Figure 6, it can be seen that there are many spherical coated particles and a little irregular small particles on the
surface of cured composite propellants, and the small particles are changed among the bigger ones. The plain part is
corresponding to the molten oxides and the linked networks of binder systems, which were composed of hydroxyl terminated
polybutadiene (HTPB, binder) with 2,4-toluene diisocyanate (TDI, curing agent) curing agent (a), which indicate that AP
particles are compatible with the ingredients of the composite propellant systems. The foam part due to the holes coming from
the hygroscopic of ADN oxidizer at atmosphere or the un-linked binder systems (d), so the application of ADN additives in the
propellant formulation need to be farther researched.

In conclusion, the general appearance and dispersing behavior of the ADN particles are similar to that of free flowing
spherical particles. The method mentioned above and the HTPB binder might be a suitable modification to the traditional
process of the coating technology for ADN particles.

IV.CONCLUSIONS

(1) The specific impulse and characteristic velocity of HTPB-based composite propellant with ADN particles increase with
an increase in the content of ADN at the replacement of each of AP content, whereas, the density and adiabatic flame
temperature are decrease.

(2) Coated ADN particles can improve the combustion characteristics of composite propellant in the pressure range of 1.0
to 15 MPa. Addition of coated ADN particles to the composition of HTPB - based composite propellants can increase the
burning rate effectively with a little increase in the pressure exponent.

(3) Both the impact and friction sensitivities are increased in the content of ADN oxidizer.

ACKNOWLEDGMENT

This work is the combined output of several research groups in our centre. We are thankful to Prof. Ke-yong Wang, Juan
Zhao and Xi-ning Xu from Xi’an Modern Chemistry Research Institute for the particle micrograph experiments, granularity
measurements, mechanical sensitivity tests and colleagues in the third department of Xi’an Modern Chemistry Research
Institute for providing many helpful suggestions for the experiments.

REFERENCES
[1] Klaus Menke, Thomas Heintz, Wenka Schweikert, et al. Formulation and properties of ADN/GAP propellants [J]. Propellants,
Explosives, Pyrotechnics, 2009, 34, 218-230.

[2] Hui-xiang Xu, Lin-quan Liao, Qian Liu, Yong-hong Li, Xiu-lun Ran, Feng-qi Zhao. Properties of Prilled Ammonium Dinitramide
(ADN) coated by Polyurethane Binders[J]. Chinese Journal of Energetic Materials, 2008, 16 (6):525 (in Chinese).

[3] U.Teipel, T.Heintz, H.Krause., Crystallization of Spherical Ammonium Dinitramide (ADN) Particles [J]. Propellants, Explos., Pyrotech.
2000, 25, 81.

[4] Johansson Martin, de Flon john, Petterson Aake, et al. Spray prilling of ADN and testing of ADN-based solid propellants[C]// 3rd
International conference on green propellant for space propulsion and 9th international hydrogen peroxide propulsion conference,
2006,Johanssn/1- Johanssn/6.

[5] La-ying Zhang, Zi-ru Liu, Shu-yun Heng, Fang Han, Pu Yue. Interaction of ADN with nitrate oxidizer [J]. Journal of Solid Rocket
Technology, 2007, 30 (6): 518 (in Chinese).

[6] V.P.Sinditskii, V.Y.Egorshev, A.l.Levshenko, V.V.Serushkin, J. Propulsion Power 2006, 22, 777.

[7] V.P.Sinditskii, V.Y.Egorshev, A.l.Levshenko, V.V.Serushkin, J. Propulsion Power 2006, 22, 769.

[8] LIU Zi-ru, LUO YANG, YIN Cui-mei., 26th International Pyrotechnics Seminar, Nanjing, Jiangsu, P.R. of China, 1-4 October, 1999.
[9] A.Martin, A. A. Pinkerton, R. D. Gilardi and J. C. Bottaro. Acta. Cryst.B53, 504-51 2 (1997).

[10] H. Ostmark, N. Wingborg and A. Langlet. “ADN: A New High performance Oxidizer for Solid Propellants.” in 16th International
Symposium 285-294 (San Francisco, CA, 1996).

[11] Feng-qi Zhao, Dong Yang, Bing-yuan Cai, Shang-wen Li. Advances in Study of Thermal Decomposition of Ammonium Dinitramide
and Combustion of ADN Propellants [J].Chinese Journal of Energetic Materials, 1999, 7 (4):149-151(in Chinese).

R. Gilardi, J. Flippen-Anderson, C. George and R. J. Butcher. J Am. Chl. SOC. 119, 941 1-9416 (1997).

T. 13. Brill, P. J. Brush and D. G. Patil. Combust. Flame 92, 178-186(1993).

M. J. Rossi, J. C. Bottaro and D. F. McMillen. International Journal of Chemical Kinetics, 25, 549-570 (1993).

Pak, Z., “Some Ways to Higher Environmental Safety of Solid Rocket Applications,” AIAA Paper 93-1755, June 1993.

H.Bergman, H.Edvinsson, H.Ostmark. Trends and Development of New Energetic Materials, Militarteknisk tidskrift 2001, 70 (2), 26.
G.B.Manelis., 26th Int. Annual Conference of ICT, Karlsruhe, Germany, July 4-7, 1995, p.15.

HE Li-ming, XIAO Zhong-liang, JING De-qi, DONG Feng-yun. Chiese Journal of Energetic Materials, 2003, 11(3):170 (in Chinese).

[19] Highsmith Thomask, Mcleod Corey S, Wardle Robert b, et al. Manufacture of thermally Stabilized Prilled Ammonium dinitramide
Particles[P]. WO 99/01 408.

[12
[13
[14
[15
[16
(17
[18
[19

[y S e i . i |

-59-



Journal of Chemical Science and Technology Apr. 2013, Vol. 2 Iss. 2, PP. 53-60

[20] H.Bathelt, F. Volk, The ICT-Thermochemical Data Base,27th int. Annual Conference of ICT, Karlsruhe, Germany, June
25-28,1996,p.91/1.

[21] Korobeinichev, O. P., and Paletsky, A. A., “Flame Structure of ADN/HTPB Composite Propellants,” Combustion and Flame, Vol. 127,
No. 3, 2001, pp. 2059-2065.

[22] Parr, T., and Hanson-Parr, D., “Solid Propellant Flame Chemistry and Structure,” Non-IntrusiveCombustion Diagnostics, edited by K.
K. Kuo and T. P. Parr, Begell House, New York, 1994, pp. 571-599.

[23] Kuibida, L. V., Korobeinichev, O. P., Shmakov, A. G, Volkov, E. N., and Paletsky, A. A., “Mass Spectrometric Study of Combustion of
GAP- and ADN-Based Propellants,” Combustion and Flame, Vol. 126, No. 3, 2001,pp. 1655-1661.

[24] Weiser,V., Eisenreich, N., Baier, A., and Eckl,W., “Burning Behavior of ADN Formulations,” Propellants, Explosives, Pyrotechnics,
Vol. 24, No. 3,1999, pp. 163-167.

[25] Chan, M. L., Reed, R., Turner, A., Atwood, A., and Curran, P., “Properties of ADN Propellants,” Proceedings of the 5th International
Symposium on Special Topics in Chemical Propulsion, Combustion of Energetic Materials,edited by K. K. Kuo and L. T. Deluca,
Begell House, New York, 2002, pp. 492-501.

[26] Ramaswamy, A. L., “Energetic-Material Combustion Experiments on Propellant Formulations Containing Prilled Ammonium
Dinitramide,”Combustion,Explosion and Shock Waves, Vol. 36, No. 1, 2000, pp. 119-124.

[27] Langlet Abraham, Johansson Martin. Method of Producing Prills of Ammonium dinitramide (ADN) [P]. WO 99/21 793

[28] Ulrich Teipel, Thomas Heintz, Horst Hkrause. Crystallization of spherical ammonium dinitramide [J]. Propellants, Explosives,
pyrotechnics, 2000, 25, 81-85.

[29] Brill T B, Brush P J, Putil D G. Thermal decomposition of energetic materials 58. Chemistry of ammonium nitrate and ammonium
dinitramide near the burning surface temperature. Combust Flame, 1993, 92:178-186.

[30] Korobeinichev O.P., Kuibida L.V., Paletsky A.A., Shmakov A.G., “Molecular-beam Mass-Spectrometry to Ammonium Dinitramide
Combustion Chemistry Studies”, Journal Propulsion and Power, 1998, Vol. 14, No 6, pp. 991-1000.

[31] Korobeinichev O.P., Paletsky A.A., Tereschenko A.G., Bolshova T.A., “Structure of Ammonium Dinitramide Flame at 4.0 MPa”, In:
“Combustion of Energetic Materials” edited by K.K. Kuo, Begell House Inc., NY, Wallingford (U.K.), 2001, pp. 486-491.

[32] N. Kubota, Propellants and Explosives: Thermo chemical Aspects of Combustion, 2nd ed., Wiley—VCG Verlag, Weinheim, ISBN
978-3-527-31424-9, 2007.

[33] D. H. Mallory (Ed.), Development of ikscct Sensitivity Test at Explosive Research Laboratory, Bruceton Pennsylvania, NAVORD,
Report No. 4236, 1960.

[34] J. K. G. Peters, Proceedings of the Production Program of Julius Peter Company for Members of M.B.B., Course-81, Berlin, 1921, p.
14.

[35] H. Ostmark , U. Bemm, A. Langlet , R. Sanden & N. Wingborg, “The properties of ammonium dinitramide (ADN): Part 1, basic
properties and spectroscopic data”, Journal of Energetic Materials, V.18, Is. 2-3, pages 123-138, 2000.

[36] David E G Jones. Characterrization of ADN and ADN - based propellants. Propellant, Explosives, Pyrotechnics, 2005, 30(2), 526-528.

[37] Xiao-lan Song, Feng-sheng Li, Jing-lin Zhang, Yi Wang, Chong-wei An, and Xiao-de Guo. Preparation, mechanical sensitivity and
thermal decomposition of AP/Fe203 nanocomposite [J]. Journal of Solid Rocket Technology, 2009, 32(3):306-309 (in Chinese).

Weigiang Pang (1977 - ), male, doctor, engaged in high energetic composite and fuel rich solid propellants.

1998.9-2002.7 China University of Mining and Technology, Bachelor Degree, engaged in Fine Chemical
Engineer in Xuzhou city.

2003.9-2006.4 Northwestern Polytechnical University, Master Degree, engaged in Applied Chemistry in Xi’an
city.

2007.9-2011.5 Xi’an Modern Chemistry Research Institute, Doctor Degree, engaged in Applied Chemistry in
Xi’an city.

He engaged in energetic materials in explosives and propellants in Northwestern Polytechnical University and Xi’an Modern Chemistry
Research Institute, Xi’an city for about nine years. Responsible for and participate in a number of research projects.

Dr. Pang is the membership of China Ordnance society, Senior membership of China Composite Material Society. Published several
articles in English indexed by SCI and EI.

Xue-zhong Fan (1962 - ), male, doctor, engaged in high energetic composite and fuel rich rocket solid propellants.

Wei Zhang (1979 - ), male, doctor, engaged in high energetic propellants.

-60 -



